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ABSTRACT 
 
 

ILLUMINATING THE IMPACT OF REPRODUCTIVE EXTRACELLULAR VESICLES: MODELING 

MATERNAL SIGNALS DURING PREIMPLANTATION EMBRYO DEVELOPMENT 

  

 Pre-implantation embryo development is a complex process beginning around the time of 

gametic syngamy, the process of two gametes fusing to create a zygote (the first cell of a new 

organism). Passively transient through the oviduct, the presumptive zygote is then characterized 

by a series of timely cleavage divisions, activation of the embryonic genome, compaction (morula 

formation), cavitation (blastocyst formation), and summing in hatching from the encapsulated zona 

pellucida and implantation to the uterine wall. Unfortunately, the current IVF system that occurs 

ex vivo, completely bypasses the critical maternal-embryonic crosstalk that would inevitably 

persist during the primitive stages of pre-implantation development. It is thought that the low yield 

of developed embryos in vitro, is in part due to the failed ability to recapitulate a suitable system 

that mimics the maternal environment, shunting early cleavage stage embryos for failure. 

However, the reservations regarding maternal signals secreted to developing embryos, 

the reproductively inaccessible nature of the organs, and suboptimal in vitro systems to study 

replicate in vivo function has limited our complex understanding of these stages.  

In this dissertation, I aimed to interrogate multiple aspects of preimplantation embryo 

development, under the primary premise of modeling maternal signal during the pre-implantation 

period. Utilizing the intrinsic interest in the growing field of extracellular vesicle (EV) research 

and their significance in intercellular signaling, particularly their communicative role in selective 

biological information transfer, my first exertion was developing a source of EVs from in vitro 
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cultured granulosa cells for use during IVM (necessitating maternal signals amid the follicle 

microenvironment). Through the analysis of this dataset (in combination with Gebremedhn et al. 

2020) together with immunofluorescence and functional experiments, we characterized diverging 

miRNA profiles of EVs secreted by granulosa cells subjected to polarizing thermal conditions, that 

are abundantly up taken by COCs and modulate key developmental events that safeguard 

developing embryos exposed to conditions of stress.  

Next, I built upon this work by generating a functional 3D organoid model to study the 

cellular and extracellular response of the oviduct using a multi-omics approach. Using this atlas as 

a guide, I characterized the functional undertakings of the oviduct during applied levels of heat 

stress and found its crucial role in altering the metabolic activity of maternal tissues, which likely 

in part functionally augment developing embryos and assume failure. Given the functional 

applicability of reproductive EVs acting as maternal cues, I established this suitable model as a 

mechanism to generate physiologically relevant EVs (in vivo-like) to offset applied stress during 

the initial stages of development. These EVs secreted from 3D cultured oviductal organoids were 

then compared with those secreted from 2D OECs and from in vivo oviductal fluid (miRNAs), 

and used in an IVC setting, highlighting functional maternal—embryonic crosstalk. Altogether, 

this dissertation highlights key functional aspects of reproductive extracellular vesicles from both 

the follicular microenvironment and the oviduct, highlighting the novel and incredible power of 

suitable in vitro systems to propagate mechanisms to understand maternal signal absent in the 

current in vitro systems, beginning to illuminate the ‘black box’ of EVs in embryo development. 
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CHAPTER I—Current knowledge and the future potential of extracellular vesicles in 

mammalian reproduction1 

1. Overview 

Extracellular vesicles (EVs), which contain various functional classes of vesicles, namely 

exosomes, microvesicles, and apoptotic bodies, represent the major nano-shuttle to transfer 

bioactive molecules from donor to recipient cells to facilitate cell-to-cell communication in the 

follicular, oviduct, and uterine microenvironments. In addition to transferring various molecular 

cargos in the form of miRNAs, mRNAs, proteins, lipids, and DNA molecules, the relative 

proportion of those molecular cargos in the reproductive fluids can be associated with the 

physiological and pathological condition of the host animal. Inside the follicle, EV-mediated 

circulation of miRNAs has been reported to be associated with the growth status of the enclosed 

oocytes, the metabolic status, and the advanced maternal aging of the animal. Importantly, EVs 

have the potential to protect their cargo molecules from extracellular degradation or modification 

while travelling to the recipient cells. This fact together with the enormous availability in almost 

all biological fluids and spent culture media make them attractive in the search for biomarkers of 

oocyte/embryo developmental competence, receptive maternal environment and a multitude of 

reproductive pathophysiological conditions. One of the key factors that have contributed to the 

lower efficiency of assisted reproductive technologies (ART) is the absence of several maternal in 

vivo factors in the ART procedures. For this, several studies have been conducted to supplement  

 

1Tesfaye D, Menjivar N & Gebremedhn S. Current knowledge and the future potential of 

extracellular vesicles in mammalian reproduction. Published at Reproduction, Fertility and 

Development 
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various components present in the follicular and oviductal fluids into the existing ART procedures 

and significant positive impacts have been observed in terms of embryo cleavage rate, blastocyst 

rate, resistance to stress, and survival after cryopreservation. The potential of EVs in shuttling 

protective messages against environmental and physiological stressors has been evidenced. The 

effective use of the EV-coupled molecular signals against stress-associated conditions has the 

potential to pave the path for the application of these protective signals against oxidative stress-

associated pathological conditions including PCOS, ageing, and endometritis. In this review, we 

provide current knowledge and potential future use of EVs as remedies in reproductive 

pathophysiological conditions, mainly in follicular and oviductal microenvironments. 

2. Introduction 

In mammalian reproduction, intercellular communication is an essential process, which occurs 

indirectly through endocrine, paracrine, and autocrine factors or directly through cell-to-cell 

contacts (Raposo and Stoorvogel 2013). After their discovery in 1983, membrane- enclosed 

compartments, which are regarded as extracellular vesicles (EVs) play a significant role in cell-to-

cell communication in various reproductive processes. EVs mediate cellular communication via 

their molecular cargos namely, RNAs (mRNA, miRNA, tRNA, and other long noncoding RNA), 

proteins, DNA, and lipids, that they transfer to the recipient cells (Valadi et al. 2007; Almiñana et 

al. 2018; Gatien et al. 2019). Based on their size and mode of biogenesis, EVs are broadly classified 

as exosomes (50–150 nm), microvesicles (100–1000 nm) and apoptotic bodies (>1000 nm) (Simon 

et al. 2018). EVs interact with the recipient cells by direct signaling via ligand/receptor molecules 

in their respective surfaces or through direct fusion of the plasma membrane of the EVs and 

recipient cells, lipid-raft, clathrin, and caveolae-mediated endocytosis, micropinocytosis, and 

phagocytosis (Morelli et al. 2004; Montecalvo et al. 2012). Due to the lack of consensus on their 



 

 3 

nomenclature, reproductive biologists designate EVs derived from various reproductive fluids as 

epididmosomes, prostasomes, vaginosomes, uterosomes, and oviductosomes (Al-Dossary et al. 

2013; Belleannée et al. 2013; Sullivan and Saez 2013). 

 Extracellular vesicles are considered as nano shuttles available in various reproductive 

fluids including follicular, oviductal, and uterine fluids, and are reported to play a role in cell-to-

cell, gamete to follicular cells, gamete, or embryo to oviduct/uterine cells communication. 

Moreover, several studies have demonstrated that EVs are involved in shuttling several bioactive 

molecules including miRNAs, mRNA, and proteins and their relative abundance could reflect the 

physiological status of the originating cells or tissues (Valadi et al. 2007; Hailay et al. 2019). EVs 

from follicular fluid of oocytes under varying growth status (Sohel et al. 2013), different sizes 

(Hung et al. 2015), and divergent metabolic status (Hailay et al. 2019) are known to carry varying 

levels of bioactive molecules which might be associated with their functional role. Similarly, 

bovine granulosa cells subjected to in vitro thermal stress or oxidative stress release protective 

molecular signals through EVs in form of heat shock proteins, antioxidants, and transcripts 

associated with endoplasmic reticulum stress (Saeed-Zidane et al. 2017; Gebremedhn et al. 2020b). 

Interestingly those EVs derived from stressed cultured granulosa cells can shuttle protective 

messages in the form of miRNA and mRNA or proteins, which upon supplementation in vitro 

induce tolerance to recipient cells following exposure to recurrent thermal stress (Gebremedhn et 

al. 2020b). Among the miRNAs enriched in the EVs released from granulosa cells subjected to 

heat stress are the miR-1246, miR-2904, and miR-374a, which are predicted to coordinately target 

endoplasmic reticulum genes. 

 Through its dynamic nature in its luminal fluid composition, the oviduct is an active organ 

that provides an optimal microenvironment for gamete maturation/activation, fertilization, and 
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cleavage-stage embryo development (Coy et al. 2012). Several studies indicated the functional 

variation of oviductal EVs collected from different parts of the oviduct. Supplementation of bovine 

oviductal EVs collected from the isthmus, but not the ampulla, in the embryo culture positively 

affect the embryo development (Lopera-Vasquez et al. 2017). This implies that oviductal EVs 

produced from different regions of the oviduct carry specific molecular signals associated with 

specific function in supporting gamete and embryo development. This may be associated with the 

distribution of ciliated and secretory cells in different regions of the oviduct (Harris et al. 2020). 

This needs to be experimentally validated in future studies. Comparative analysis of the proteome 

of EVs derived from in vivo oviductal fluid and in vitro cultured oviductal epithelial cells revealed 

significant differences (Almiñana et al. 2017). In that study, fewer proteins were identified in vitro-

derived oviductal EVs (222) compared to those derived from the in vivo counterparts (270). The 

impact of supplementation of oviductal EVs in vitro culture environment has been evidenced to 

positively impact sperm activation, prevention of polyspermy, and early embryo development 

(Machtinger et al. 2016). The data presented in this review also suggest the potential application 

of oviductal EVs in the current ART to mimic the in vivo oviductal environment. 

In the present review, the current knowledge on EVs research in reproduction mainly 

associated with ovarian functionality, gamete–embryo–oviductal communication, and EVs 

molecular signaling as indicators of environmental and physiological stress conditions are 

thoroughly discussed and the future potential of EV research in reproduction will also be 

highlighted. 

3. EVs biogenesis, composition and uptake mechanisms 

Extracellular vesicles are a group of heterogenous and membrane-bounded structures released 

from a variety of cell types in vivo in biological fluids or in vitro in spent culture media. They have 
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the capacity of transporting various active biomolecules from cells of origin to target recipient 

cells, thereby modulating the physiology of the recipient cells (Ofir-Birin et al. 2018). Of these 

three different types of EVs, the majority of interest falls on the microvesicles and exosomes, while 

the apoptotic bodies are often considered as products of cell death (María et al. 2015). The 

apoptotic bodies are released when plasma membrane bedding occurs during apoptosis, but 

microvesicles, which are relatively heterogenous population pinch directly off the plasma 

membrane. Exosomes, which are intraluminal vesicle contained in multivesicular bodies, are 

relatively homogenous in size. Exosomes are released to the extracellular space upon fusion of the 

multi-vesicular bodies (MVBs) with the plasma membrane (Colombo et al. 2014). Despite the fact 

that initially exosomes were considered to be alternative mechanisms to eliminate waste products 

from cells interior to maintain cellular homeostasis (Baixauli et al. 2014), a significant number of 

studies have provided evidence that following the release from the cell surface, exosomes can 

interact with the extra- cellular matrix or induce cellular response within a specific 

microenvironment or in distant cells. These evolutionary conserved vesicles are known to exert 

essential physiological and pathological effects on both recipient and parent cells, via a variety of 

functional molecules either as structural or cargo components. Currently, because of the absence 

of widely acceptable specific markers to distinguish exosomes and microvesicles, consensus has 

been reached to name both with the generic name EV. 

In mammals, EVs have been isolated from diverse body fluids, including blood, urine, saliva, 

breast milk, amniotic fluid, ascites, cerebrospinal fluid, bile, and semen. These vesicles have been 

named based on their origin, nature and features in many different ways. Many different names 

have been used in publications depending on their size [with a prefix micro or nano: microparticles, 

microvesicles (MVs), nanovesicles, nanoparticles], their tissue of origin (prostasomes, 
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oncosomes), their proposed functions (calcifying matrix vesicles, argosomes, tolerosomes), or 

simply their presence outside the cells (prefix exo or ecto: ectosomes, exosomes, exovesicles, 

exosome-like vesicles). Despite the fact that nomenclature of EVs is still under debate (Stephen 

and Graça 2013), several marker proteins are being used to prove the identity of the vesicles 

isolated using various techniques including ultracentrifugation and size exclusion chromatography. 

The protein composition of EVs reflects proteins integrated in or attached to their membrane or 

those present in their luminal space. Although exosome and microvesicles have different protein 

profiles due to their different biogenesis pathways, so far no specific protein has been identified to 

accurately discriminate between the two vesicle populations. This coud partially be due to the fact 

that plasma membrane-derived EVs and endosome intraluminal vesicles (ILVs) share important 

features as they bud away from the cytosol in contrast to other intracellular budding events that 

are required for trafficking between different compartments. Thus, their membrane orientation is 

identical to that of the cell surface, exposing the extracellular domains of the transmembrane 

proteins and enclosing cytosolic components. The protein composition of exosomes as 

components of EVs demonstrated exosomes are enriched with proteins associated with their 

biogenesis pathway (Villarroya-Beltri et al. 2014). This was further validated by the fact that 

compared to their cells of origin EVs are enriched with various components of the endosomal 

sorting complex for transport (ESCRT) machinery and its accessory proteins. The most common 

exosomal proteins represent those that are associated with membrane transport and fusion and 

others including cytoskeletal, metabolic, signaling and carrier proteins (Ibrahim and Marbán 

2016). The classical biogenesis of exosomes is the most studied one. This classical process of 

exosome biogenesis involves the inward budding of the plasma membrane and the formation of 

intracellular MVBs containing ILVs (Kalluri and LeBleu 2020). This most recognized and studied 
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pathway of exosome biogenesis is driven by ESCRT complexes. The ESCRT is a family of proteins 

that associate in complexes at the membrane of MVBs to sort cargo and the formation of ILVs 

(Hanson and Cashikar 2012), which are secreted as exosomes through MVB fusion to the plasma 

membrane and exocytosis. 

The biogenesis of exosomes in vivo is a complex process which involves several proteins 

including Ras-related protein GTPase Rab, Systenin-1, TSG101, Alix, syndecan-1, ESCRT 

proteins, phospholipids, teteraspanins, ceramindes, sphingomyelinases and SNARE complex 

proteins (Simon et al. 2018). Several factors including cell type, culture conditions and the 

physiological status of the cells are known to determine which putative key regulators of exosome 

biogenesis will be activated in vivo (Mathieu et al. 2019). As most studies reported mainly focused 

on the potential function of extracellular vesicles rather than on their origins, it is still unclear 

which sub-species of vesicles is responsible for a given physiological or functional effect. 

Through the EV-mediated cell-to-cell communication, several bioactive molecules are 

transferred to recipient cells, which may have a significant impact on the phenotype of the recipient 

cell. These phenotypic changes can be regulation of gene expression through de novo translation 

and post-translational regulation of target mRNAs (Valadi et al. 2007), and changes in miRNA 

level during stress response (Jacobs et al. 2013; Sohel et al. 2013; Gebremedhn et al. 2020b). Due 

to their structural composition EVs can protect their cargo molecules from enzymatic degradation 

during their transit through extracellular environments (Keller et al. 2011). This capability of EVs 

signifies their potential conversion to vehicles for delivery of therapeutic proteins, RNA and drugs 

(Alvarez-Erviti et al. 2011; Tang et al. 2012). For this, EVs need to interact with the recipient cells 

in several uptake mechanisms (Mulcahy et al. 2014). Both direct and indirect evidence suggests 

that EVs internalized into recipient cells. Direct visualization using fluorescent lipid membrane 



 

 8 

dyes is the most common way for detecting EV uptake. Some of these dyes include PKH67, 

PKH26, rhodamine B (also called R18), DiI and DiD, which are lipophilic and other membrane 

permeable chemical compounds are also available including carboxyfluorescein succinimidyl 

ester (CFSE) and 5(6)-carboxyfluorescein diacetate (CFDA) (reviewed by Mulcahy et al. 2014). 

Extracellular vesicles can be uptaken by recipient cells in a variety of endocytic pathways, 

including clathrin-mediated endocytosis and clathrin-independent pathways such as caveolin-

mediated uptake, micropinocytosis, phagocytosis, and lipid raft-mediated internalization. The 

choice of uptake mechanism used by a specific EV depends on molecular components especially 

proteins and glycoproteins present on the surface of the EVs and the recipient target cells (Horibe 

et al. 2018). The significant role of the protein components in EV- recipient cell interaction has 

been validated by Proteinase K treatment of EVs, which has shown to reduce their uptake in 

ovarian cancer cells (Escrevente et al. 2011). Among the several proteins playing a role in EV 

uptake by recipient cells include tetraspanins, which are membrane proteins involved in various 

processes including cell adhesion, motility, activation and proliferation (Hemler 2005). 

Tetraspanins are known to be present on EV surfaces suggesting their role in EV function. Among 

those CD9 and CD81, which are known to be well-established markers of EVs are reported to be 

involved in oocyte-spermatozoa and phagocyte fusion as reviewed by (Mulcahy et al. 2014). The 

significant role of tetraspanins in EV uptake by recipient cells has been evidenced by reduced EV 

uptake after treatment of recipient cells with antibodies against the CD81 or CD9 (Morelli et al. 

2004). 

Clathrin-mediated endocytosis (CME), which involves internalization of molecules through 

progressive and sequential assembly of clathrin-coated vesicles containing a range of 

transmembrane receptors and their ligands, has been reported to be one of the mechanisms in EV 
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uptake by recipient cells. For example, treatment of cells with chlorpromazine (CME inhibitor) 

resulted in decreased uptake of EVs by ovarian cancer recipient cells (Escrevente et al. 2011). 

Similarly, clathrin-mediated endocytosis was found to be the dominant EV uptake pathway in the 

uptake of syncytiotrophoblast extracellular vesicle by endothelial cells (Cronqvist et al. 2020). 

4. Extracellular vesicles in the follicular microenvironment 

Initially, described in the late 1980s from the endosomal pathway, EVs were viewed solely as 

a discarding mechanism for membrane proteins with little to no understanding of their wide range, 

functional outcome as a conveyor of cellular information (Raposo and Stoorvogel 2013). More 

recently, EVs natural role in genetic information transfer as carriers of bioactive molecules has 

propagated their substantial interest as agents for multidirectional crosstalk (Valadi et al. 2007). 

The increasingly investigated phenomenon of the bidirectional communication of EVs can be 

summed up directly through gap junctions (GJ)/transzonal projections (TZPs) as well as indirectly 

through various endocrine, paracrine and autocrine signaling pathways (Bosco et al. 2011). EVs 

are known to be acted on by Rab GTPases (Rab 27a/Rab 27b) to promote their secretion and 

release (Ostrowski et al. 2010), which can be validated through the enrichment of protein markers 

like CD63 and ALIX. Once released into the extracellular space, EVs potential mediation of 

cellular communication is initiated but not limited to receptor–ligand interactions or even fusion 

with the target cells membrane to initiate the off-loading of cargo, thereby adjusting the 

physiological existence of the target cell (Tkach and Théry 2016). 

The follicle microenvironment consists of the oocyte and subsequent somatic cells, as well as 

a variable volume of follicular fluid based on the maturity of the follicle and derived primarily 

from circulating plasma (Fortune 1994). The bidirectional crosstalk between the oocyte and 

granulosa cells is dependent on a functional network of gap junctions thought shuttle factors like 
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proteins (insulin) and hormones (progesterone (P4) and oestradiol (E2)) (O’Shea et al. 2012) 

necessary for proliferative development (Brower and Schultz 1982). Communication intricacies 

between the oocyte and subsequent somatic cells have added a supplementary layer of bidirectional 

crosstalk inducing principal processes like folliculogenesis and meiotic resumption, ultimately 

leading up to and past early embryonic development (Senbon et al. 2003). A fundamental point of 

interest currently being evaluated, is the precise molecular content of EVs and the method of 

molecular transmission mediating cell-to-cell communication. In bovines, it has been shown that 

follicular fluid (FF) EVs induce the proliferative capacity of granulosa cells to act on the oocyte 

through Src, PI3K/Akt and MAPK signaling pathways (Hung et al. 2017). Nevertheless, the 

functional effects noted through increased expression of cumulus expansion marker genes, 

cultivates such communication within the follicle microenvironment (Da Silveira et al. 2012). The 

novelty of this finding stems from potentially modulating the developmental competence of 

oocytes matured in vitro by mimicking the in vivo LH-surge through EV co-incubation (Conti et 

al. 2012). Interestingly, granulosa cells have the ability to preferentially uptake EVs based on the 

follicle size, eluding to a differential cargo composition associated with dominant and subordinate 

follicle size (Hung et al. 2015). Dually noted as prime carriers of bioactive molecules, extra-

cellular miRNAs have emerged as a key proponent loaded within EVs. In fact, expression of 

variable miRNA profiles has been eluded too in humans (Santonocito et al. 2014), bovine (Sohel 

et al. 2013) and equine (Da Silveira et al. 2012). As transporters of differing miRNA profiles, FF 

EVs are harnessed with direct targets to mitigate pathways associated with follicular growth and 

oocyte maturation, such as the wingless signaling pathway (WNT), transforming growth factor 

beta (TGF-β), mitogen activated protein kinase (MAPK) and epidermal growth factor receptor 

(ErbB) (Sohel et al. 2013). Interestingly in bovines, miR-640, miR-526b* and miR-381 were 
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abundantly present in theca cells versus miR-373, miR-30e* and miR-19b-1* being expressed 

more in cumulus oocyte complexes (COCs) (Sohel et al. 2013). This in fact signifies that 

differentially expressed miRNAs can be dependent on indicators relevant to basic origin and 

physiological status, suggesting the ability to pinpoint relative miRNAs via cause and effect 

relationships associated with reproductive misfunction. 

5. EV-mediated sperm capacitation  

Ejaculated sperm must pass through the female reproductive tract in order to fertilize an egg. 

During this transition through the female reproductive track there will be removal of seminal 

plasma components and exposure to the reproductive tract secretions. Despite the short period, this 

process is critical for inducing sperm capacitation, which involves an increase of the membrane 

structure and fluidity due to a removal of cholesterol from the sperm plasma membrane and 

increase of sperm intracellular calcium and bicarbonate ion permeability (Burton and McKnight 

2007). These modifications are associated with induction of the tyrosine phosphorylation of a 

subset of sperm proteins, which is mediated by the cyclic AMP (cAMP)-dependent protein kinase 

A (Visconti and Kopf 1998). Supporting a role of the uterine cells in sperm capacitation, human 

spermatozoa co-incubated with endometrial cell-conditioned medium showed an increase in 

protein tyrosine phosphorylation (Laflamme et al. 2005). The first exposure of spermatozoa with 

reproductive tract EVs start in the vagina, where vaginosomes (EVs present in the vaginal luminal 

fluid) come in contact with the ejaculated sperm, which could have an effect on its functionality. 

Enhanced progesterone-induced acrosome reaction could be induced by exposure for 30 min to 

vaginosomes in non-capacitating condition (Fereshteh et al. 2019). In the same study the 

coincubation of spermatozoa with EVs derived from vaginal luminal fluids results in elevation of 

cells with highest expression of sperm adhesion molecule 1 (SPAM1), PMCA1/4 and PMCA1 
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compared to those incubated in phosphate buffered saline solution. A significant level of PCMA4, 

which is a membrane protein involved in the Ca2+ efflux pump in murine sperm, was detected in 

the EVs derived from murine vaginal, oviductal and uterine luminal fluid and the flow cytometry 

analysis of caudal sperm incubated with luminal fluids EVs showed increased expression of 

PMCA4a, which demonstrated the in vitro uptake of luminal EVs by sperm (Al-Dossary et al. 

2013). The coincubation of human spermatozoa in the presence of uterosome-like vesicles derived 

from conditioned media of endometrial epithelial cells resulted in sperm capacitation as 

determined by the increase in the level of induced acrosome reaction and induction of protein 

tyrosine phosphorylation (Franchi et al. 2016). A similar study in humans revealed that 

spermatozoa can internalize EVs released from cultured primary endometrial cells and result in 

sperm capacitation and acrosome reaction as manifested by increased protein tyrosine 

phosphorylation (Murdica et al. 2020). EV internalization was successfully blocked by incubation 

with filipin suggesting that an energy- dependent process probably attributable to the lipid-raft 

domain mediated-endocytosis to be the main mechanism of EV uptake by the spermatozoa. 

6. EVs: insightful index for physiological status  

Stress negatively affects reproductive efficiency, which is seen through an imploding decline 

in mammalian fertility and overall decrease in livestock productivity. In vitro culture systems have 

been extensively utilized in attempts to mimic both environmental and metabolic stressors believed 

to have deleterious effects on oocytes, fertilization, preimplantation, and embryonic development 

(Edwards and Hansen 1996; Rivera and Hansen 2001). Extracellular miRNAs have also more 

recently been outlined for their potential role as disease biomarkers, or molecules used for 

detecting disease/ prognosis progression (Galimberti et al. 2014; Hailay et al. 2019). Found in most 

biological fluids, and recognizing the stability and ease of access to obtain samples, changes in 
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circulating miRNA profiles have been noted in human and mice studies correlated to obesity (Can 

et al. 2016; Castaño et al. 2018), type 2 diabetes (Kong et al. 2011; Higuchi et al. 2015), ageing 

(Kirkman et al. 2012; Dhahbi et al. 2013; López-Otín et al. 2013), polycystic ovarian syndrome 

(PCOS) (Hu et al. 2020) and various female reproductive cancers (Liang et al. 2013; Che et al. 

2020; Lv et al. 2021). For instance, EVs preferentially loaded with obesity-related miRNA mimics 

(miR-122, miR-192, miR-27a and miR-27b) and repeatedly injected into lean mice, developed a 

profound insulin resistance and dyslipidemia, eluding to these specific miRNAs role in indicating 

the pathophysiology of obesity and potential links to type 2 diabetes (Castaño et al. 2018). 

Commonly associated with a multi-faceted downregulation in propagating miRNA, specific 

indications like miR-125b, miR-342; miR-133b, miR-214 are proposed in correlation to 

neurodegenerative diseases like Alzheimer’s and Parkinson’s diseases (Galimberti et al. 2014; 

Cheng et al. 2015; Dong et al. 2016; Rosas-Hernandez et al. 2018). Alternatively, a massive 

prevalence affecting female infertility is the reproductive abnormality known as Polycystic 

Ovarian Syndrome (PCOS), whose mechanism of action has yet to be full elucidated. Although, 

in more recent times, extracellular circulating miRNAs have been analyzed from PCOS follicular 

fluid at differential expression levels. Furthermore, increased expression levels of miR-146a-5p 

and miR-126-3p have been dually noted as a direct target of the MAPK and TGF-β signaling 

pathways, essential for reproductive function (Cheet al. 2020; Jiang et al. 2021). Overall, this 

suggests that the EVs role in detailed cell-to-cell communication is essential, not only as an 

indicator of origin, but also as a potential biomarker for various pathophysiological conditions as 

illustrated in Figure 1.1. 
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Figure 1.1. Extracellular vesicle-mediated molecular signaling in the ovarian follicle. 
Schematic representation of extracellular vesicles within the follicle microenvironment, a key 
proponent of bidirectional crosstalk inducing oocyte growth and maturation, and subsequent 
physiological index to stress and pathophysiological conditions. Extracellular vesicles serve a 
mass transit mechanism for bioactive cargo such as miRNA, mRNA, proteins, lipids and 
metabolites, inducing the proliferative capacity of granulosa cells to act on the oocyte through 
various signaling pathways (EVs, extracellular vesicles; HO, hormones; PR, proteins; AO, 
antioxidants; ME, metabolites; GF, growth factors; LI, lipids). 
 
7. EV-mediated signaling during oviduct/uterine-embryo communication  

Following ovulation, the oocyte goes to the oviduct for fertilization and subsequent cleavage 

stage development. The process of sperm capacitation and fertilization and early stage cleavage of 

mammalian embryos is supported mainly by secretions of the oviduct, which are complex and 

contain growth factors, hormones, proteases, antioxidant proteins, immune system proteins, 

metabolites, lipids and heat shock proteins (Avilés et al. 2010; Coy et al. 2012). For this, the 

oviductal epithelium, which is composed of ciliated and secretory cells, is involved in the secretion 
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of oviductal fluid that has an important role in gamete maturation, fertilization and embryo 

developmental competence (Leese et al. 2008; Avilés et al. 2010). Considering their implication 

for important events in female reproduction including fertilization, early embryo development and 

implantation, research in the field of intercellular communication in the oviduct and uterine 

environment has increased exponentially in the last years. During in vivo development the embryo 

interacts with the surrounding cells in the oviduct and uterus to survive and develop to term (Fazeli 

2011). Among the various components of the oviductal fluid, EVs are identified for the first time 

in murines being designated as oviductosomes (Al-Dossary et al. 2013) and found to mediate 

embryo and maternal communication (Cruz et al. 2018). The beneficial role of EVs in carrying 

molecular signals during embryo maternal communication has been evidenced by the fact that EVs 

from the in vivo oviductal fluid and from conditioned media of bovine oviductal epithelium cells 

showed a positive impact on embryonic development in vitro (Lopera-Vásquez et al. 2016; 

Almiñana et al. 2017; Sidrat et al. 2020; Asaadi et al. 2021). 

 So far, several studies have been conducted focusing on the oviductal fluid EVs in relation to 

the stage of ovarian cyclicity and the site in the oviduct or EVs secreted by cultured primary 

oviductal cells. Deciphering the oviductal EV content at different stages of the oestrous cycle 

including post-ovulatory stage, early luteal phase, late luteal phase and preovulatory stages 

revealed the content of EVs (miRNAs, rRNA fragments, tRNA fragments, snRNA, snoRNA and 

other ncRNA) to be under steroid hormone regulation (Almiñana et al. 2018). In that study major 

differences were observed between post- ovulatory and the rest stages analyzed. Very interestingly, 

miR-34c and miR-449a, which are known to be involved in defective cilia in the oviduct and 

associated with infertility, are among the differentially abundant miRNAs. The hormonal 

regulation of EV content has also been evidenced by the differential protein profile between in 
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vivo derived oviductal fluid EVs and those EVs secreted by bovine oviductal epithelial cells 

culture in vitro (Almiñana et al. 2017). A similar study in sheep also indicated that the amount of 

EVs in the uterine lumen increased after P4 treatment suggesting that P4 may be involved in 

regulation of the release of EVs from endometrial epithelial to the uterine lumen (Burns et al. 

2018). On the contrary, in addition to provision of lipids for cellular growth in elongating 

conceptus, EVs in the uterine lumen fluid may also be involved in conceptus production of 

prostaglandins (Burns et al. 2018). 

Due to the lack of the female reproductive tract, embryos cultured in vitro are under suboptimal 

conditions leading to lower blastocyst and pregnancy rates (Pontes et al. 2009). However, embryos 

are known to support each other during group culture by secreting autocrine factors which act upon 

the embryo itself or on neighboring embryos (O’Neill 2008). Therefore, culturing embryos in 

groups has been found to improve embryo developmental rates and quality in various mammalian 

species, including cattle (Donnay et al. 1997; O’Doherty et al. 1997), pigs (Stokes et al. 2005), and 

humans (Almagor et al. 1996; Ebner et al. 2010). The importance of autocrine factors for embryo 

survival and development is evidenced with the development of the well-of-the-well system, which 

has been successfully applied in bovine (Hoelker et al. 2010), porcine (Taka et al. 2005), mouse 

and human (Vajta et al. 2008) embryos. In an attempt to compensate the missing signaling factors 

from the reproductive tract several studies have been performed to investigate the role of coculture 

of bovine oviductal epithelial cells, cumulus cells and granulosa cells as reviewed by (Wydooghe 

et al. 2017). The preimplantation embryos are able to secrete the autocrine embryotropins in 

several ways including active secretion, passive outflow or extracellular vesicles as molecular 

cargo vehicles. The role of extracellular vesicles in this inter embryo communication has been 

evidenced in bovine embryos (Pavani et al. 2019). In support of this, fluorescent labelled EVs were 
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found to be taken up by embryos passing through the glycoprotein layer zona pellucida in bovine 

(Pavani et al. 2019) and porcine (Saadeldin et al. 2014) preimplantation embryos. Recently, the 

study conducted by (Burns et al. 2018) demonstrated that EVs isolated from the media conditioned 

by cultured ovine Day 14 conceptuses can be uptaken by uterine epithelium, but not by other 

maternal tissues including the ovary, corpus luteum, parametrial lymph nodes or lung, thus serve 

as a novel form of intercellular communication during the establishment of pregnancy. Proteomic 

analysis of conceptus secreted EVs revealed the presence of 231 proteins representing those as 

structural components of EVs and the majority involved in various signaling pathways associated 

with pregnancy establishment (Burns et al. 2016). 

Extracellular vesicles have been identified in the uterine lumen of various species including 

cattle, sheep, human, pigs and mice (Ng et al. 2013; Vilella et al. 2015; Greening et al. 2016). The 

EVs in the uterine luminal fluid are likely to have originated from both the luminal epithelium and 

the glandular epithelium of the uterus (Racicot et al. 2012). The beneficial role of uterine lumen  

fluid derived EVs in conceptus elongation was evidenced recently (Burns et al. 2018). The way of 

transmission of EVs to elongated embryos is postulated to follow the mechanisms of direct fusion 

resulting in provision of lipids, RNA, and proteins cargo and results in stimulation of conceptus 

elongation via regulation of gene expression. Labeled EVs isolated from the ovine uterine fluid, 

transferred to ovine trophectodermal cells in vitro within 2 h of co-incubation, resulted in both 

increased proliferation and release of interferon τ (the ovine pregnancy recognition signal) in a 

dose-dependent manner (Ruiz-González et al. 2015). In the same study, uterine flushing EVs from 

cyclic and pregnant ewes revealed the presence of mRNAs for enJSRV-ENV, HSC70, interleukins, 

and interferon (IFN)-regulatory factors. MicroRNAs 21 and 29a which were found to be present 

in EVs from the uterine luminal fluid of Day 14 cyclic and pregnant sheep (Burns et al. 2014), are 
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known to activate the TLR 7/8 (Fabbri et al. 2012). Therefore, EVs in the uterine lumen fluid from 

the uterine epithelium may be involved in stimulation of IFNT production and subsequent 

conceptus growth via TLR activation. 

Despite substantial differences in EV content depending on the anatomical and functional 

differences between different parts of the oviduct and stage of the oestrous cycle (Almiñana et al. 

2018; Gatien et al. 2019), oviductal proteins are found to be enriched with proteins of protective 

properties including heat shock proteins and proteins associated with oxidative stress response, 

which may shuttle these protective messages to the embryos to provide protection against 

environmental or physiological stressors as a positive bystander effect as observed in bovine 

granulosa cells (Gebremedhn et al. 2020b). Several studies have evidenced that supple- mentation 

of oviductal EVs to in vitro cultured embryos enhances the viability and developmental capacity 

of embryos by modulating the molecular composition and physiology of the embryos. Recent 

study in rabbits has demonstrated that the oviductal fluid which is enriched with melatonin could 

reduce reactive oxygen species (ROS) accumulation, 5-methycytosine (5-mC) and increase in 

blastocysts rate after supplementation in vitro (Qu et al. 2020). In the same study, supplementation 

of the combination of EVs and melatonin led to similar results as well as a significant decrease in 

the apoptosis index and increase in inner cell mass (ICM)/ trophectoderm (TE) index. 

Supplementation of bovine oviductal fluid and/or uterine fluid in a stage-specific manner in vitro 

at a level of 1.25% resulted in increased blastocyst rate, upregulation of genes related to epigenetics 

(DNMT3a and IGF2R), and reduced accumulation of ROS compared to those cultured with 

SOF + FCS (Hamdi et al. 2018). The positive contribution of EVs from oviductal fluid derived 

from ampullary or isthmus of the oviduct to early embryo development in vitro has been reported 

(Lopera- Vasquez et al. 2017). In that study, supplementation of oviductal EVs resulted in 
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increased survival rate of blastocysts following cryotolerance. Moreover, gene expression analysis 

of the resulting blastocysts showed elevated expression of water channel AQP3 and DNMT3A and 

SNRPN transcripts. Similarly, the supplementation of EVs derived from conditioned media of 

cultured bovine oviductal epithelial cells had no effect on blastocyst yield however, increased 

trophectoderm cells and modulation of the expression of developmentally related genes (Lopera-

Vásquez et al. 2016). The positive impact of bovine oviductal epithelial cells conditioned media 

and EV supple- mentation in vitro cultured bovine embryos evidenced that molecular signals 

carried by EVs in conditioned media play the major role in providing factors missing in the in vitro 

environment. 

8. Involvement of EVs in mediating stress coping mechanisms during mammalian 

follicular development 

Throughout the productive lifespan, dairy and beef cows are exposed to several exogenous and 

endogenous sources of stress, which pose detrimental impacts and contribute to the significant 

disruption in the physiology of reproduction. Among the key stressors, environmental stressors, 

including oxidative, heat, cold, and others (Li et al. 2016; Saeed- Zidane et al. 2017; Baddela et al. 

2018) and endogenously generated stressors due to the disruption of the various metabolisms 

(Beam and Butler 1997), are widely reported to impair female reproductive physiologies. 

One of the greatest achievements of the past five to six decades in animal farming is the 

advancements in setting the breeding goals and the intensive selection of farm animals for traits of 

interest with huge economic implications. For this, the incorporation of genetic scores (i.e genomic 

selection) into the breeding program and selection procedures has facilitated the genetic gains in a 

very short period (Meuwissen et al. 2001). It has been reported that the intensive selection of cows 

for higher milk yield has resulted in a significant increment in the net amount of yields produced. 
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Nevertheless, a concomitant compromise in the reproductive performance traits is reported, which 

shades negative consequences to the profitability of farms due to increased culling of less fertile 

cows in dairy farms (Lucy 2001). It has been reported that the deteriorating reproductive 

performance of dairy cows is associated with the higher milk yield per cow, which could be 

attributed to the antagonistic relationship between the fertility and production traits of dairy cows 

(Hansen 2000). Exposure of cows to both environmental and metabolic stressors are reported to 

affect the ovarian functions mainly, the steroidogenic capacity of the follicles, leading to disruption 

of the oestradiol production capacity of the dominant follicle, which in turn impair ovulation and 

subsequent postovulatory processes (Wolfenson et al. 1997; Roth et al. 2001), reduce the 

developmental competence of the oocyte and the capacity to reach the blastocyst stage (Roth and 

Hansen 2005; Nabenishi et al. 2012). One of the fundamental impacts of exposure to both 

metabolic and environmental stressors is the disruption of intrafollicular bidirectional 

communication between the follicular cells and the corresponding oocyte. The presence of EVs in 

the follicular fluid of cows has been reported to be associated with the developmental competence 

of the oocyte (Sohel et al. 2013). Thus, the exposure to stressors could modify the content of the 

bioactive molecules encapsulated in the EVs and could also serve as reflectors of the stress 

exposure. The specific impact of the environmental and metabolic stressors in the cargo of the EVs 

is discussed below. 

8.1 EV-mediated molecular signaling during thermal stress 

Summer heat stress is reported to negatively affect the maturation of oocytes, growth, and 

steroidogenesis of follicular cells, the development of the corpus luteum, and the receptivity of the 

maternal endometrium (Roth et al. 2001; Roth and Wolfenson 2016). Oocytes collected during the 

summer period are reported to have impaired microtubule rearrangements and deformed spindle 
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apparatus, which disrupt the nuclear maturation and reduce the fertilization rate (Roth and Hansen 

2005; Nabenishi et al. 2012). In addition, oocytes collected during the summer season are shown 

to have a higher level of oxidative stress and apoptosis, which is attributed to the lower 

mitochondrial distribution (Roth 2017). Previously, we showed that bovine granulosa cells 

subjected to heat stress trigger the expression of heat shock proteins (HSP), mainly the HSP70 and 

HSP90 accompanied by excessive accumulation of reactive oxygen species (ROS) and reduced 

viability of cells (Alemu et al. 2018). A similar phenomenon is also reported in other studies that 

the HSP70 is among the significantly enriched member of the HSPs and apoptosis is induced by 

the activation of the endoplasmic reticulum and production of excessive ROS (Hou et al. 2014; Li 

et al. 2016). One of the widely discussed benefits of EVs is their involvement in releasing cellular 

toxicants into the extracellular space (Kosaka et al. 2013). This was previously shown that EV-

mediated pathway is the prime cause of the intracellular β-catenin pool reduction (Chairoungdua 

et al. 2010), which suggests the crucial role of EVs in selectively encapsulating and releasing 

cellular contents to maintain cellular hemostasis. In line with this, the elevated cellular reserve of 

HSPs is also reflected in the EVs released from cells subjected to heat stress and are involved in 

improving the immune-related cellular responses (Lancaster and Febbraio 2005; Zhan et al. 2009). 

The release of EVs enriched with HSP from cells subjected to heat stress shows that EVs could be 

considered as the reflectors of the cellular stress conditions (de Maio 2011). EVs of heat-stressed 

cells pose a bystander effect to the unstressed neighboring recipient cells, which is reflected by the 

reduced rate of apoptosis and DNA damage in the recipient cells (Bewicke-Copley et al. 2017). In 

addition, the result demonstrated that EVs from heat-stressed cells have the potential to protect 

cells from subsequent heat stress. Recently, we reported the EV-mediated transfer of protective 

bioactive molecules in bovine granulosa cells (Gebremedhn et al. 2020b). In the same study, 
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granulosa cells subjected to heat stress release a significantly higher number of EVs enriched with 

HSPs, antioxidants, and GRPs compared to the cells incubated at normal temperature. Among the 

other components of the stressed EVs, bta-miR-1246, bta-miR-374a, and bta-miR-2904 are 

abundantly present, from which the miR-1246 is also reported to be among the miRNAs 

abundantly present in the circulation of dairy cows subjected to summer heat stress (Zheng et al. 

2014). Moreover, we showed that prior priming of granulosa cells with the EVs derived from 

granulosa cells subjected to heat stress transferred protective molecules to the recipient cells 

against subsequent heat stress, in which the stress EVs supplemented cells had a significantly lower 

accumulation of intracellular ROS, improved cell viability and reduced level of apoptosis. The 

most interesting finding of this experiment is that the protective impact of the stressed EVs is 

pronounced only when the primed cells are subjected to recurrent heat stress (Gebremedhn et al. 

2020b). This suggests, the stress condition at the receiving end determines the type of role that is 

incurred by the uptaken EVs. Recently, we looked deeper into our recently published data, which 

is the expression of miRNAs and the dynamics of the abundance of miRNAs between the cells 

and the corresponding EVs upon exposure to heat stress and we showed that there is no single 

pattern of release of miRNAs into the extracellular space, rather multiple patterns depending on 

the cellular function of the miRNAs, which are preferentially enriched upon exposure to stress 

(Gebremedhn et al. 2020a). Similarly, the beneficial effect of EVs derived from the follicular fluid 

of cows is also reported in reversing the heat stress damage incurred on oocytes and further 

improved both the cleavage and blastocyst rates (Rodrigues et al. 2019). The most intriguing fact 

of this finding is that supplementation of both whole follicular fluid and only EVs derived from 

the same follicular fluid samples showed to have a positive impact in reversing the heat damage 

on oocytes. Nevertheless, supple- mentation of follicular fluid devoid of the EVs had not reversed 
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the heat stress damage. This signifies that EVs in the follicular fluid are the major players of a 

crucial role in protecting oocytes from heat stress and enhance oocyte maturation and function 

8.2 EV-coupled molecular cargo as indicators of metabolic stress  

Over the past decades, dramatic changes in the amount of milk produced per cow as a result of 

combined effects of genetic selection for milk yield, improvements in the management of dairy 

farms, and nutrition are some of the key achievements in the sector. Nevertheless, this dramatic 

shift in milk yield has caused a significant decline in reproductive efficacies (Lucy 2001). One of 

the key aspects of the fertility decline in high-yielding dairy cows is attributed to the imbalances 

in the energy intake and expenditure, which causes post-partum negative energy balance (NEB) 

(Beam and Butler 1999). The unfavorable metabolic changes in post-partum cows under NEB 

impairs follicular development and the developmental competence and quality of the enclosed 

oocytes (Walters et al. 2002). In addition, downregulation of genes associated with proliferation 

and steroidogenesis potential, which indicates the impaired maturity of oocyte was reported in 

granulosa cells derived from the early postpartum period. Interestingly, the p38 mitogen-activated 

protein kinase path- way is one of the downregulated pathways, which is affected by vitamin A 

availability, suggesting the important role of vitamin A supplementation in mitigating postpartum 

NEB (Golini et al. 2014). To tackle the early postpartum energy deficit, high-yielding dairy cows 

mobilize their adipose tissue reserve, which in turn causes elevation of free fatty acids (FFA) in 

the circulation (Contreras and Sordillo 2011). The quality of the oocyte and granulosa cells of early 

postpartum cows is affected by the composition of the follicular fluid and serum, which is 

characterized by elevated concentrations of non-esterified fatty acid (NEFA) and β-

hydroxybutyrate (BHB) concentrations (Leroy et al. 2004). The circulation of cows under NEB is 

reported to have significantly elevated NEFA, mainly the stearic acid (C18:0), palmitic (C16:0), 
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and oleic acid (C18:1) (Rukkwamsuk et al. 2000). The toxic effect of NEFA during follicular 

development was further verified in an in vitro granulosa cells culture, in which the proliferation 

was significantly reduced and the rate of apoptosis was significantly higher upon treatment with 

both the palmitic and oleic acids (Vanholder et al. 2005). The content of the EVs in cows’ 

circulation could also be affected by the postpartum energy status. 

To examine this, recently we experimented on early lactating dairy cows with divergent 

metabolic status. For this, sequential follicular fluid and oocyte aspiration was performed in cows 

from the fifth to the tenth weeks post- partum. The energy status of the cows was assessed by 

profiling the concentration of the NEFA and BHB. The expression of the miRNAs release via EVs 

was assessed and it was found that the miRNA profile of EVs released from cows under NEB 

showed massive deregulation and cows under positive energy balance have a similar expression 

of miRNAs in the EVs released from the follicular fluid of transient cows (Hailay et al. 2019). The 

miRNAs that are persistently downregulated in the EVs of cows under NEB, including the miR-

132, miR-451, miR-486, miR-874, and miR-2285 are predicted to be involved in biological 

pathways associated with ovarian function including the TGF-β signaling, lysine degradation, cell 

cycle, FOXO signaling, mTOR signaling, and others. The difference in miRNAs of the follicular 

fluid EVs is also reflected in the epigenome profile of the corresponding oocytes, which showed 

massive differentially methylated regions (DMRs) in oocytes derived from NEB cows compared 

to cows under positive energy balance (Poirier et al. 2020). Interestingly, among the differentially 

methylated genomic regions in the oocyte of early postpartum cows, we found genes involved in 

important pathways including carbon metabolism, and fatty acid metabolism. Moreover, oocytes 

of postpartum cows are differentially methylated in some imprinted genes namely, MEST and 

GNAS suggesting the impact of postpartum NEB on the acquisition of imprinting. 
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8.3 EV-mediated cellular response to oxidative stress  

Oxidative stress is a phenomenon, which is caused when the production of ROS overwhelms 

the cellular production of antioxidants that scavenge the ROS (Burton and Jauniaux 2011). 

However, it is worth mentioning that a moderate level of ROS production is necessary for 

maintaining cellular homeostasis and for important stages of follicular development. For instance, 

ROS produced by the ovary during the follicular stage of the oestrous cycle is reported to induce 

apoptosis in granulosa and break the wall of the preovulatory follicle and facilitate the ovulation 

process (Shkolnik et al. 2011). This implies that the amount of ROS production and the ROS 

scavenging antioxidant production depends on the stage of the follicular development (Agarwal et 

al. 2012). To understand the impact of the ROS radicals on follicular development, the half-life 

and ability to be translocated into the nucleus of the cells are important to take into consideration. 

Among the free radicals, H2O2 is widely utilized as a model for in vitro functional studies 

(Aprioku 2013). We previously reported that granulosa cells exogenously treated with a mild dose 

of H2O2 resulted in excessive accumulation of ROS and activation of the key transcription factor 

and downstream antioxidant genes of the NRF2-mediated oxidative stress signaling pathway: 

namely NRF2, CAT, TXN1, and PRDX1 (Saeed-Zidane et al. 2017). In the same experiment, 

examination of the spent culture media revealed that granulosa cells treated with H2O2 released 

higher number of EVs and those EVs are enriched with some of the antioxidants that were enriched 

in the cells. This is in agreement with the hypothesis that cells under stress utilize the EVs-

mediated pathway to release cellular toxicants (Kosaka et al. 2013). Co-incubation of granulosa 

cells with these EVs after exposing cells to H2O2 reduced the accumulation of ROS but did not 

reduce the expression of the oxidative stress-related genes, which could be because of the fact that 

treatment with H2O2 caused significant transcriptional alteration that could not be reversed by the 
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supplementation of stressed cells derived EVs (Saeed-Zidane et al. 2017). However, EVs 

supplemented to cells before the exposure to oxidative stress incurred a protective message to the 

recipient cells upon subsequent exposure to H2O2 (Eldh et al. 2010). It is worth noting that the 

time of the EVs supplementation is critical for the delivery of bioactive molecules to either rescue 

or protect cells from oxidative stress. 

Taken all together, EVs of reproductive cells could be essential mediators of environmental 

and physiological stress. EVs released from reproductive cells subjected to various stressors are 

enriched with a multitude of bioactive molecules, mainly, miRNAs, stress-associated genes, and 

methylation modulators. These bioactive molecules could be implicated in improving cellular 

stress tolerance, improving the outcome of ARTs, and serve as remedies against stress- associated 

pathophysiological conditions. The aforementioned phenomenon is briefly illustrated in Figure 

1.2. 
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Figure 1.2. A hypothetical model. Reproductive cells respond and  release of EVs enriched with 
stress- associated molecules including, miRNAs and methylation modulators, which could have 
important implications in improving the stress tolerance, the outcome of ARTs procedures, and 
possible remedies for stress associated pathophysiological conditions. 
 
8.4 The potential of EVs in reproduction and related fields 

Recent developments in modification of EVs facilitated the monitoring and tracking, 

interaction and transfer in vivo and in vitro (Lai et al. 2015). In that study engineered optical 

reporters were used to label multiple EV populations for visualization and tracking of tumour EV 

release, uptake and exchange between cell populations both in vitro and in vivo. Due to the 

variability in EV internalization mechanisms that exist between cell types, use of specific inhibitors 

provide a useful tool to study cell specific uptake mechanisms. For this, several inhibitors have 

been developed, including chlor- promazine to investigate clathrin-mediated uptake (Mulcahy et 

al. 2014), and specific RDG inhibitory peptides to target integrin-mediated EV uptake (Hoshino et 

al. 2015). Further research is needed to investigate the precise mechanisms that underline a specific 

EV entry into selected target cells and, importantly, the way to control the process. 

An increasing amount of studies have evidenced the key role of EVs in regulating the different 

aspects of the reproduction process including gamete (sperm and ova) maturation, sperm 

capacitation, prevention of polyspermy, oviduct/ uterine-embryo communication and even 

communication between in vitro-cocultured embryos (Machtinger et al. 2016). Following the 

preimplantation developmental process, EV production and function continue throughout 

pregnancy with the placenta and uterine epithelium to be the main source of EVs in maternal-

embryo communication (Burns et al. 2016). Follicular microenvironment, which is filled with 

follicular fluid, is a place for successful maturation of oocytes during the process of 

folliculogenesis. The easy availability of follicular fluid during oocyte aspiration in human and 

animals assisted reproductive technology procedures makes it attractive in the search for 
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biomarkers associated with oocyte quality. Previous studies in bovines demonstrated the presence 

of specific miRNA signatures coupled in exosomal and nonexosomal portions of the follicular 

fluid based on the growth status of the oocytes, thereby developmental competence (Sohel et al. 

2013). Similarly, EV coupled miRNAs were also found to be associated with advanced maternal 

aging in mares (Da Silveira et al. 2012). Similarly, comparative analysis of miRNA isolated from 

EVs derived follicular fluid of young versus older women revealed differential expression of 

miRNAs targeting genes associated with heparin-sulphate biosynthesis, carbohydrate digestion 

and absorption, p53 signalling and cytokine– cytokine–receptor interaction (Diez-Fraile et al. 

2014). 

The use of successful ART is increasingly required to tackle age related infertility problems in 

humans. Similarly, an increase in selection for production traits in the cattle industry resulted in an 

increasing decline in fertility. However, the outcome from current ART procedures is far from 

optimal in terms of pregnancy success after transfer of the resulting blastocysts. Two factors 

contribute to this low success rate of ART. Firstly, embryo selection for transfer to the recipient 

has inherent limitations which is mainly dependent on morphological assessment without 

considering the inherent quality of the embryo in inducing pregnancy (Fragouli et al. 2014). 

Secondly, the in vitro handling of gametes and embryos under suboptimal culture conditions can 

induce damage to the functional and structural units of embryos which affect their developmental 

competence to induce pregnancy after transfer. One of the main reasons for the suboptimal 

condition of mammalian ART is the absence of reproductive tract factors during in vitro culture of 

gametes and embryos. To tackle this problem several studies have tried to supplement reproductive 

tract fluids in the existing ART and could improve the quality of the resulting embryos. Several 

studies have demonstrated the presence of EVs in bovine follicular fluid and oviductal fluid and 
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their molecular cargo composition is governed by the physiological status of the host animal. 

Those changes in molecular cargo carried by EVs is supposed to create optimal conditions for 

oocyte growth, sperm capacitation, gamete transport, fertilization and preimplantation embryo 

development. Similarly, the protein content of uterine EVs released by in vitro cultured human 

endometrial epithelial cells is found to be altered by oestrogen and progesterone treatments 

suggesting hormonal regulation of EV cargo from uterine cells (Greening et al. 2016). A systematic 

analysis of bovine reproductive fluid EV contents demonstrated that they carry functional 

molecules associated with heat shock proteins, antioxidants, energy metabolism, amino acid 

biosynthesis and regulatory miRNAs targeting genes associated with various functional 

physiology of the oviduct (Almiñana et al. 2017, 2018; Hailay et al. 2019). 

As it is a natural milieu for oocyte maturation in the ovarian follicle, follicular fluid has been 

utilized as a supplement during IVM procedures and a positive impact has been reported. The 

positive impact of follicular fluid on oocyte maturation in vitro is attributed to its protein, cytokine, 

growth factors, steroids, metabolites, and other substances present in the follicular fluid (Sutton et 

al. 2003). Several studies have been conducted using different levels of follicular fluid and positive 

impacts in terms of increased blastocysts cell number (Kim et al. 1996), increased inner cell mass 

number and higher cleavage rate of oocytes matured with follicular fluid collected 20 h after LH 

surge (Romero-Arredondo and Seidel 1996). In a similar study, supplementation of bovine in vitro 

maturation media with follicular fluid resulted in enhanced sperm penetration, increased cumulus 

expansion and ATP levels in oocytes, while blastocyst rate remain the same (Somfai et al. 2012). 

The functional significance of follicular fluid EVs was found to be dependent on the size of the 

follicle from which they are isolated. Accordingly, EVs isolated from follicular fluid aspirated 

from small (3–5 mm) and large (>9 mm) antral follicle were supplemented in IVM of bovine and 
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mouse oocytes and a significant effect on cumulus expansion and expression of cumulus expansion 

marker genes was observed by EVs derived from small follicles (Hung et al. 2015). This implies 

that future research needs to focus on deciphering the molecular content of follicular fluid to 

identify key molecular cargos which play a significant role to support oocyte growth and 

maturation with potential application in current ART programs. 

Supplementation of in vitro bovine embryo culture with oviductal and uterine fluid supports 

embryo development and induces the expression of genes related to methylation and oxidative 

stress (Hamdi et al. 2018). Differential composition of EVs were found in oviductal fluid derived 

from bovine ampullary and isthmus portion of the oviducts suggesting the differential role of EVs 

in different parts of the oviduct (Lopera-Vasquez et al. 2017). Moreover, comparative proteomic 

analysis of EVs derived from in vitro cultured oviductal epithelial cells revealed significant 

variation in their protein content compared to EVs derived from in  vivo  oviductal fluid (Almiñana 

et  al. 2017). These differences are most likely to be attributed to the lack of many complex features 

present in the in vivo microenvironment including in vivo cellular diversity. As generation of 

enough amount of in vivo oviductal EVs for research and also for ART application is very 

challenging. Recently, oviductal organoids are being investigated for their suit- ability to generate 

in vivo-like EVs under in vitro condition as it is a technology to recapitulate the in vivo features 

of the oviduct (Heidari-Khoei et al. 2020). Therefore, reproductive organoids with other 

technologies including microfluidics technology would enable scientists to create an organoid-on- 

a-chip platform which provides new in vitro models to serve as both tissue and organ proxies to 

bridge the gap between in vitro and in vivo (Lancaster and Knoblich 2014). As organoids are self-

organizing structures that can recapitulate the different biological and pathological features of the 

organ, they represent genetic stability and maintain commitment to their tissue of origin during 
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long-term culture to get access to an unlimited source of material like EVs to support research in 

the field. Therefore, reproductive organoids will facilitate the unlimited access to the generation 

of quantitative and qualitatively acceptable EVs for future research. 

The EV-based liquid biopsy tests are under intensive investigation and a strong interest centred 

around the potential of EVs to serve as targets of the development of biomarkers or therapeutic 

reagents, especially in the field of cancer research (Théry 2015). In the field of reproduction, the 

main challenge of development of EV-based biomarker discovery is reproducibility, which is 

influenced by the various limitations associated with EV isolation, characterization and tracking. 

In addition, the development as biomarker is dependent on the methods which favors the isolation 

of highly purified EVs produced in a reproduceable and cost-effective manner. Most research in 

the field of reproductive EVs are descriptive in their nature without elucidating the actual 

mechanism of action. A standardized EV isolation method is believed to facilitate the translation 

and reproducibility of the findings in the clinical diagnostic settings. 
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CHAPTER II—Granulosa cell-derived extracellular vesicles mitigate the detrimental impact of 

thermal stress on bovine oocytes and embryos2 

1. Overview 

Climate change-induced global warming results in rises in body temperatures above normal 

physiological levels (hyperthermia) with negative impacts on reproductive function in dairy and 

beef animals. Extracellular vesicles (EVs), commonly described as nano-sized, lipid-enclosed 

complexes, harnessed with a plethora of bioactive cargoes (RNAs, proteins, and lipids), are crucial 

to regulating processes like folliculogenesis and the initiation of different signaling pathways. The 

beneficial role of follicular fluid-derived EVs in inducing thermotolerance to oocytes during in 

vitro maturation (IVM) has been evidenced. Here we aimed to determine the capacity of in vitro 

cultured granulosa cell-derived EVs (GC-EVs) to modulate bovine oocytes’ thermotolerance to 

heat stress (HS) during IVM. Moreover, this study tested the hypothesis that EVs released from 

thermally stressed GCs (S-EVs) shuttle protective messages to provide protection against 

subsequent HS in bovine oocytes. For this, sub-populations of GC-EVs were generated from GCs 

subjected to 38.5°C (N-EVs) or 42°C (S-EVs) and supplemented to cumulus-oocyte complexes 

(COCs) matured in vitro at the normal physiological body temperature of the cow (38.5°C) or HS 

(41°C) conditions. Results indicate that S-EVs improve the survival of oocytes by reducing ROS 

accumulation, improving mitochondrial function, and suppressing the expression of stress-

associated genes thereby reducing the severity of HS on oocytes. Moreover, our findings indicate 

 

2Menjivar NG, Gad A, Gebremedhn S, Ghosh S, Tesfaye D. Granulosa cell-derived extracellular 

vesicles mitigate the detrimental impact of thermal stress on bovine oocytes and embryos. 
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a carryover impact from the addition of GC-EVs during oocyte maturation in the development to 

the blastocyst stage with enhanced viability. 

2.  Introduction  

One of the leading, most consequential interferences to a homeostatic reproductive 

environment in dairy and beef cattle is elevated summer HS, a prime determinant of fertility and 

reproductive function (Boni, 2019; Wolfenson and Roth, 2019). Hyperthermia, the abnormal 

thermal state induced through failed regulatory mechanisms of the body, occurs when endogenous 

heat production supersedes the subsequent heat loss to the environment (Hansen, 2009). Thermal 

stress is known to compromise follicular development, ovarian functionality, fertilization, and 

subsequent early embryonic development (Badinga et al., 1993; Wolfenson et al., 1995; Rivera 

and Hansen, 2001; Sartori et al., 2002). Of specific interest in reduced fecundity is HS-induced 

damage to proper oocyte function. It is important to note that oocytes act spontaneously and 

independently of one another. However, elevated thermal environments are in part responsible for 

deleterious ramifications on the molecular, functional, and cellular changes to oocytes and their 

surrounding cumulus cells (CCs) (Abdelnour et al., 2020). 

Mammalian oocytes are known to differentially activate various molecules as first-line defense 

mechanisms including heat shock proteins (HSPs) (Feder and Hofmann, 1999), unfolded protein 

responses (UPRs), and oxidative stress response pathways to assist cell survival under thermal 

stress conditions (Alemu et al., 2018; Lin et al., 2019). Additionally, impairments to conventional 

microtubules and microfilaments due to HS can be correlated to spindle apparatus malfunction and 

early arrest at metaphase I (MI) (Roth and Hansen, 2005). In order to understand the impact of 

seasonal thermal stress on follicular function and oocyte physiology, several studies have utilized 

the in vitro exposure of follicular cells (Li et al., 2016; Alemu et al., 2018; Gebremedhn et al., 
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2020) and oocytes (Al-Katanani et al., 2002; Roth and Hansen, 2004; Roth and Hansen, 2005; 

Nabenishi et al., 2012; Li et al., 2015; Pavani et al., 2016; Rodrigues et al., 2019; Abdelnour et al., 

2020) to elevated incubator temperatures. Accordingly, in vitro exposure of oocytes to HS results 

in impaired developmental potential as evidenced by defective cytoplasmic maturation (Edwards 

et al., 2005), mitochondrial anomalies (Ferreira et al., 2016), reductions in polar body extrusions 

(PB) and nuclear maturation (Li et al., 2015; Pavani et al., 2016) as well as increased accumulations 

of reactive oxygen species (ROS) (Nabenishi et al., 2012), ultimately leading to apoptosis 

(Nabenishi et al., 2012). 

Oocyte growth and maturation occur within the complex follicle microenvironment, involving 

substantial bi-directional communication between follicular cells (theca, granulosa, and cumulus 

cells) and the oocyte (Matzuk et al., 2002; Russell et al., 2016). Critical communication and 

signaling between the varying cell subpopulations during folliculogenesis are paramount to the 

growth and maturation of developmentally competent oocytes (Matzuk et al., 2002; Alam and 

Miyano, 2020; Tesfaye et al., 2021). The process by which cells communicate occurs in a multitude 

of fashions including cytokines (Altan-Bonnet and Mukherjee, 2019), proteins or surface 

molecules (Ahmed and Xiang, 2011), and gap junctions (Gilula et al., 1978). Of growing interest 

is cell-to-cell communication via membrane-encapsulated vesicles containing surface markers 

from the cell of origin, harnessed with an abundant amount of bioactive cargoes (RNAs, proteins, 

lipids, and metabolites, etc.). Extracellular vesicles (EVs), an all-inclusive term endorsed by the 

International Society for Extracellular Vesicles (ISEV), is a term used for a heterogenous 

population of lipid-enclosed nanoparticles with non-replicative function (Théry et al., 2018). 

Originally depicted as discarding mechanisms of cellular waste, EVs are growing in popularity as 
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pertinent conveyors of cellular messages via their cargo loads, ultimately leading to modification 

of cellular activity or key properties of target cells (Valadi et al., 2007). 

Several studies involving irradiation (Mothersill and Seymour, 1997; Lyng et al., 2000; Chai 

and Hei, 2008) and thermal stress (Bewicke-Copley et al., 2017) have demonstrated the potential 

of EVs present in conditioned medium to induce a bystander effect to recipient cells. In those 

respective studies, naïve cells treated with a medium conditioned by stressed cells showed 

increased levels of DNA damage and apoptosis when compared to naïve cells treated with a 

conditioned medium from control cells. Moreover, naïve cells treated with EVs from irradiated or 

heat-shocked cells have a higher probability to survive subsequent stress, suggesting that EVs can 

induce adaptive responses. It has also been shown that the supplementation of follicular fluid-

derived EVs enhances the developmental capacity of oocytes to reach the blastocyst stage under 

HS conditions (Rodrigues et al., 2019). In the same study, it was noted that the supplementation of 

follicular fluid-derived exosomes were superior when compared to the whole follicular fluid, 

revealing exosomes’ critical role in mitigating HS-induced damage to oocytes. The mechanisms 

underpinning such bystander effects of EVs are not fully understood, however, it is possible that 

the changes in protein or RNA contents of EVs may have the capacity to alter the physiology of 

recipient cells (Bewicke-Copley et al., 2017). MicroRNA profiling of EVs derived from thermally 

stressed bovine GCs revealed the enrichment of miRNA (miR-1246, miR-2904, and miR-374a), 

which are known to be involved in pathways associated with cellular response to heat stress, redox 

status, hypoxia and negative regulation of cell proliferation and inflammatory response 

(Gebremedhn et al., 2020). In the same study, we demonstrated that the supplementation of 

thermally stressed EVs to recipient granulosa cells induced tolerance against subsequent thermal 

stress. Therefore, the current study aimed to test the hypothesis that GC-derived EVs can play a 
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physiologically relevant role in enhancing the survival and viability of bovine oocytes subjected 

to thermal stress under in vitro conditions. 

3.  Materials and Methods 

3.1 Ovary collection and granulosa cell isolation 

Local abattoir-derived bovine ovaries were collected and transported via an insulated 

thermos containing physiological saline solution (0.9% NaCl) warmed to 37°C. Upon arrival, 

ovarian samples were initially washed through a physiological, warmed saline solution and 

subjected to a 70% ethanol rinse, followed by three repeated washings through a warmed saline 

solution. Follicular fluid containing granulosa cells and COCs were aspirated from small, growing 

follicles (3–8 mm in diameter) using a vacuum pump (GenX International; Guelph, ON, Canada) 

set to approximately 50 mmHg attached to an 18-gauge standard hypodermic needle (Covidien 

Monoject™; Mansfield, MA, United States) accompanied by a 50 mL sterilized tube 

(CELLTREAT® Scientific Products; Pepperell, MA, United States). A dense pellet of cellular 

material containing the COCs was allowed to settle at the bottom of the tube for 10 min, resulting 

in a visible gradient prior to the collection of cells. The uppermost aqueous portion of the aspirated 

follicular fluid containing the granulosa cells was then subsequently transferred into a sterile 15 

mL tube (Thermo Fisher Scientific; Waltham, MA, United States) with warmed Dulbecco’s 

Phosphate Buffered Saline without calcium and magnesium chloride (DPBS (×1)) (Sigma-

Aldrich; St. Louis, MO, United States). 

The upper suspension and warmed DPBS (1X) were mechanically homogenized via 

repetitive pipetting prior to initial centrifugation at 500 xg for 7 min to collect and pelletize the 

granulosa cells. Next, the supernatant was removed, and the cell pellet was resuspended in red 

blood cell (RBC) lysis buffer (Sigma-Aldrich; St. Louis, MO, United States) for 3 min. To stop the 



 

 57 

reaction, the cell pellet was washed with Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient 

Mixture F12 (DMEM/F12) (Sigma-Aldrich; St. Louis, MO, United States) supplemented with 

10% Exosome-depleted fetal bovine serum (FBS) (System Biosciences; Palo Alto, CA, United 

States), 1% Penicillin-Streptomycin (Sigma-Aldrich; St. Louis, MO, United States) and 1% 

Amphotericin B solution (Sigma-Aldrich; St. Louis, MO, United States). Following centrifugation 

at 500 xg for 5 min, the supernatant was removed, and the cells were washed in DPBS (1X) and 

resuspended in DMEM/F12 supplemented medium as described above. Cell counts and viability 

were determined using a hemocytometer (Hausser Scientific; Horsham, PA, United States) and the 

trypan blue (Sigma-Aldrich; St. Louis, MO, United States) exclusion method. 

3.2 Granulosa cell culture and exposure to heat stress  

Granulosa cells were seeded at 2 × 105 cells per well in 24-well, tissue culture-treated plates 

(United States Scientific, Inc.; Ocala, FL), suspended in DMEM/F12 supplemented medium as 

described above. In a humidified atmosphere gauged at 38.5°C containing a 5% CO2 environment, 

cells were cultured for an initial 24 h or until sub-confluent. Following an initial 24 h priming 

period, the (control) cells continued culture at 38.5°C and the HS cells were transferred to an 

alternative environment with an elevated thermal temperature of 42°C for the remaining 24 h of 

the total 48 h culture period. The conditioned spent culture medium was collected and stored at 

−80°C for EV isolation and downstream application. 

3.3 Isolation of EVs from spent culture medium 

Two replicates of conditioned spent culture medium containing EVs released from cultured 

granulosa cells were pooled and initially centrifuged at 500 xg for 10 min, followed by 3,000 xg 

at 4°C to remove residual cellular debris. Following the initial centrifugations, the supernatant 

containing EVs were then subjected to centrifugation at increased speeds of 17,200 xg for 30 min, 
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followed by filtration through a 0.22 µm sterile syringe filter (Sigma-Aldrich; St. Louis, MO, 

United States), removing particles larger than 200 nm in diameter including apoptotic bodies. 

Following this, the purified conditioned spent culture medium was subjected to ultracentrifugation 

as we previously described in (Saeed-Zidane et al., 2017). Briefly, conditioned spent culture 

medium from each treatment was subjected to ultracentrifugation at 120,000 xg for 70 min using 

the Optima XE-90 Ultracentrifuge (Beckman Coulter; Pasadena, CA, United States), in 5.2 mL 

Ultra-Clear™ Centrifuge Tubes (Beckman Coulter; Pasadena, CA, United States) using the 

Beckman SW 55Ti rotor (Beckman Coulter; Pasadena, CA, United States). After removing the 

supernatant, the pelletized EVs were washed using DPBS (1X) and ultracentrifuged under the 

same conditions as described above. Finally, the supernatant was removed and the EVs were then 

suspended in 500 µL of DPBS (1X) and stored at −80°C until further analysis. Prior to use, all EV 

samples were thawed at room temperature to sustain high-yield EV recovery (Trummer et al., 

2009; Szatanek et al., 2015). 

3.4 Morphological and molecular characterization of GC-EVs 

Immunoblotting techniques were used to verify the presence of typical EV-specific protein 

markers (CD63, TSG101, and CD81) in the isolated EVs. Moreover, Cytochrome c (CYCS), a 

cell-specific marker protein was used to validate the absence of residual cellular debris and cellular 

protein contaminants in our EV preparations. Full-length blots are provided in (Supplementary 

Figure S1) and a list of the antibodies used is indicated in (Supplementary Table S1). 

Characterizing the size and concentration of EV samples were performed using nanoparticle 

tracking analysis (NTA). Briefly, 5 µL of purified EVs were diluted in 995 µL of DPBS (1X) and 

assembled into the ZetaView® QUATT 4 Nanosight Instrument (Particle Metrix; Ammersee, 

Germany) fitted with four respective lasers (405/488/520/640 nm sources). For each sample, video 
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measurements were recorded, and 11 positions were analyzed using the Software Zetaview 

(version 8.05.12 SP1). Similarly, the morphology and size of EVs were determined using a particle 

beam of electrons for visualization using transmission electron microscopy (TEM). For this, a 

small volume of isolated EV samples (6–8 µL) was applied to a carbon-coated, copper mesh TEM 

grid for 1–2 min, followed by negative staining with 2% aqueous uranyl acetate. TEM imaging 

was done on an FEI/TFS Tecnai T12 Spirit TEM (FEI Company; Hillsboro, OR, United States), 

operating at 100 kV, with an AMT CCD. We have submitted all relevant data from our experiments 

to the EV-TRACK knowledgebase (EV-TRACK ID: EV220412) (van Deun et al., 2017). 

3.5 Fluorescence labeling of GC-EVs and assessing cellular uptake 

EVs were labeled with PKH26 (Mini26-1KT; Sigma-Aldrich; St. Louis, MO, United States), 

a red fluorescent linker dye responsible for labeling lipid membranes as described in (Da Silveira 

et al., 2012). Briefly, EVs (3.5 × 1011 particles/mL) were incubated with 1 µL of PKH26 (4 × 10-

6 M) for 5 min at room temperature in the dark, followed by immediate quenching with 1% BSA 

(A6003; Sigma-Aldrich; St. Louis, MO, United States) for 1 min. Samples were precipitated using 

Exo-spin™ buffer-exosome precipitation reagent (CellGS®; St. Louis. MO, United States) for 60 

min in the dark at 4°C, then centrifuged at 16,000 xg for 30 min and resuspended in 100 μL of 

DPBS (1X) before purification using the Exo-spin™ columns according to the manufacturer’s 

protocol. As a negative control, DPBS (1X) was incubated with PKH26 and treated in the same 

manner as described above. Labeled EVs or DPBS (1X) (negative control) were used to prove EV 

uptake by CCs surrounding intact COCs as detailed below. 

COCs obtained from follicles ranging in size from 3 to 8 mm in diameter were aspirated from 

abattoir-derived ovaries. Three COCs were cultured in 20 µL micro drops offset with 20% v/v of 

GC-EVs suspended in DPBS (1X) measured at 0.3 mg/mL of total protein under oil for a 23 ± 1 h 
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exposure length. Following incubation, intact COCs were washed in CSU chemically defined 

medium for the handling of oocytes (HCDM-M) (De La Torre-Sanchez, Jose Fernando et al., 

2006), fixed with 4% paraformaldehyde, mounted to a poly-L-lysine coated slide (Newcomer 

Supply, Inc.; Middleton, WI, United States), and allowed to dry for 24 h at 4°C in the dark. 

Visualization of fluorescently-labeled EVs within the CCs surrounding the oocyte was ascertained 

using confocal microscopy (Olympus Fluoview FV10-ASW 4.1) (Olympus; Tokyo, Japan) after 

excitation of COCs at 559 nm with a ×60 objective lens. Labeled DPBS (1X) was used as negative 

control within this experiment. 

3.6 In vitro maturation and exposure to heat stress 

The collection of COCs from slaughterhouse ovaries was done as described above. Once COCs 

were collected, groups of 50 oocytes were transferred into individual wells, inside 4-well culture 

dishes (Thermo Fisher Scientific; Waltham, MA, United States) containing 1 mL of CSU 

chemically defined medium for in vitro maturation of oocytes (IVM) pre-equilibrated at 38.5°C in 

5% CO2 (De La Torre-Sanchez, Jose Fernando et al., 2006). At the time IVM medium were set to 

equilibrate, all mediums irrespective of downstream application were supplemented with 15 ng/mL 

NIDDK-oFSH-20, 1 μg/mL USDA-LH-B-5, 1 μg/mL estradiol 17β, 50 ng/μL epidermal growth 

factor, and 0.1 mM cysteamine (De La Torre-Sanchez, Jose Fernando et al., 2006). 

For experiments with heat stress, treatments were arranged in a 2 × 4 factorial design with 

primary effects of incubation temperature during maturation (38.5°C vs. 41°C) and with four 

culture mediums: non-supplemented control (NC), vehicle [DPBS (1X)], EVs derived from 

granulosa cells subjected to the normal physiological body temperature of the cow (38.5°C) 

(normal EVs: N-EVs) or EVs derived from granulosa cells subjected to thermal stress (42°C) 

(stressed EVs: S-EVs). In brief, COCs were incubated with 20% v/v of DPBS (1X), and treatments 
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with GC-EVs were offset with equal concentrations of total protein (0.3 mg/mL) assessed using a 

NanoDrop 2000 Spectrophotometer (Thermo Scientific; Waltham, MA, United States), selected 

based on previous literature (Almiñana et al., 2017; Alcântara-Neto et al., 2020a; Alcântara-Neto 

et al., 2020b; Abumaghaid et al., 2022; Mateo-Otero et al., 2022). For all experimental groups, 

control COCs matured at a temperature of 38.5°C throughout the maturation period (23 ± 1 h), 

while thermally stressed COCs were subjected to an initial 8 h priming period at 38.5°C and then 

transferred to 41°C in an atmosphere of 5% CO2 in humidified air for the remaining 15 ± 1 h of 

the 23 ± 1 h maturation period. 

3.7 In vitro fertilization and embryo culture 

After maturation, COCs were transferred to 4-well culture dishes containing 430 µL of 

equilibrated CSU chemically defined medium for in vitro fertilization (F-CDM/well) (De La Torre-

Sanchez, Jose Fernando et al., 2006). In a minimal volume of maturation medium, COCs were 

transferred into F-CDM and held at 38.5°C and 5% CO2 in humidified air until IVF was completed 

using bull sperm generated from a single ejaculation. Frozen-thawed semen were subjected to a 

multi-layer, 45%/90% Percoll® (Sigma-Aldrich; St. Louis, MO, United States) gradient and 

centrifuged at 800 xg for 20 min to separate viable, motile sperm (Parrish et al., 1995). Following 

this, the supernatant was removed and the remaining sperm pellet was washed with 2 mL of CSU 

chemically defined medium for the handling of early embryos (HCDM-1) and centrifuged at 300 

xg for 5 min (De La Torre-Sanchez, Jose Fernando et al., 2006). The concentration of spermatozoa 

was determined using a hemocytometer and adjusted to 5 × 106 sperm/mL using equilibrated F-

CDM. Finally, sperm were added to COCs at a concentration of 0.5 × 106 sperm/mL, and co-

incubated for 18 h at 38.5°C in 5% CO2 in humidified air. 
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Following exposure with spermatozoa, presumptive zygotes were vortexed at maximum 

speed for 60–90 s to slough remaining CCs. Denuded zygotes were then transferred through a 

series of HCDM-1 wash drops, removing residual cells and spermatozoa (De La Torre-Sanchez, 

Jose Fernando et al., 2006). Zygotes rid of excess cellular debris were then transferred (in groups 

of 50) to pre-equilibrated 4-well dishes containing 500 µL of CSU chemically defined medium for 

in vitro culture of early embryos (CDM-1) and cultured for 56 h in a tri-gas incubator regulated to 

38.5°C in 5% CO2, 5% O2, and 90% N2. Following an initial culture of 56 h, development was 

assessed by embryo cleavage in warmed micro drops of CSU chemically defined medium for the 

handling of late embryos (HCDM-2) (De La Torre-Sanchez, Jose Fernando et al., 2006). Those 

embryos with ≥2 blastomeres were transferred (in groups ≤35 embryos) to pre-equilibrated 4-well 

dishes containing 500 µL of CSU chemically defined medium for in vitro culture of late embryos 

(CDM-2) for an additional 120 h of culture in a humidified chamber at 38.5°C in 5% CO2, 5% O2 

and 90% N2 (De La Torre-Sanchez, Jose Fernando et al., 2006). Blastocyst rates were determined 

on day 7 (168 h) and day 8 (192 h) post-onset of IVF. Blastocysts were evaluated according to 

their respective stage of development and graded morphologically in accordance with the IETS 

guidelines (Robertson, 1998). 

3.8 Quantitative analysis of cumulus cell expansion 

To determine the effect of EV supplementation on cumulus expansion, arbitrary lines were drawn 

to measure the diameter of single cumulus-oocyte complexes (four replicates; a total of 113–252 

COCs per treatment) using the Olympus Cellsens software (Olympus; Tokyo, Japan). 

Measurements were ascertained from groups of COCs and the mean diameter before maturation 

was subtracted from the mean diameter after maturation to determine the mean cumulus expansion 

in µm’s. The diameter of COCs was measured before and after maturation at differing ambient 
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temperatures from recorded images (.jpg) using an inverted microscope (IX73; Olympus; Tokyo, 

Japan). 

3.9 Total RNA isolation and quality control 

Total RNA was isolated from three replicates of CCs (each pool contains CCs derived from 50 

COCs) using the miRNeasy® mini kit (Qiagen; Hilden, Germany), and on-column DNA digestion 

was performed using RNase-free DNase (Qiagen; Hilden, Germany). Moreover, total RNA was 

extracted from three replicate pools of denuded oocytes following the completion of in vitro 

maturation (each pool consisting of 50 oocytes) and four replicate pools of blastocysts (each pool 

containing 5 blastocysts) using the RNeasy® plus micro kit (Qiagen; Hilden, Germany). Total 

RNA sample concentration and integrity were assessed using a NanoDrop 2000 Spectrophotometer 

(Thermo Scientific; Waltham, MA, United States). RNA samples were stored at −80°C until further 

use. 

3.10 Quantification of cumulus expansion and stress-associated genes using qRT-PCR 

The relative abundance of selected cumulus expansion marker genes (PTGS2, EGFR, and 

PTX3) were quantified in CCs isolated from matured COCs (three replicates; CCs from a pool of 

50 COCs per replicate) using qRT-PCR. Cumulus cells were collected immediately following in 

vitro maturation by recurrent pipetting through a narrow pipette, followed by vortexing and 

centrifugation. Complete removal of CCs from the oocytes was assessed under a stereo microscope 

(SZX16; Olympus; Tokyo, Japan) and snap frozen in liquid nitrogen then stored at −80°C until 

further analysis. For the analysis, synthesized cDNA was reverse transcribed from equal amounts 

of total RNA (85 ng) using the SuperScript™ III First-Strand Synthesis Super Mix Kit (Invitrogen; 

Carlsbad, CA, United States) with random hexamer and oligo d(T) 20 primers. Similarly, the 

transcript abundance of selected stress-related genes (NRF2, SOD1, HSP70, HSP90, GRP78, and 
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GRP94) were quantified in CCs (three replicates; CCs from a pool of 50 COCs per replicate), in 

vitro matured denuded oocytes (three replicates; a pool of 50 COCs per replicate) and blastocysts 

(four replicates; a pool of 5 blastocysts per replicate) using qRT-PCR. For this, cDNA was obtained 

after reverse transcription of equal amounts of total RNA (85 ng from CCs, 31 ng from oocytes, 

and 13 ng from blastocysts) as described above. The geometric mean of expression levels of β-

ACTIN and GAPDH was used to normalize the expression of candidate genes. Gene-specific 

primers were designed using Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and 

the list of primers is indicated in Supplementary Table S2. qRT-PCR analysis were performed using 

the CFX96 Touch Real-Time PCR Detection System (Bio-Rad; Hercules, CA, United States) and 

data was analyzed using the comparative C(T) method (Schmittgen and Livak, 2008). 

3.11 Measurement of intracellular ROS accumulation 

The intracellular ROS accumulation in oocytes (three replicates; a total of 15–50 oocytes per 

treatment) and blastocysts (three replicates; a total of 6-9 blastocysts per treatment) from the 

various treatment groups was determined as we described previously (Gebremedhn et al., 2020). 

Briefly, oocytes (n = 32 on average) and embryos (n = 8 on average) from each treatment group 

were washed twice in phosphate-buffered saline-polyvinylpyrrolidone DPBS (1X)-PVP (0.1%) 

(P0930; Sigma-Aldrich; St. Louis, MO, United States), placed in 50 µL droplets of 10 µM 2ʹ,7ʹ-

Dichlorofluorescin Diacetate (H₂DCFDA) dissolved in H-CDMM or H-2 (oocyte or blastocyst) 

(287,810; Sigma-Aldrich; St. Louis, MO, United States), and incubated at 38.5°C in the respective 

culture environment suitable for their specific stage of development for 30 min. After incubation, 

the oocytes and embryos were washed three times in DPBS (1X)-PVP (0.1%) and then observed 

under an inverted fluorescent microscope (IX73; Olympus; Tokyo, Japan) using ×20 

magnification. The fluorescence of individual specimens was measured from.jpg images and 
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analyzed using ImageJ software (National Institute of Health; Bethesda, MD, United States) after 

normalization through subtraction of the background intensity. All images were captured under the 

same parameters for exposure time and light intensity to avoid fluorescent saturation using a green 

fluorescent filter with an excitation wavelength of 494 nm and an emission wavelength of 518 nm. 

Results are plotted as the relative intensity of fluorescence. 

3.12 Analysis of mitochondrial membrane potential (MMP) 

MMP (∆Ψm) in oocytes (duplicates; a total of 12-22 oocytes per treatment) and blastocysts 

(duplicates; a total of 7-11 blastocysts per treatment) were analyzed by staining with 5,5′,6,6′-

tetrachloro-1,1′,3,3′tetraethylbenzimidazolylcarbocynanine iodide (JC-1, Invitrogen; Carlsbad, 

CA, United States) dissolved in H-CDMM or H-2 (oocyte or blastocyst), as an indicator of 

mitochondrial activity, as previously described (Pasquariello et al., 2019). Briefly, denuded 

matured oocytes and blastocysts from the various treatment groups were stained using 2 µM JC-1 

for 30 min in the dark at 38.5°C, in the optimal culture environment for their respective stage and 

development to express two types of fluorescence. Oocytes and blastocysts were then washed three 

times in DPBS (1X)-PVP (0.1%) and fluorescent images were taken immediately using an inverted 

laser scanning confocal microscope (ZEISS LSM980, Carl Zeiss Microscopy, Jena, Germany) 

using a ×20 magnification air objective. Fluorescent images were ascertained using the lowest 

laser power to give a sufficient signal-to-noise ratio to avoid saturation of the fluorophore. 

Physiological temperature (37°C) and CO2 level (5%) were maintained inside the incubation 

chamber amidst imaging. Imaging was performed using a wavelength of 488 nm for J-monomers 

and excitation/emission at 490/525 nm (FITC filter/green fluorescence) indicating low membrane 

potential. Similarly, images for J-aggregates were carried out using a wavelength of 561 nm and 

excitation/emission at 596/615 nm (TRITC filter/red fluorescence) indicating high membrane 
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potential. Subsequently, the ratio of red to green fluorescence was used to determine mitochondrial 

membrane potential, expressed as an arbitrary unit as previously described (Silva et al., 2015; 

Pasquariello et al., 2019). All czi. images were analyzed using ImageJ software (National Institute 

of Health; Bethesda, MD, United States). 

3.13 Fluorescent nuclear staining and terminal deoxynucleotidyl transferase-mediated 

dUTP nick-end labeling (TUNEL) assay 

Blastocyst-stage embryos from the different treatment groups (three replicates; a total of 18-

30 blastocysts per treatment) were assessed for proliferative capacity based on total cell counts 

using a protocol adapted from (Critser and First, 1986) with some modifications. Briefly, 

blastocysts were washed three times in 100 µL drops of phosphate buffered saline-

polyvinylalcohol DPBS (1X)-PVA (0.1%) (P8136; Sigma-Aldrich; St. Louis, MO, United States), 

for 5 min each time. Blastocysts were then immediately transferred into 1.5 μg/mL Hoechst 33,342 

solution (H3570; Thermo Fisher Scientific; Waltham, MA, United States) and stained for 10–15 

min at room temperature in the dark. Embryos were then washed as previously described and 

mounted on a poly-L-lysine coated slide (Newcomer Supply, Inc.; Middleton, WI, United States) 

with 5–10 µL ProLong Diamond Antifade Mountant (P36966; Invitrogen; Carlsbad, CA, United 

States). Alternatively, cellular DNA fragmentation in blastocysts from the various treatment groups 

(three replicates; a total of 19-41 blastocysts per treatment) was determined using an in situ 

apoptotic cell detection kit, DeadEnd™ Fluorometric TUNEL System according to the 

manufacturer’s instruction (TB235; Promega; Madison, WI, United States). Briefly, blastocysts 

were fixed in 4% paraformaldehyde (PFA) for 25 min at 4°C. Following fixing, blastocysts were 

washed twice in 0.1% Tween/PVP in DPBS (1X) (Bio-Rad; Hercules, CA, United States; P0930; 

Sigma-Aldrich; St. Louis, MO, United States) and permeabilized in 0.3% Triton X-100 in DPBS 
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(1X) (X100-100ML; Sigma-Aldrich; St. Louis, MO, United States) for 5 min. After 

permeabilization, blastocysts were washed as detailed previously and incubated in equilibration 

buffer prior to labeling with the TUNEL assay kit cocktail at 38.5°C for 60 min in a dark 

humidified chamber as suggested in the manufacturer’s protocol. To stop the reaction, blastocysts 

were moved to 2X SSC for 15 min and washed an additional three times before mounting on a 

poly-L-lysine coated slide (Newcomer Supply, Inc.; Middleton, WI, United States) with 5–10 µL 

ProLong Diamond Antifade Mountant (P36966; Invitrogen; Carlsbad, CA, United States) and a 

coverslip, allowing to dry flat (>24 h). Hoechst/DAPI-labeled or TUNEL-positive nuclei were 

observed under an inverted fluorescent microscope (IX73; Olympus; Tokyo, Japan) using ×20 

magnification, under the same parameters using fitted blue (345/455) and green (494/518) 

fluorescent filters. For the analysis, fluorescent images were converted to grayscale to accurately 

adjust what is fluorescently stained (elements in the foreground, as well as elements in the 

background). Subsequently, the fluorescently labeled cells were then filled appropriately to 

determine the borders of individual nuclei based on relative size for counting purposes irrespective 

of the fluorophore utilized (blue/green). 

3.14 Experimental design 

A schematic overview of the experimental design is shown in (Supplementary Figure S2). 

Following the generation of GC-EV subsets (N-EVs and S-EVs) for isolation and characterization, 

their subsequent effect was evaluated on COCs cultured under normal (38.5°C) and HS (41°C) 

conditions during IVM. For this purpose, COCs were collected by aspirating small-growing 

follicles (3–8 mm in diameter) from abattoir-derived reproductive ovaries. To avoid result bias, 

Grade 1 and Grade 2 COCs were selected for further functional studies and placed into 4-well 

culture dishes containing four distinct equilibrated mediums: non-supplemented control (NC), 
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vehicle [DPBS (1X)], normal EVs (N-EVs) or stressed EVs (S-EVs) suspeneded in 20% v/v of 

DPBS (1X), with GC-EV treatments offset with equal concentrations of total protein (0.3mg/ml). 

Concluding IVM, in vitro matured oocytes were assessed for EV uptake and cumulus expansion. 

Additionally, selected stress-associated transcripts were investigated among resected cumulus cells 

and denuded matured oocytes, and confocal microscopy was utilized to determine ROS production 

and mitochondrial activity among in vitro matured oocytes. In parallel, aside from experiments 

conducted immediately following IVM, subsequent IVF cycles were carried out to investigate the 

downstream effects of GC-EV supplementation during oocyte maturation on the resulting 

blastocyst development. Developmental competence rates were collected, and blastocysts were 

similarly evaluated for selected stress-associated transcript abundance and dually stained for ROS 

accumulation, total cell counts, apoptotic indexes, and mitochondrial membrane potential as a 

means to monitor the quality of the produced blastocysts. 

3.15 Statistical analysis 

Data were analyzed in GraphPad Prism version 8.4.2 (GraphPad; San Diego, CA, United 

States). Statistical differences between the mean values of more than two groups under the varying 

culture conditions were compared using Two-way Analysis of Variance (ANOVA) followed by 

Tukey’s Multiple Comparisons Tests. Alternatively, statistical differences amid gene expression 

datasets were assessed between the mean values of more than two groups under the same culture 

conditions using One-way Analysis of Variance (ANOVA) followed by Tukey’s Multiple 

Comparisons Tests. Data are presented as the Mean ± SEM of biological replicates. Statistical 

significance was identified at p ≤ 0.05. 

4.  Results 
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4.1 Characterization of GC-EVs released into the conditioned medium from in vitro cultured 

follicular GCs 

Vesicle size and concentration differences between N-EVs and S-EVs were assessed using 

Nanoparticle Tracking Analysis (NTA). The concentration of N-EVs and S-EVs were 

6.70E+11 ± 3.50E+11 and 1.00E+12 ± 5.10E+11 particles/mL, with median sizes of 137.75 

and 147.95 nm, respectively. Exposure to heat stress resulted in the release of a significantly 

higher quantity of EVs with a tendency of having larger size particles (Figure 2.1A). Western 

blotting analysis of N-EVs and S-EVs revealed positive bands for EV- specific transmembrane 

proteins (CD63, TSG101, and CD81), simultaneously showing negative results for 

mitochondrial protein marker (CYCS) (Figure 2.1B). Similarly, TEM imaging showed a clear 

indication that vesicles are encapsulated with the visible appearance of a bilipid membrane 

(Figure 2.1C). 

4.2 GC-EVs shuttle protective messages against heat stress to enhance the thermotolerance 

of bovine cumulus-oocyte complexes 

As a means to validate EVs’ capacity to mediate communicative interactions supporting 

oocyte and embryo development, we confirmed GC-EV uptake by COCs using fluorescence 

microscopy. After 24 h co-incubation of labeled EVs with COCs, we detected PKH-26 positive 

EVs in the CCs surrounding the oocyte, but not in the oocyte cytoplasm (Figure 2.2A). 

Subsequent investigation of the impact of EV supplementation during oocyte maturation 

revealed that both N-EVs and S-EVs had positive impacts on cumulus expansion compared to 

non-supplemented controls and vehicle-supplemented groups, irrespective of the presence or 

absence of thermal stress exposure. Interestingly, under normal physiological temperature 
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Figure 2.1. Morphological and molecular characterization of GC-EVs. The relative size of 
EVs isolated from cultured granulosa cells spent culture medium was determined using 
nanoparticle tracking analysis (NTA). The median size of N-EVs was 137.75 nm (blue) compared 
to S-EVs 147.95 nm (red). Granulosa cells subjected to thermal stress released a significantly 
higher quantity of particles (red) and had tendencies to be larger in size (nm) compared to those 
subjected to normal ambient temperatures (blue) (A). Immunoblotting analysis for EV-specific 
protein markers (CD63, TSG101, and CD81) and cellular-specific protein marker (CYCS) were 
verified to determine protein lysate composition in N-EVs, S-EVs, and GCs as a positive control. 
Full-length blots are presented in Supplementary Figure S1 (B). Transmission electron microscopy 
(TEM) representative images from N-EVs and S-EVs (marked with red arrows) show the 
morphology of the lipid bilayer membrane of EV particles. Scale bar, 100 nm (C). 
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(38.5°C), N-EVs significantly increased cumulus expansion compared to the NC (p < 0.0001) and 

vehicle (p < 0.0001). Similar results were found for COCs supplemented with S-EVs during oocyte 

maturation and cultured under HS conditions when compared to the NC (p < 0.0001) and vehicle 

(p < 0.0001) (Figure 2.2B). We further validated differential expression patterns of cumulus 

expansion marker genes in the CCs from oocytes of the various treatment groups. Results showed 

that the expression patterns of PTGS2, EGFR, and PTX3 were higher within the CCs from COCs 

supplemented with N-EVs cultured both under normal and thermal stress conditions. Under HS  
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Figure 2.2. Effects of GC-EV supplementation on receptivity of follicular cells EV uptake 
following maturation at 38.5°C (blue) and 41°C (red) and cumulus expansion. Confocal 
images of intact cumulus-oocyte complexes co-incubated with PKH26 labeled GC-EVs for 24 h 
during in vitro maturation. Scale bar, 50 µM (A). Follicular cell uptake of PKH26 labeled EVs is 
shown in the surrounding cumulus cells (CC), in relation to the oocyte (OO) and respective zona 
pellucida (ZP). Measurements for cumulus expansion were obtained before and after maturation 
using the Olympus Cellsens software. The increase in diameter was determined by subtracting the 
mean diameter before maturation from the mean diameter after maturation (B). Results were 
carried out in four replicates (a total of 113-252 COCs per treatment). Data among treatments 
represent the mean±SEM and the differences between means were analyzed using Two-way 
ANOVA followed by Tukey’s Multiple Comparisons Test. Bars with different letters (38.5°C; 
uppercase) (41°C; lowercase) indicate statistically significant differences of at least (p < 0.05) 
between treatments under the same culture conditions, while (*) indicate statistical differences 
between the same treatment under different culture environments during IVM (****p < 0.0001). 
The expression of cumulus expansion marker genes was assessed using qRT-PCR from cumulus 
cells isolated from oocytes in triplicates (a total of 50 COCs per treatment) cultured under 
thermoneutral (C) and heat stress (D) conditions. Data among treatments cultured under the same 
environment represent the mean ± SEM and the differences between means were analyzed using 
One-way ANOVA followed by Tukey’s Multiple Comparisons Test. (*p < 0.05), (**p < 0.01), 
(***p < 0.001), (****p < 0.0001). 
 

conditions, N-EVs and S-EVs tended to act cohesively with both expression patterns being 

upregulated when compared to the NC and vehicle (Figures 2.2C, D). Collectively our data 

indicate significant differences between GC-EV supplemented treatments (p < 0.0001), culture 

temperatures (p = 0.0015), as well as an interaction between temperature and treatment (p = 

0.0002). 

The supplementation of S-EVs to COCs at the time of maturation significantly decreased the 

relative expression of NRF2, SOD1, HSP70, and HSP90 in CCs from COCs, under both ambient 

temperatures alike (Figures 2.3A, B). Contrasting evidence showed that N-EVs did not show 

measurable differences in the suppression of stress-associated transcripts compared to the NC and 

vehicle under both normal physiological temperature and when subjected to HS (Figures 2.3A, B). 

As shown in Figure 2.4, the supplementation of both N-EVs and S-EVs resulted in the suppression 

of the majority of stress-associated genes in oocytes cultured either under normal or thermal stress 
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conditions. Contrary to these findings, HSP70 was significantly enriched within the oocytes 

supplemented with S-EVs and cultured at 38.5°C (Figure 2.4A), however, significantly suppressed 

under thermal stress conditions (Figure 2.4B). 

Figure 2.3. The impact of GC-EV supplementation on transcript levels of stress-associated 
genes in cumulus cells from cumulus-oocyte complexes following maturation at 38.5°C (blue) 
and 41°C (red). The expression of stress-associated genes was significantly diminished in 
cumulus cells from oocytes supplemented with S-EVs and matured at 38.5°C (A) and 41°C (B). 
Results are from cumulus cells removed from a total of three pools of 50 oocytes per pool for each 
treatment. Data represent the mean ± SEM and the differences between means were analyzed using 
One-way ANOVA followed by Tukey’s Multiple Comparisons Test. (*p < 0.05), (**p < 0.01), 
(***p < 0.001). 
 
4.3 GC-EVs prevent ROS accumulation and promote mitochondrial function in oocytes 

under heat-stress conditions 

ROS production and mitochondrial membrane potential were investigated in in vitro matured 

oocytes supplemented with GC-derived EVs via fluorescence microscopy. Diminished fluorescent 

signals of ROS were seen in those oocytes supplemented with S-EVs and matured at 41°C, 

compared to the other groups (Figures 2.5B, C). Similarly, under normal ambient temperature, 

fluorescent ROS signals were substantially reduced in oocytes supplemented with N-EVs and S-
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EVs when compared to controls (Figures 2.5A, C). Our data also concur significant differences 

between GC-EV supplemented treatments (p = 0.0208), albeit no measurable differences among 

temperatures or temperature and treatment interactions. Subsequent investigation of the 

mitochondrial membrane potential in oocytes by JC-1 staining revealed that under HS conditions, 

oocytes supplemented with both N-EVs and S-EVs showed markedly high mitochondrial 

membrane potential (∆Ψm) (Figures 2.5E, F). However, under normal physiological conditions, 

the highest ∆Ψm were observed in the treatment group supplemented with N-EVs (Figures 2.5D, 

F). Statistical comparisons for JC-1 indicated, significant differences between GC-EV 

supplemented treatments (p < 0.0001), however, no statistical differences among culture 

temperatures, amid a significant interaction between culture temperature and GC-EV 

supplemented treatments (p = 0.0002). 

4.4 The effect of GC-EV supplementation during oocyte maturation on developmental 

competence of oocytes post IVF 

Since GC-EVs enhanced the proper function and overall quality of bovine oocytes subjected 

to HS, we next assessed this correlation on their downstream embryonic developmental potential 

following in vitro fertilization. As shown in Figure 2.6A, there are no measurable differences in 

cleavage rates of the oocytes under thermal stress conditions, although, minimal improvements 

were noted for oocytes supplemented with N-EVs and cultured at 38.5°C. However, HS induces a 

dramatic decline in the proportion of oocytes capable of developing to the blastocyst stage, whether 

expressed as the percentage of oocytes developed to blastocyst (Figure 2.6B; p < 0.0001) or the 

percentage of cleaved embryos (Figure 2.6C; p < 0.0001). As shown in Figures 2.6B, C, while 

supplementation of S-EVs during oocyte maturation rescued the majority of oocytes developed to 

the blastocyst stage under thermal stress conditions, both N-EVs, and S-EVs improve the  
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Figure 2.4. The impact of GC-EV supplementation on transcript levels of stress-associated 
genes in oocytes following maturation at 38.5°C (blue) and 41°C (red). The expression of 
stress-associated genes were significantly diminished in oocytes supplemented with N-EVs and 
cultured at 38.5°C (A), and similar decreases in gene expression were visualized in oocytes 
supplemented with S-EVs and exposed to HS (B). Results are from a total of three pools of 50 
oocytes per pool for each treatment. Data represent the mean ± SEM and the differences between 
means were analyzed using One-way ANOVA followed by Tukey’s Multiple Comparisons Test. 
(*p < 0.05), (**p < 0.01), (***p < 0.001), (****p < 0.0001). 
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Figure 2.5. The beneficial effects of GC-EVs on oocyte function under in vitro normal 
physiological (38.5°C; blue) and HS (41°C; red) conditions. Fluorescence images of in vitro 
matured bovine oocytes treated with 2ʹ,7ʹ-Dichlorofluorescin Diacetate (H₂DCFDA) were 
captured for the measurement of intracellular ROS levels in single oocytes. Scale bar, 50 µM 
[38.5°C; (A)] [41°C; (B)]. Quantification of the relative fluorescence intensity in single oocytes 
were carried out in triplicates (total = of 15–50 oocytes per treatment) (C). Fluorescence images 
of in vitro matured bovine oocytes treated with 5,5′,6,6′-tetrachloro-
1,1′,3,3′tetraethylbenzimidazolylcarbocynanine iodide (JC-1) for the measurement of MMP 
(∆Ψm), an indicator of mitochondrial activity in single oocytes. Scale bar, 50 µM [38.5°C; (D)] 
[41°C; (E)]. Quantification of the relative fluorescence intensity (red/green ratio) in single oocytes 
were carried out in duplicates (total = of 12–22 oocytes per treatment) (F). Data among treatments 
represent the mean ± SEM and the differences between means were analyzed using Two-way 
ANOVA followed by Tukey’s Multiple Comparisons Test. Bars with different letters (38.5°C; 
uppercase) (41°C; lowercase) indicate statistically significant differences of at least (p < 0.05) 
between treatments under the same culture conditions, while (*) indicate statistical differences 
between the same treatment under different culture environments during IVM (***p < 0.001). 
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developmental rate of oocytes becoming blastocysts under normal physiological conditions, when 

compared to the untreated or vehicle controls. Taken together, our developmental competence data 

show significant differences between treatments (p = 0.0002, p = 0.0003) and temperatures (p < 

0.0001). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. The effect of GC-EVs on the developmental capacity of oocytes matured at 38.5°C 
(blue) and 41°C (red). Results are from a total of six replicates (281–299 total oocytes per 
treatment). Oocytes supplemented with N-EVs and cultured under 38.5°C showed significant 
improvements in cleavage percentage compared to the NC, while no visual differences were 
observed among treatments under HS conditions (A). The percentage of oocytes developed into 
blastocysts was significantly affected by maturation temperature with significant increases in 
developmental competence in those treatments supplemented with GC-EVs (B). Similarly, the 
percentage of cleaved embryos developed into blastocysts was linearly affected by maturation 
temperature with significant protection from inherent stress visualized in those treatments 
supplemented with GC-EVs (C). Data among treatments represent the mean ± SEM and the 
differences between means were analyzed using Two-way ANOVA followed by Tukey’s Multiple 
Comparisons Test. Bars with different letters (38.5°C; uppercase) (41°C; lowercase) indicate 
statistically significant differences of at least (p < 0.05) between treatments under the same culture 
conditions, while (*) indicate statistical differences between the same treatment under different 
culture environments during IVM (***p < 0.001) (****p < 0.0001). 
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4.5 GC-EV supplementation modifies the expression of stress-associated transcripts in 

blastocysts 

As shown in Figure 2.7A, except for GRP78 and GRP94, the supplementation of both N-EVs 

and S-EVs during oocyte maturation in the absence of subsequent thermal stress resulted in the 

cohesive suppression of the tested stress-related genes in blastocysts. Similarly, with an exception 

for NRF2, the supplementation of both N-EVs and S-EVs during oocyte maturation in the presence 

of thermal stress exposure resulted in the suppression of all six of the tested stress-associated 

marker genes within the resulting blastocysts (Figure 2.7B). 

Figure 2.7. The impact of GC-EVs on transcript levels of stress-associated genes in 
blastocysts derived from oocytes treated with GC-EVs during oocyte maturation at 38.5°C 
(blue) and 41°C (red). The expressions of stress-associated genes were significantly diminished 
in blastocysts derived from oocytes supplemented with N-EVs and cultured at 38.5°C (A), and 
similar decreases in gene expression were visualized in blastocysts derived from oocytes 
supplemented with S-EVs and exposed to HS (B). Results are from a total of four pools of 5 
blastocysts per pool for each treatment. Data represent the mean ± SEM and the differences 
between means were analyzed using One-way ANOVA followed by Tukey’s Multiple 
Comparisons Test. (*p < 0.05), (**p < 0.01), (***p < 0.001), (****p < 0.0001). 
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4.6 Impact of GC-EVs supplementation during oocyte maturation on blastocyst ROS 

accumulation, mitochondrial function, total cell counts, and apoptotic index 

As shown in Figures 2.88B, C, both qualitative and quantitative ROS levels are markedly lower 

in blastocysts when S-EVs are supplemented during oocyte maturation under HS exposure. 

Similarly, when cultured at 38.5°C, blastocysts derived from oocytes supplemented with S-EVs 

had a significantly lower accumulation of ROS (Figures 2.8A, C). Although our data show no 

significant differences between temperatures, we show a significant difference among treatments 

(p = 0.001) with a significant interaction between temperature and treatment (p = 0.0023). We also 

assessed the membrane potential of mitochondria amid blastocysts and revealed that under HS 

conditions, blastocysts derived from both N-EVs and S-EVs supplemented groups had 

significantly increased mitochondrial function, as evidenced by an increased ratio of fluorescence 

imaged from J-aggregates vs. J-monomers compared to the NC and vehicle (Figures 2.8E, F). In 

parallel, blastocysts derived from oocytes supplemented with N-EVs and S-EVs and cultured 

under normal physiological temperature (38.5°C) showed improved mitochondrial membrane 

potential compared to the NC and vehicle supplemented groups (Figure 2.8D). Collectively, our 

data demonstrate a significant difference between GC-EV supplemented treatments (p = 0.0001), 

culture temperatures (p = 0.0054), as well as their interaction (p = 0.0161). 

Alternatively, no measurable differences were observed in total cell numbers among the 

treatment groups subjected to HS (Figures 2.9B, C). However, there were significant increases in 

the total cell number in blastocysts derived from oocytes supplemented with N-EVs and cultured 

at 38.5°C (Figures 2.9A, C). In terms of total cell counts, we show no significant differences 

between treatments, albeit significant differences between temperatures (p < 0.0001), as well as a 
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significant interaction between temperature and treatment (p = 0.0015). Moreover, as shown in 

Figures 2.9E, F, 

Figure 2.8. Functional alterations of GC-EV supplementation during in vitro maturation on 
blastocyst quality under in vitro normal physiological (38.5°C; blue) and HS (41°C; red) 
conditions. Fluorescence images of in vitro cultured bovine blastocysts treated with 2ʹ,7ʹ-
Dichlorofluorescin Diacetate (H₂DCFDA) were captured for the measurement of intracellular ROS 
levels in single blastocysts. Scale bar, 50 µM [38.5°C; (A)] [41°C; (B)]. Quantification of the 
relative fluorescence intensity in single blastocysts were carried out in triplicates (a total of 6-9 
blastocysts per treatment) (C). Fluorescence images of in vitro cultured bovine blastocysts treated 
with 5,5′,6,6′-tetrachloro-1,1′,3,3′tetraethylbenzimidazolylcarbocynanine iodide (JC-1) for the 
measurement of MMP (∆Ψm), an indicator of mitochondrial activity in single blastocysts. Scale 
bar, 50 µM [38.5°C; (D)] [41°C; (E)]. Quantification of the relative fluorescence intensity 
(red/green ratio) in single blastocysts were carried out in duplicates (a total of 7–11 blastocysts per 
treatment) (F). Data among treatments represent the mean ± SEM and the differences between 
means were analyzed using Two-way ANOVA followed by Tukey’s Multiple Comparisons Test. 
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Bars with different letters (38.5°C; uppercase) (41°C; lowercase) indicate statistically significant 
differences of at least (p < 0.05) between treatments under the same culture conditions, while (*) 
indicate statistical differences between the same treatment under different culture environments 
during IVM (**p < 0.01). 
the number of fluorescently labeled nuclei with fragmented DNA (shown in green), is dramatically 

reduced (p < 0.0001) in blastocysts derived from oocytes supplemented with S-EVs and exposed 

to HS. Additionally, blastocysts derived from oocytes supplemented with N-EVs and S-EVs and 

cultured under normal physiological temperature (38.5°C) showed diminished apoptotic indexes 

(Figures 2.9D, F). Importantly, our data indicates a significant difference among treatments (p < 

0.0001), temperatures (p = 0.0057), as well as their interaction (p = 0.0048). 
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Figure 2.9. The beneficial effect of GC-EV supplementation during in vitro maturation on 
blastocyst quality under in vitro normal physiological (38.5°C; blue) and HS (41°C; red) 
conditions. Fluorescence images of in vitro cultured bovine blastocysts treated with Hoechst 
33342/DAPI were used to determine total cell numbers in preimplantation embryos. Scale bar, 50 
µM [38.5°C; (A)] [41°C; (B)]. Quantification of total cell numbers in single blastocysts were 
carried out in triplicates (a total of 18–30 blastocysts per treatment) (C). Fluorescence images of 
in vitro cultured bovine blastocysts subjected to a TUNEL assay were captured for specific 
detection of apoptotic cells. Scale bar, 50 µM [38.5°C; (D)] [41°C; (E)]. Quantification of TUNEL 
+ cells in single blastocysts were carried out in triplicates (a total of 19–41 blastocysts per 
treatment) (F). Data among treatments represent the mean ± SEM and the differences between 
means were analyzed using Two-way ANOVA followed by Tukey’s Multiple Comparisons Test. 
Bars with different letters (38.5°C; uppercase) (41°C; lowercase) indicate statistically significant 
differences of at least (p < 0.05) between treatments under the same culture conditions, while (*) 
indicate statistical differences between the same treatment under different culture environments 
during IVM (*p < 0.05), (**p < 0.01), (***p < 0.001), (****p < 0.0001). 
 
5.  Discussion 

Elevated ambient temperatures play a multifaceted role in affecting physiological and cellular 

functions with direct detrimental impacts on fertility in dairy cattle (Wolfenson et al., 2000). 

Delineated in a plethora of studies, HS compromises reproductive function by altering follicular 

dynamics (Badinga et al., 1993; Guzeloglu et al., 2001), afflicting proper granulosa cell function 

(Li et al., 2016) with impairments in oocyte maturation, fertilization (Roth and Hansen, 2005; 

Nabenishi et al., 2012) and preimplantation embryo development (Al-Katanani et al., 2002; Roth 

and Hansen, 2004). Oxidative stress, modeled through HS, is evidenced by the harmful effects 

elicited at the cellular level by inducing DNA damage, protein modifications, and lipid 

peroxidation (Alvarez, 2003; Kitagawa et al., 2004). We and others have recently shown that GCs 

exposed to HS release EVs containing protective signals which can be beneficial in eliciting 

positive responses or increased protection against stress in recipient or bystander cells (Bewicke-

Copley et al., 2017; Gebremedhn et al., 2020). Hence, given the physiological relevance of the 

whereabouts of the oocyte in vivo at the time of maturation, in the present study, we generated 

subsets of EVs released from in vitro cultured follicular GCs subjected to the normal ambient body 
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temperature of the cow (38.5°C) and HS (42°C) conditions. Throughout this work, we sufficiently 

demonstrate the capacity of GC-derived N-EVs and S-EVs in modulating a multitude of factors 

associated with oocyte quality when cultured under suboptimal conditions. 

It has been shown previously that the addition of follicular fluid exosomes to the maturation 

medium can increase cumulus expansion with projections to modulate developmental competence 

under HS conditions (Rodrigues et al., 2019). In addition, exosomes isolated from bovine follicular 

fluid of small follicles have been reported to support cumulus expansion of bovine and mouse 

COCs cultured without fetal calf serum (Hung et al., 2015). Similarly, we found that GC-derived 

EVs can support cumulus expansion in COCs during maturation in the presence or absence of 

thermal stress. This was evidenced by the induction of the expression of cumulus expansion-

associated genes (PTGS2, EGFR, and PTX3) in COCs supplemented with GC-EVs and 

subsequently subjected to thermal stress compared to the NC and vehicle groups. Interestingly, the 

impact of N-EVs in inducing the expression of cumulus expansion marker genes was prominent 

in COCs cultured under normal conditions following EV supplementation (Figure 2.2B). On the 

contrary, S-EVs suppressed the expression of cumulus expansion marker genes in the absence of 

HS (Figure 2.2C). Statistically comparing treatments under differing ambient culture 

environments, we collectively show the beneficial effects of N-EVs under normal physiological 

temperature compared to HS, while S-EVs showed similar effects on cumulus expansion under 

HS versus normal temperature. Moreover, expression analysis of stress-associated genes in CCs 

and oocytes revealed the role of GC-derived EVs in reducing the expression of stress-associated 

transcripts, thereby the severity of thermal stress in those cells. Irrespective of environmental 

culture conditions, S-EVs in particular, clearly repressed the expression of HSP70, HSP90, NRF2, 

and SOD1 in CCs, signifying the inherent presence of other stress factors in our in vitro culture 
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environment, even under normal culture conditions. To date, the precise molecular pathways in 

which GC-EVs promote thermotolerance in COCs are not fully understood. However, it is 

postulated that donor cell cytoplasmic proteins and RNA-enriched EVs can have the potential to 

modulate the stress response mechanisms of recipient cells. Moreover, EVs are widely accepted 

for their physiochemical traits to foster therapeutic applications primarily on EV-delivered 

bioactive compounds (mRNA, miRNA, long non-coding RNAs, DNAs, proteins, and lipids) with 

biological regulatory functions (Liu et al., 2022). Exosome-mediated transfer of miRNA in bovine 

follicular GCs has been evidenced in our previous study (Sohel et al., 2013). Collectively, as it has 

been demonstrated in previous studies (Mothersill and Seymour, 1997; Lyng et al., 2000; Chai and 

Hei, 2008; Bewicke-Copley et al., 2017), results from this study demonstrate the capabilities of 

GC-EVs to support cumulus expansion and conventional physiology underpinning proper oocyte 

function by reducing the severity of thermal stress during in vitro oocyte maturation. 

Oocyte competence is largely determined by the quality and subsequent accumulation of 

organelles, metabolites, and maternal RNAs acquired during the period of growth and maturation 

determining the success of fertilization, embryo development, and pregnancy establishment. 

Following confirmation of GC-EVs’ impact on CCs, we examined the expression of stress-

associated transcripts in the presence or absence of subsequent thermal stress. Under HS exposure, 

the expression of NRF2, SOD1, HSP70, HSP90, GRP78, and GRP94 was dramatically reduced in 

oocytes supplemented with S-EVs. These observations are similar to our previous report showing 

that priming of naïve GCs using EVs derived from thermally stressed bovine GCs could provide 

protection against thermal stress by suppressing the expression of stress-associated genes as a 

means of inducing thermotolerance (Gebremedhn et al., 2020). Previous reports well document 

overexpressed levels of HSPs to be especially detrimental to cells undergoing developmental 
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growth and rapid divisions (Krebs and Feder, 1997). The chaperoning functions of HSPs inhibit 

Caspase processing, a heat-sensitive target leading to heat shock-induced apoptosis (Mosser et al., 

1997). Inhibition of heat-shock-induced apoptosis using a caspase inhibitor has been shown to 

effectively mitigate the detrimental impacts of HS on oocyte competence for fertilization and 

subsequent embryo development (Roth and Hansen, 2004). Taken together, as functionally 

evidenced in part by others, S-EVs inherently contain high expression of HSPs (Gebremedhn et 

al., 2020), which likely in part inhibit caspase activity and provide resistance to stress-induced 

apoptosis, modulating the thermoprotective role of the CCs (Tatemoto et al., 2000) surrounding 

the oocyte and perhaps the integrity and function of the oocyte under HS conditions. In addition, 

S-EVs’ inherent capacity to induce a beneficial “bystander effect,” may potentially underpin the 

transfer of specific cargoes (possibly miRNA transfer), which serve to post-transcriptionally 

regulate gene expression via degradation and/or translational repression. Conclusively, S-EV-

coupled miRNAs may be involved in the posttranscriptional regulation of HSPs under thermal 

stress conditions, resulting in the downregulation of HSP transcripts compared to the control 

counterparts. 

Exposure to thermal stress is known to have direct implications on cellular function as it leads 

to the accumulation of intracellular ROS causing oxidative damage (Azad et al., 2010), 

mitochondrial dysfunction, and autophagy (Scherz-Shouval and Elazar, 2011; Shen et al., 2017), 

resulting in a continued decline in fertility (Guérin et al., 2001). The overwhelming importance of 

mitochondria for the development of oocytes and embryos as an apoptotic regulator and 

importantly a prominent source of energy in the form of ATP is widely accepted (van Blerkom, 

2009). Mitochondrial dysfunction has been suggested to be a major factor in chromosomal 

anomalies during meiotic divisions in oocytes and mitosis in embryos affecting the developmental 
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competence of oocytes and embryos (Schon et al., 2000; Eichenlaub-Ritter et al., 2004; Desler et 

al., 2007). Studies in mice and humans using JC-1 have shown the relationship between 

mitochondrial activity and the developmental competence of oocytes and embryos (Acton et al., 

2004). In addition to reductions in ROS accumulation, supplementation of S-EVs at the time of 

oocyte maturation and subsequent exposure to HS, notably increased the ratio of red to green 

fluorescence after JC-1 staining, indicating improved mitochondrial activity. On the other hand, 

under normal physiological temperatures, GC-EV supplementation synergistically reduced the 

accumulation of ROS with the highest mitochondrial activity coming from oocytes derived from 

the treatment supplemented with N-EVs during IVM. Comparisons between treatments under 

differing ambient culture environments showed increased mitochondrial activity in oocytes 

supplemented with N-EVs under normal physiological temperature compared to HS conditions. 

Similarly, the supplementation of S-EVs also had a similar impact on mitochondrial function in 

oocytes under HS conditions versus normal ambient temperature. The positive impacts of GC-EVs 

during oocyte maturation in the absence of thermal stress exposure may be in part due to the 

intrinsic quality of oocytes derived from local slaughterhouse ovaries and indicative that certain 

levels of stress are inherently present within the in vitro environment. 

To investigate the downstream effect of GC-EVs supplementation during bovine IVM, we 

performed IVF and IVC of the resulting oocytes for development until the blastocyst stage. 

Supplementation of both N-EVs and S-EVs during oocyte maturation showed to improve 

blastocyst rates both in the presence or absence of thermal stress exposure, indicating the positive 

impact of GC-EVs in supporting oocyte development to the blastocyst stage (Figures 2.6B, C). 

Moreover, a significant reduction in the expression of stress-associated genes (SOD1, HSP70, 

HSP90, GRP78, and GRP94) was observed in blastocysts derived from COCs supplemented with 
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N-EVs and S-EVs. However, in the absence of HS, blastocysts from GC-EVs’-supplemented 

treatment groups tended to suppress the relative abundance of stress-associated genes, with 

exceptions to the expression of GRP78 and GRP94, which showed increases in expression in S-

EVs supplemented treatment groups. This indicates the differential impact of GC-EVs in 

modulating the stress response of oocytes to environmental stressors. In the present study, it is 

shown that blastocysts derived from COCs supplemented with S-EVs and exposed to HS during 

maturation have increased embryo quality due to reduced ROS accumulation, decreased TUNEL+ 

apoptotic nuclei, and increased mitochondrial activity compared to their NC counterparts. 

Interestingly, as shown in oocytes, S-EVs significantly reduced the amount of accumulated ROS 

in blastocysts under HS compared to those cultured under normal ambient temperature. These 

results partly support our hypothesis that S-EVs derived from GCs mitigate the detrimental effects 

of HS during oocyte maturation, which may have an impact on the further developmental potential 

of oocytes in giving rise to developmentally competent blastocysts. Our data also suggests that 

GC-EV supplementation amid HS exposure during IVM may not induce the proliferative capacity 

of bovine embryos, however, GC-EVs effectively modulate the inherent quality of resulting 

blastocysts. To leverage our findings, a similar study showed that EVs isolated via density gradient 

ultracentrifugation and size-exclusion chromatography from Holstein heifer follicular fluid, 

improve embryo quality based primarily on differential apoptotic cell counts (Asaadi et al., 2021). 

Similarly, the addition of bovine oviduct epithelial cell EVs had a positive impact on the quality 

of in vitro produced bovine embryos, signifying EVs’ functional and physiological relevance to 

support the development of viable and competent blastocysts under in vitro environments to 

enhance the pregnancy outcome after transfer (Lopera-Vásquez et al., 2016). 
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Taken together, the current study demonstrated that GC-EVs play a pivotal regulatory role 

against HS during in vitro maturation of bovine oocytes by reducing ROS accumulation, enhancing 

proper mitochondrial function, and altering the expression of stress-associated genes, thereby 

reducing the severity of thermal stress, improving oocyte survival and viability (Figure 2.10). 

Despite the fact that EVs are uptaken only by CCs, the impact of EV supplementation seems to be 

through changing the physiology of the CCs, which ultimately lends impact on oocyte physiology, 

particularly ROS accumulation, mitochondrial activity, and gene expression profiles. Furthermore, 

the beneficial role of EVs and their capabilities to modulate the detrimental effects of HS during 

maturation can have long-lasting impacts on the development and quality of blastocysts, 

potentially in the establishment of pregnancy and the generation of healthy offspring. As GC-EVs 

are known to shuttle protective signals in the form of RNAs, proteins, and/or lipids, further studies 

are needed to determine the exact mechanisms of action of EVs in modulating stress response for 

potential application in assisted reproductive technologies involving IVM, IVF, and IVC of 

mammalian oocytes and embryos. 
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Figure 2.10. Graphical Synopsis. Schematic illustration showing EVs secreted from follicular 
granulosa cultured in vitro under 38.5°C (N-EVs) and 42°C (S-EVs), preferentially uptaken in the 
cumulus cells in intact cumulus-oocyte complexes following co-incubation during in vitro oocyte 
maturation. Results indicate that S-EVs effectively modulate the thermotolerance of bovine 
oocytes to elevated temperatures shown through the functional analysis conducted in the cumulus 
cells, oocytes, and developed blastocysts. 
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CHAPTER III—Bovine oviductal organoids: a multi-omics approach to capture the cellular and 

extracellular molecular response of the oviduct to heat stress3 

1. Overview 

Background 

The mammalian oviduct is a complex, fibromuscular organ known for its role in orchestrating a 

series of timely and dynamic changes to suitably support early embryogenesis. Climate change-

induced heat stress (HS) is one of the largest single stressors compromising reproductive function 

in humans and farm animals via systemic changes in the redox status of the maternal environment, 

adversely affecting fertilization and early embryonic development. Oviductal organoids represent 

a unique 3-dimensional, biomimetic model to study the physiology of the oviduct and its 

subsequent impact on embryo development under various environmental conditions. 

Results 

Our study is the first to demonstrate an innovative approach to understanding the cascade of 

molecular changes sustained by bovine oviductal organoids under HS and the subsequent maternal 

signals harnessed within their secreted extracellular vesicles (EVs). Transcriptomic analysis of 

oviductal organoids exposed to HS revealed 2,570 differentially expressed genes (1,222 up‐ and 

1,348 downregulated), while EV-coupled miRNome analysis disclosed 18 miRNAs with 

significant differential expression (12 up- and 6 downregulated) in EVs from thermally stressed 

organoids compared to EVs released from organoids cultured under thermoneutral conditions.  

________________________________________ 

3Menjivar NG, Gad A, Thompson RE, Meyers MA, Hollinshead FK, Tesfaye D. Bovine oviductal 

organoids: a multi-omics approach to capture the cellular and extracellular molecular response of 

the oviduct to heat stress. Published at BMC Genomics 
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Genes activated in oviductal organoids in response to thermal stress, include: COX1, ACTB, 

CST6, TPT1, and HSPB1, while miR-1246, miR-148a, miR21-5p, miR-451, and miR-92a 

represent the top highly abundant EV-coupled miRNAs released in response to HS. Pathway 

analysis of genes enriched in organoids exposed to thermal stress showed the enrichment of 

endocrine resistance, cellular senescence, and notch signaling pathways. Similarly, EV-coupled 

miRNAs released from thermally stressed organoids showed their potential regulation of genes 

involved in cellular senescence, p53 signaling, and TGF-beta signaling pathways. 

Conclusions 

In conclusion, the cellular and extracellular response of bovine oviductal organoids to in vitro HS 

conditions reveal the prospective impact of environmental HS on the physiology of the oviduct 

and the probable subsequent impacts on oocyte fertilization and early embryo development. Future 

studies elucidating the potential impact of HS-associated EVs from oviductal organoids on oocyte 

fertilization and preimplantation embryo development, would justify the use of an organoid model 

to optimally understand the oviduct-embryo communication under suboptimal environments. 

2. Background 

The mammalian oviduct comprises an advantageous microenvironment with biochemical and 

biophysical support to sustain the formation of life as the ‘site’ of fertilization and preimplantation 

embryo development [1]. Effective measures of communication are cohesively required from the 

embryo itself and the maternal environment to establish a periconceptional milieu to support 

conception and early embryonic development [2]. Tangible evidence exists demonstrating an 

unequivocal two-way signaling interaction at the embryo–maternal interface [3, 4], suggesting 

reciprocal crosstalk leading to a successful pregnancy provides a significant basis for physiological 

implantation [3,4,5]. Classically, cell–cell communications’ paramount role in regulating 



 

 104 

physiological processes were commonly defined either via direct contact through membrane 

signaling (juxtracrine) or by secreting various molecules (growth factors, hormones, cytokines, 

metabolites, etc.) with ensuing signaling function (autocrine, paracrine, and endocrine). More 

recently, extracellular vesicles (EVs) which exist in almost all biological fluids, have been 

implicated as emerging bi-directional, putative messengers to nano-shuttle regulatory bioactive 

molecules (lipids, proteins, nucleic acids, etc.) with biologically plausible functions [6,7,8,9]. 

Irrespective of their origin, previous reports have shown that EVs released following external 

stress stimuli induce bystander tolerance in naïve cells treated with ‘stressed EVs,’ 

[10,11,12,13,14,15] indicating their potential to transfer ‘protective’ molecules (protectosomes). 

The large-scale impacts of elevated ambient temperatures resulting from climate change on 

animal production and reproductive performance have been extensively studied [16, 17]. External 

heat acting on a homeothermic animal impede fertility, affecting the physiological and cellular 

function of several reproductive tissues [18, 19]. In vivo and in vitro studies have demonstrated 

the direct effects of heat stress (HS)-induced dysfunction through impairments to mammalian 

oocyte maturation, fertilization, and early embryo development [20,21,22,23]. However, the 

complexity to investigate the impact of HS in regard to oviduct physiology and the embryo-oviduct 

dialog in later stage embryos have been largely stunted due to its inaccessible location without 

surgery or necropsy post-slaughter. Therefore, novel approaches to recapitulate the in vivo 

physiology and function of the oviduct in vitro, would provide an innovative mechanism to 

validate the system's functional response to HS. 

Despite the extensive work carried out to understand the effects of HS on reproductive 

function, its underlying impacts on oviduct physiology remain largely unknown. Initial attempts 

to study the embryo-oviduct dialogue via EVs from oviductal fluid [24] and monolayer-bovine 
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oviductal epithelial cell (BOEC) conditioned culture medium [25], demonstrated promising 

improvements in embryo quality and cryotolerance following their addition during embryo culture. 

Regardless of the beneficial roles of EVs, the potential transfer of identified embryotropic 

molecules eliciting such positive responses in embryo development was not studied. However, 

Almiñana and colleagues have shown major discrepancies in the protein cargo signatures from in 

vivo vs. in vitro derived EVs of oviductal origin, revealing that in vitro monolayer-BOECs 

inadequately mimic the in vivo oviductal environment, likely resulting from a lack of paracrine 

signaling amid reduced cellular diversity [26]. 

Organoids represent biomimetic, three-dimensional, in vitro cell clusters that organizationally 

self-regenerate into complex structures to mirror the physiological function of their tissue of origin 

[27]. Generally, organoid cell clusters are encapsulated within a jelly-like extracellular matrix and 

function similar to their native in vivo organ in terms of gene and protein expression, metabolic 

function and microscale tissue architecture [28]. Studies in humans [29] and mice [30, 31] have 

recently outlined advantages over existing traditional cell culture models through the establishment 

and long-term stability of fallopian tube organoids that faithfully recapitulate the phenotype of 

their in vivo tissue. Thus, in this study, we aimed to utilize bovine oviductal organoids to decrypt 

the oviducts’ differential response to HS in terms of cellular transcriptome and secreted EV-

miRNome, to elucidate the potential downstream impacts on fertilization and early embryo 

development. Furthermore, several studies have revealed the regulatory role of miRNA sequence 

motifs and their corresponding RNA binding proteins in EV-miRNA secretion versus cellular 

retention under specific environmental conditions [32,33,34,35,36]. Therefore, investigating the 

interplay between miRNA sequence motifs and RNA binding proteins in the packaging and release 
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of specific miRNAs into EVs by subjecting organoids to thermal stress, would shine light upon 

the molecular mechanisms behind the oviductal response to HS via EV-coupled miRNA signaling. 

3. Results 

The experimental design outlining the different groups of organoid cultures and EVs used in 

the RNA-seq analyses are summarized in Fig. 3.1. 

Figure 3.1. Schematic Illustration of the Experimental Design. Oviductal cells were collected 
from abattoir-derived reproductive material for the establishment of bovine oviductal organoids. 
Organoids were subsequently grown and developed under thermoneutral conditions for 14 days 
prior to exposing to heat treatment. Following HS exposure, organoid cells and the corresponding 
EVs were collected, isolated, and subjected to genome-wide transcriptomic and miRNomic 
profiling, respectively. 
 
3.1 3-D matrix supports dynamic oviductal organoid culture and EV production 

Oviductal organoids generated from bovine oviducts resected from diestrus reproductive tracts 

(n = 10) were grown for 14 days (one passage, 7 days per passage; Fig. 3.2A), prior to suspension 

in a xeno-free, synthetic matrix for experiments with HS. Representative histological and 

immunohistochemical (Fig. 3.2B) images of in tact oviduct and in vitro cultured oviductal 

organoids (P1D7) demonstrate the architectural morphology (hematoxylin and eosin; H&E) and 

presence of oviduct-specific glycoprotein 1 (OVPG1), zonula occludens-1 (ZO1), and forkhead 

box J1 (FOXJ1), respectively. H&E staining showed that crosssections of oviductal organoids 

contain a monolayer of oviductal epithelial cells encircling a centralized lumen. Also, mature 

organoids maintained through extended culture persistently express hallmark protein OVGP1, as 
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well as epithelial cell tight junctions (ZO1), and ciliated cells (FOXJ1). Comprehensively, the 

organoid cellular morphology contain both partially differentiated and polarized cuboidal cells, as 

well as columnar shaped cells, which precisely represent the established structure of functional 

organoids. Additionally, we used a gene panel to functionally characterize the expression patterns 

of in vitro produced oviductal organoids (37 °C and 42 °C) compared to naïve in vivo BOECs. 

The panel was comprised of cell proliferation and adhesion (MKI67 and CDH1), ciliated cell 

function and differentiation (LRRC6, TUBA1A, TUBA1B and TUBA1C), and hormonal 

prostaglandin function (PTGS2, PTGES and OXTR) gene expression signatures. Overall, minimal 

statistical differences presided between in vitro produced organoids and in vivo derived cells, 

strengthening the biomimicry of extended culture in a 3-D matrix (Fig. 3.3). In addition, a dual-

targeted approach to isolate EVs using ultracentrifugation and size exclusion chromatography 

(SEC) was employed to isolate a relatively homogenous population of oviductal organoid-derived 

EVs. The molecular and morphological characterization of oviductal organoid-derived EVs 

validated the integrity of our procedure to isolate molecular analysis grade EVs from conditioned 

culture medium of in vitro-cultured bovine oviductal organoids. Representative TEM images (Fig. 

3.4A), indicate the presence of membrane-enveloped vesicles released from oviductal organoids. 

Moreover, nanoparticle tracking analysis revealed a higher particle concentration in the S-EVs 

(derived from organoids cultured at 42 °C; 1.29E + 10 particles/mL), when compared to the N-

EVs (derived from organoids cultured at 37 °C; 1.01E + 10 particles/mL), with median sizes of 

120.01 and 133.99 nm, respectively (Fig. 3.4B). Western blot analysis (Fig. 3.4C) indicated the 

presence of EV marker proteins (TSG101, FLOT1, and CD63) in the EV samples derived from 

oviductal organoids, while CYCS, a cellular contaminant and negative marker of EVs, was absent. 

In addition, RNA quality control for integrity, prior to RNA sequencing, revealed the presence of 
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18S and 28S ribosomal RNA peaks in the oviductal organoid RNA and their absence in oviductal 

organoid-derived EV-RNA samples (Fig. 3.4D & E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Establishment of Oviductal Organoid Culture System. Representative morphology 
of cultured bovine oviductal organoids after 14 days in culture. Scale bar, 1 mm (A). 
Immunostaining of in vitro cultured bovine oviductal organoids at passage 1, day 7 (P1D7). 
Histological oviductal samples with H&E staining, and immunohistochemical (OVGP1, ZO1, and 
FOXJ1) at 20 × and 40 × magnification, respectively. Scale bar = 50 μm at 20 × magnification and 
20 μm at 40 × magnification. Controls shown in insets represent a negative reagent control 
(OVGP1, ZO1 and FOXJ1). 
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Figure 3.3. In vitro Produced Organoid Retention of the In vivo Oviduct. Quantitative real 
time PCR analysis of selected genes outlining the mRNA expression of markers for cell 
proliferation and adhesion, ciliated cell function and differentiation, and hormonal prostaglandin 
function in in vitro produced organoids (37 °C and 42 °C) and naïve bovine oviductal epithelial 
cells (BOEC). Data are shown as the mean ± SEM and the differences between means were 
analyzed using one-way ANOVA followed by Tukey’s Multiple Comparisons Test in biologically 
independent samples (n = 3). Statistical significance (*) between groups were determined at 
(p < 0.05). 
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Figure 3.4. Characterization of Oviductal Organoid-derived EVs. Transmission Electron 
Microscopy (TEM) images depicting a clear bilipid enclosed complex in oviductal organoid-
derived EVs. Scale bar, 100 nm (A). Size distribution and concentration of N-EVs (blue bars) and 
S-EVs (red bars) resulting from Nanoparticle Tracking Analysis (NTA) (B). Cropped blots for 
Western Blotting (WB) analysis in EVs shows traditionally expressed EV-associated protein 
markers (TSG101, FLOT1, CD63) and the absence of expression for non-EV, mitochondrial 
associated cellular marker protein (CYCS) in lanes indicated by N-EVs and S-EVs (C). 
Representative RNA quality control and size distribution from oviductal organoids (D) and the 
corresponding EVs indicating the absence of 18 s and 28 s cellular RNA components (E). 
 
3.2 Decoding the transcriptome response of oviductal organoids to HS 

To understand the changes in molecular physiology of the bovine oviduct under HS conditions, 

this study examines the first comprehensive transcriptome analysis revealing the cellular response 

of oviductal organoids to elevated thermal stress. A total of ten RNA libraries were prepared from 

the organoid cells cultured under HS (42 °C) and thermoneutral conditions (37 °C). Approximately 

536 million raw reads were sequenced from both groups. After adapter trimming and quality 

filtering, approximately 53.6 million reads per library were retained with an average of 99% of the 

quality-controlled (QC) reads mapped to the bovine reference genome (ARS-UCD1.2). A 

summary of the total number of reads and the mapping results for each group is presented in 

Additional file 1: Table S1. Principal component analysis (PCA) and the accompanied hierarchical 

heatmap revealed that biological replicates for each group clustered together except for one 

replicate amid the HS groups (Fig. 3.5A & B), which has been excluded from further analysis. A 

stringent criterion was set to avoid bias for low expression in which, expressed genes represent 

zFPKM >  − 3 amongst all replicates. In total, 11,935 and 12,564 genes were detected in the HS 

and thermoneutral cultured organoid groups, respectively, with 11,725 genes mutually expressed 

in both groups (Fig. 3.5C). Of the most highly expressed genes in both groups, the top 20 genes 

most abundantly expressed amongst all organoid samples include: COX1, ACTB, CST6, TPT1, 

RPLP1, RPLP0, FTH1, COX2, EEF1A1, UBA52, RPS15 (Table 1). 
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Figure 3.5. Impact of HS on Oviductal Organoids: Transcriptomic Cellular Response. 
Principal component analysis (PCA) (A) and heatmap/hierarchical clustering of oviductal 
organoid samples (B) cultured under HS (42 °C; A_42-D_42) or thermoneutral conditions (37 °C; 
A_37-D_37). Venn diagram indicating exclusively and commonly expressed genes in the 42 °C 
and 37 °C groups (C). Volcano plot displaying differentially expressed genes, up- and 
downregulated in oviductal organoids cultured under HS (42 °C) compared to those cultured under 
thermoneutral conditions (37 °C) (D). 

Considering a false discovery rate (FDR) < 0.05 and a fold change (FC) ≥ 2, a total of 2,570 

differentially expressed genes (DEGs) (1,222 up‐ and 1,348 downregulated) were identified in the 

oviductal organoids subjected to HS compared to the thermoneutral groups, including 170 genes 

with unknown function (Additional file 2: Table S2). The volcano plot (Fig. 3.5D) illustrates the 

distribution of DEGs, up- and downregulated, in the HS compared to the thermoneutral groups. 

The top 20 known DEGs (upregulated include: CRISPLD2, HSPA6, SERPINE1; downregulated 
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include: RBM3, MROH1, FAH) identified in the HS compared with the thermoneutral cultured 

groups are listed in Table 2. Gene ontology (GO) enrichment analysis of the upregulated genes in 

the HS groups revealed that endocrine resistance, cellular senescence, and notch signaling pathway 

to be the top significant pathways (Fig. 3.6A; Additional file 3A: Table S3A). Alternatively, 

metabolic pathways, oxidative phosphorylation, nucleotide metabolism, carbon metabolism, and 

thermogenesis were the top significant pathways dominated by the downregulated genes (Fig. 

3.6B; Additional file 3B: Table S3B). Biological processes in which genes upregulated in thermally 

stressed organoids involve cell migration, transcription regulation, and protein phosphorylation 

(Fig. 3.6C; Additional file 4A: Table S4A), while cholesterol biosynthetic processes, mitochondrial 

electron transport and ATP synthesis were the processes in which involve downregulated genes 

(Fig. 3.6D; Additional file 4B: Table S4B). Interaction networks of DEGs commonly involved in 

highly enriched pathways are presented in Fig. 3.6E. The highlighted genes amid the interaction 

networks are involved in various signaling pathways, gene expression regulation, and functions 

regulating cellular senescence and pregnancy homeostasis. 
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Figure 3.6. Oviductal Organoids: Ontological Classification and Interactive Networking. 
Bubble plots, revealing the top 10 pathways and biological processes targeted by the up- (A and 
C) and downregulated genes (B and D) in the 42 °C compared to the 37 °C groups, respectively. 
The color and size of each bubble represent the P-value and number of gene counts. Interactive 
networking of the differentially expressed genes commonly involved in highly enriched pathways 
including the up- (red) and downregulated (green) genes in the 42 °C compared to the 37 °C groups 
(E). 
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3.3 HS alters oviductal organoid-derived EV-coupled miRNAs 

To understand the extracellular response of oviductal organoids to HS, organoid-secreted EVs 

were investigated for their miRNA content using small RNA sequencing technology. Three small 

RNA libraries were prepared from the EVs derived from each of the organoid cultures under 37 

°C and 42 °C. Approximately 135 million raw reads were sequenced from both EV groups. After 

adapter trimming and quality control, an average of 21 million reads per library was retained. An 

average of 87% and 89% of these reads from the HS and thermoneutral EV groups, respectively, 

were mapped to the bovine reference genome (Additional file 5: Table S5). Based on the miRNA 

expression patterns, the PCA (Fig. 3.7A) and hierarchical heatmap (Fig. 3.7B) exhibited a clear 

clustering of the replicates from each group. Sequencing data analysis revealed a total of 251 

known miRNAs amongst both groups with at least 10 counts per million (CPM) (Fig. 3.7C). While 

a complete list of all the expressed miRNAs detected is presented in Additional file 6: Table S6, a 

list of the top 20 expressed miRNAs from each group are presented in Table 3. Among the top 20 

expressed miRNAs, 15 were commonly detected amongst both groups. 

Differential expression analysis of EV-miRNAs released from oviductal organoids subjected 

to divergent ambient temperatures indicated a total of 18 miRNAs as significantly-differentially 

expressed between the two groups (FC > 2, FDR < 0.05). EVs from HS oviductal organoids 

exhibited the enrichment of 12 miRNAs (including: miR-150, miR-92a, miR-223, and miR-202) 

and 6 downregulated miRNAs (including: miR-221, miR-11980, miR-23a and miR-370) 

compared to the EVs released from thermoneutral cultured organoids (Table 4 and Fig. 3.7D). 

Interestingly, two differentially expressed (DE)-miRNAs (miR-10b and miR-92a) were also noted 

in the top 20 expressed miRNAs list. Pathway analysis revealed that genes potentially targeted by 

the upregulated EV-miRNAs were involved in cellular senescence, p53, and TGF-beta signaling  
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Figure 3.7. HS Alters Oviductal Organoid-derived EVs Molecular Cargo: miRNome 
Extracellular Response. Principal component analysis (PCA) (A) and heatmap/hierarchical 
clustering of oviductal organoid-derived EVs (B). Venn diagram indicating exclusively and 
commonly expressed miRNAs in the 42 °C and 37 °C groups (C), red and green miRNAs are 
significantly different (FDR < 0.05) between the two groups. Volcano plot displaying differentially 
expressed miRNAs, up- (red) and downregulated (green) in oviductal organoid-derived EVs from 
the 42 °C compared to 37 °C groups (D) 

pathways (Fig. 3.8A; Additional file 7A: Table S7A), while those potentially targeted by the 

downregulated EV-miRNAs were involved in MAPK and FoxO signaling pathways (Fig. 3.8B; 

Additional file 7B: Table S7B). Transcription and cell cycle regulation were among the top 
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abundant biological processes targeted by the upregulated miRNAs (Fig. 3.8C; Additional file 8A: 

Table S8A), while protein phosphorylation and regulation of cell cycle and proliferation were 

among the top biological processes targeted by the downregulated miRNAs in the HS compared 

to the thermoneutral groups (Fig. 3.8D; Additional file 8B: Table S8B). Interaction networks 

between common experimentally validated target genes of the DE-EV-miRNAs and the organoids 

DEGs, are presented in Fig. 3.9A. Additionally, a focus on the DEGs involved in the cellular 

senescence pathway network and the DE-EV-miRNAs potentially targeting their function are 

represented in Fig. 3.9B. 
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Figure 3.8. Oviductal Organoid-derived EV-miRNAs: Ontological Classification. Bubble 
plots, revealing the top 10 pathways and biological processes targeted by the up- (A and C) and 
downregulated miRNAs (B and D), respectively in the 42 °C compared to the 37 °C groups. The 
color and size of each bubble represent the P-value and number of miRNA target genes, 
respectively. 
3.4 Quantitative real-time PCR validation of candidate genes and miRNAs 

To validate the sequencing data, 10 DE-genes (5 up- and 5 downregulated in the HS compared 

to the thermoneutral groups) and 4 upregulated miRNAs were selected for validation in 4 

independent, biological replicates using quantitative real-time PCR. Selected candidate genes in 

oviductal organoids (Fig. 3.10A) and miRNAs in oviductal organoid-secreted EVs (Fig. 3.10B) 

show the same expression pattern consistent with the RNA-seq data. 

3.5 MicroRNA sequence motif and RBP identification 

To investigate the potential mechanism of miRNA sorting and packaging into EVs by oviductal 

organoids in response to thermal stress, miRNA sequence motif analysis was performed for the  
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Figure 3.9. Oviductal Organoid DE-EV-miRNAs and DEGs Interaction Network. Interactive 
networking of common experimentally validated target genes of the DE-EV-miRNAs and the 
organoids DEGs in the 42 °C compared to the 37 °C groups (A). A network of the DEGs involved 
in the cellular senescence pathway and targeted by the DE-EV-miRNAs (B). 
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miRNAs significantly enriched in EVs released in response to thermal stress using low abundant 

miRNAs (enriched in EVs released from organoids cultured under thermoneutral conditions) as 

controls. Accordingly, we have identified two miRNA motifs [U/A][C/U][C/A][U/G/A/C]A and 

[C/U][U/A]GU to be shared by 69% (9 of the 13) and 62% (8 out of 13) of the upregulated 

miRNAs, respectively (Fig. 3.11A). Moreover, an additional two motifs UG[U/A][A/G] and 

ACCC were identified and shared by 46% (6 of the 13) and 23% (3 out of 13) of the upregulated 

miRNAs, respectively. The sequence position and distribution of the identified motifs among the 

candidate miRNAs is indicated in Table 5 and Fig. 3.11B, respectively. Submission of the initial 

two significantly conserved motifs to the TOMTOM RBP identification tool showed that sequence 

motif ([U/A][C/U][C/A][U/G/A/C]A) is potentially targeted and bound by the RNA binding motif 

6 (RBM6) protein (Fig. 3.11C), while sequence motif ([C/U][U/A]GU) is potentially targeted and 

bound by human antigen R (HuR) and zinc finger CysCysCysHis domain-containing protein 14 

(ZC3H14) proteins (Fig. 3.11D). 

4. Discussion 

Oviductal fluid containing EVs have been identified as a major component safeguarding 

gametes from environmental stress [37, 38] and is regarded as the optimal milieu in which its 

composition reflects oviductal physiology [39]. Recent efforts have aimed to study the effects of 

HS on the oviduct both in vivo [40] and in vitro [41] through BOECs and EVs known to largely 

contribute and responsibly impact the composition of the oviductal fluid. In vivo, alterations in 

oviductal cells’ gene expression and EV concentrations have been reported, while similar 

significant alterations in HSP70 and OVGP1 expression were reported in vitro. OVGP1 is a 

hormonally-regulated, carbohydrate-rich and traditionally-expressed protein-coding gene known 

to regulate receptivity and trophoblast adhesion. Alimiñana et al. [26], investigated the differential  
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Figure 3.10. Quantitative Real Time PCR Validation. Expression validation of the selected DE-
genes (A) and -miRNAs (B) compared against values calculated via RNA-seq analysis. Data are 
shown as the mean ± SEM and the differences between means were analyzed using one-way 
ANOVA followed by Tukey’s Multiple Comparisons Test in biologically independent samples 
(n = 4). Statistical significance (*) between the 42 °C compared to the 37 °C groups were 
determined at (p < 0.05) 

protein contents in BOECs and oviduct-derived EVs from in vivo and in vitro origin and revealed 

the absence of OVGP1 in in vitro cultured BOECs and corresponding EVs. Alternatively, in the 

present study oviductal organoids morphologically mirror their original tissue by forming round, 

cystic structures accompanied with an apical polarity in regard to a central lumen exhibiting  
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Figure 3.11. miRNA sequence motif analysis. Four identified, over-represented miRNA 
sequence motifs located amongst the upregulated miRNAs in differing numbers in the 42 °C 
compared to the 37 °C groups (A). Table depicting the location and distribution of the over-
represented miRNA sequence motifs positioning on the upregulated miRNAs (B). Alignments of 
the ([U/A][C/U][C/A][U/G/A/C]A(C) and the [C/U][U/A]GU (D) miRNA sequence motifs with 
known RNA-binding proteins. (p < 0.05). 
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encircling microvilli, consistent with previous reports of fallopian/oviductal organoids in mice [30, 

31] and humans [29]. Moreover, our study revealed the detection of OVGP1, ZO1, and FOXJ1 in 

in vitro cultured organoids after passaging, indicating the suitability of our 3-D extended culture 

model to persist naïve-like identity, vital for the interpretation of the results in regard to oviductal 

physiology. Similarly, our gene panel revealed minimal differences amid in vitro cultured 

organoids in the mRNA expression of genes regulating cell proliferation and adhesion (MKI67 

and CDH1), ciliated cell function and differentiation (LRRC6, TUBA1A, TUBA1B and 

TUBA1C), and hormonal prostaglandin function (PTGS2, PTGES and OXTR) compared to naïve 

in vivo BOECs. Collectively, interspersed FOXJ1 + cells indicate ciliated cell presence, while 

stable MKI67 mRNA levels amid in vitro cultured oviductal organoids and naïve in vivo BOECs 

reveal their active proliferation capacity. Similar to our previous work in endometrial organoids 

[42], in the present study ZO1 was found to be localized in both the nucleus and the cytoplasm. 

Such findings have been previously reported in monlayer cultures and several cell lines, and is 

posed to be correlated to the stage of cell growth and inversely connected to the extent and/or 

maturity of intercellular contacts [43]. Our study dually noted a significant increase in the 

transcript abundance for TUBA1C, which was also shown to be upregulated in oviductal fluid 

collected from the contra- versus ipsilateral bovine oviduct [44]. Additionally, in in vitro cultured 

HS oviductal organoids, the mRNA expression of PTGS2 was signifncatly lower than in naïve in 

vivo BOECs, potentially indicating that the organoid cultures are not highly affected by in vitro 

‘culture shock,’ which formally leads to an overproduction of reactive oxygen species (ROS) 

amidst cells [45], which has been shown in vivo [46] and in vitro [47] in regard to the oviduct. 

Additionally, in other studies the 3-D reproductive structures (organoids) have been shown to 

tolerably respond to exogenous hormonal stimuli [29, 48,49,50], a hallmark feature of mimicking 
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in vivo function. In support of this notion, it was previously shown that small RNA profiles from 

3-D culture-derived EVs of cervical cancer HeLa cells also showed to exhibit striking similarity 

(~ 96%) to circulating EVs found in vivo [51]. In this study, we have demonstrated for the first 

time the potential of oviductal organoids to systematically study the physiological and dynamic 

response of the oviduct to seasonal heat stress. 

HS-induced transcriptomic changes in oviductal organoids 

High-throughput transcriptomic analysis of oviductal organoids cultured in vitro under 

thermoneutral and HS conditions revealed clear temperature-dependent clustering, indicative of a 

substantial physiological change governing oviductal organoids under HS conditions. In view of 

the oviduct and considering damaged cellular activity is prompted through HS (i.e. redox status 

and mitochondrial function, as well as protein folding), it is likely that the cellular response to the 

environment, acting as a dynamic machine, continuously diversifies and shifts an optimal milieu 

to a substandard microenvironment. These findings are in consonance with a recent in vivo study 

showing alterations in oviductal cells’ (ipsilateral and contralateral) gene expression from dairy 

cows under HS conditions [40]. Notably in our study, we found that of the 12,774 expressed genes, 

11,725 genes were mutually expressed amongst both groups. Importantly, in terms of oviductal 

organoids long-term maintenance of naive-like physiology, in the present study, the RNA-

sequencing dataset validated the presence of marker genes for BOEC function (OVGP1, GPX4 

and HMGCR) [52,53,54,55], which were stably expressed amid both groups of oviductal 

organoids following passaging during in vitro culture. Hence, the presented long-term 3-D 

organoid culture system functionally recapitulates certain validated aspects of the in vivo oviduct 

to satisfy novel descriptive studies, exemplified here, needed to address challenges in 

comprehending the early embryo–maternal interactions to conduct further functional studies. 
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Comparative analysis revealed, among the top highly abundant genes in both groups, we 

found genes related to early embryonic development (ACTB and UBA52), prostaglandin 

biosynthesis and the establishment/maintenance of pregnancy (COX1, COX2 and CST6), as well 

as embryonic cellular senescence (RPLP1 and RPS15). Uniquely, COX1 is found to be upregulated 

as the transient embryo is present within the oviduct, suggesting synthesized prostaglandins 

interact with the embryo and facilitate embryo–maternal communication [56]. However, HS has 

been shown to largely disrupt the balance of vaginal prostaglandins (PGE2 and PGF2a), reducing 

oviductal smooth muscle motility, which is an important catalyst for the transportation of the 

gamete/embryo [57]. Correspondingly, in high abundance, were genes encoding functions in the 

sperm-oviduct interactions preceding early embryo development (HSPA8 and HSPA1A), as well 

as genes reported to exert cryoprotective and anti-apoptotic effects as a consequence of stress 

(HSPB1). It is widely known that environmental cellular stress is directly connected to an 

immediate rapid induction of various heat shock proteins (HSPs). Convincing reports suggest 

HSPs (especially HSPA1 and HSPB1), cohesively act as protective proteins through potentially 

downregulating signaling events leading to apoptosis [58]. Although, HSPs act as molecular 

chaperones critical for the maintenance of cellular homeostasis, increased amounts of HSPs can 

facilitate the suppression of overexpressed/mutated genes resulting from a loss of p53 function 

[59]. 

Upregulated genes (CRISPLD2, HSPA6, SERPINE1) in the thermal stressed groups could 

serve as potential indicators of the response of oviductal organoids to environmental heat stress. 

Higher expression of CRISPLD2, a secreted glycoprotein and target gene regulated by the P4-PR 

response, has been shown to potentially mediate the stromal-epithelial cross-talk during 

implantation and decidualization, largely dependent upon hormonal regulation [60]. Similarly, the 
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HSP family member, HSPA6, shown to be involved in cellular response to stress, has been reported 

to be highly expressed in the ipsilateral oviduct likely in preparation for the presence of gametes 

and to facilitate embryo development [44]. Notably in our study, SERPINE1, which encodes a 

proteinase inhibitor, is shown to be involved in functional pathways governing cellular senescence. 

Cellular senescence contributes to the age-related decline in reproductive function and is known 

as a cellular response to stress aimed at inhibiting the proliferation of damaged cells, ultimately 

leading to a state of permanent growth arrest [61, 62]. Additionally, reports using SERINE1 

protease inhibitors to suppress oviductal protease activity through mediating the estrogen-

epithelial ERa signaling, have been shown to be preeminent for fertilization and preimplantation 

embryo development [63]. 

In mammalian reproduction, it is widely known that mitochondria are inherited maternally 

and serve as energy factories, synthesizing the majority of the cells’ ATP predominantly through 

oxidative phosphorylation, in part, holding pertinent roles in metabolic functions governing 

embryonic development [64]. Results from the current study revealed the suppression of 1,348 

genes in oviductal organoids following exposure to thermal stress, found to be involved in 

pathways related to oxidative phosphorylation and metabolic processes. Among the genes 

downregulated in oviductal organoids as a result of exposure to HS, NDUFS8, NDUFS7, 

NDUFS6, NDUFS3, NDUFS2, COQ9, NDUFV2, ND3, NDUFV1, ND2 and ATP5F1A, ATP5PB, 

ATP8, ATP6, ATP5MC2, ATP5MC3, ATP5F1C, ATP5F1D, ATP5MC1 are found to be involved in 

biological processes associated with mitochondrial function and ATP synthesis. Previous reports 

indicate that NADPH, supplies an antioxidant defense, while NADH promotes an increase in the 

oxidant load, generating ROS and sustained oxidative stress [65]. Therefore, genes suppressing 

the metabolic activity of high-functioning pathways (TCA cycle, pyruvate metabolism, fatty acid 
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metabolism, etc.), promote an imbalance in mitochondrial NADH and NADPH, effecting ATP 

production, which leads to impairments in mitochondrial function, partly due to suppressed 

oxidative phosphorylation function. Interestingly, highly downregulated (FC = -73.4) RBM3, a 

stress-responsive gene, was shown to potentially have a mechanistic function to counteract the 

regulatory role of miRNAs by increasing inefficiencies in global protein synthesis under 

conditions of stress [66]. On the other hand, in agreeance with Stamperna and colleagues, our study 

concurred among the DEGs, the downregulation of LOC512548 and HP (contralateral), as well as 

SOCS3 (ipsilateral) in oviductal epithelial cells from dairy cows during the summer versus spring 

season [40]. Antileukoproteinase’s (LOC512548) role in inhibiting serine proteases, have been 

found to have antibiotic and anti-inflammatory functions in the human endometrium [67], as well 

as a coincidental function amidst the sperm-oocyte interaction in the human oviduct [68]. Taken 

together, our results demonstrate that the potential impact of seasonal heat stress on oviductal 

physiology is mediated by the dysregulation of genes responsible for mitochondrial function and 

energy metabolism, as well as reproductive and immune system responses. 

Oviductal organoid-derived EV-miRNA profiles in response to HS 

Previous studies from our lab demonstrated the divergent EV-mediated molecular response of 

bovine granulosa cells to HS through their encapsulated miRNA cargoes, revealing their 

subsequent protective capacity against recurrent HS following co-incubation among naïve 

granulosa cells [14], as well as oocytes and embryos [15]. Similarly, in the present study, we 

detected a total of 251 EV-coupled miRNAs with 193 mutually expressed and 3 miRNAs (bta-

miR-1246, bta-miR-148a, bta-miR-21-5p) sequentially expressed as the first, second and third 

most abundant among both groups. In vitro functional analysis in a previously reported study 

demonstrated the antiapoptotic measures of bta-miR-1246 by targeting PCBP2 and CREBL2 in 
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HEK293 cells [69]. In accordance with others [70, 71], our study revealed a high prevalence of 

bta-miR-148a, which is found to target DNMT1 and improve the developmental capacity of 

porcine somatic cell nuclear transfer embryos [72]. Furthermore, studies in mice showed that miR-

21 targets PTEN [73], leading to the hypothesis that bta-miR-21-5p activity may activate AKT and 

ERK1/2 signaling pathways in the bovine corpus luteum to promote angiogenesis [74]. 

Specialized miRNAs packaged into EVs (23 exclusively expressed), reveal temperature-

dependent variations in EV-encapsulated bioactive cargo resulting from oviductal organoids 

subjected to either HS or thermoneutral conditions. Among the miRNAs enriched in EVs released 

in response to HS, bta-miR-150, bta-miR-92a, bta-miR223 and bta-miR-202 were at minimum 

tenfold higher than in the thermoneutral groups. Pathway analysis of genes enriched by 

upregulated miRNAs include cellular senesce and p53 signaling pathways, which are critical in 

cell cycle processes involving proliferation and the maintenance of genomic and cellular integrity. 

Interestingly, in the present study, pathways related to cellular senescence are also the most 

significant pathways enriched by the DEGs in the oviductal organoids in response to HS. To our 

knowledge, this is the first evidence indicating bovine oviductal organoids use cellular senescence 

as a stress response mechanism to prevent stress-induced damage including oxidative stress, 

genotoxic damages and inflammation [75]. Notably, previous reports show that increased 

expression of miR-150 downregulates pro-apoptotic P2X7 mRNA expression in human cervical 

epithelial cancer cells [76]. Furthermore, as indicated in zebrafish, miR-92a-3p [77] and miR-202-

5P [78], are maternally-derived miRNAs with critical functions in gametogenesis. It was shown 

that miR-92a-3p targets wee2, a cyclin-dependent kinase 1 inhibitor, regulating the cell cycle prior 

to the maternal-zygotic transition in cleavage-stage zebrafish embryos [77]. Additionally, miR-

202-5P, which is enriched in EVs released in response to HS was also found to be highly abundant 
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in early zebrafish embryos, suggesting its role in regulating primordial germ cell development 

throughout embryogenesis [78]. Therefore, although precautionary measures should be taken into 

account interpreting the species phylogenetic relationship, it is possible that oviductal organoids 

release EVs with the potential to shuttle specific miRNAs having a physiological role in early 

embryo development. Further functional studies to investigate the role of oviductal stress-

associated EV-coupled miRNAs in regulating oviductal cells survival and potential to mediate 

early embryo development, is of great biological value. 

In contrast to those miRNAs enriched in EVs released from oviductal organoids in response 

to HS, 35 miRNAs were found to be exclusively detected in EVs released from oviductal organoids 

cultured under thermoneutral conditions. Among the miRNAs downregulated in EVs from the HS 

groups compared to the thermoneutral groups were: bta-miR-197, bta-miR-6518, bta-miR-370, 

bta-miR-23a, bta-miR-11980 and bta-miR-221; with bta-miR-424-3P, bta-miR-654 and bta-miR-

323 exclusively-differentially expressed in the EVs from thermoneutral cultured oviductal 

organoids. We found genes targeted by the downregulated miRNAs involve pathways regulating 

cellular senescence, as well as MAPK and FoxO signaling, with functions in cell-cycle arrest and 

intracellular signal transduction. Recent studies show miR-197-3p to be dramatically 

downregulated in ovarian tissues of patients with polycystic ovarian syndrome and in KGN human 

granulosa cell lines [79]. It was also confirmed that miR-197-3p targets CUL3, and its 

overexpression induces apoptosis by modulating caspase 3 and Bax (apoptotic) and bcl-2 (anti-

apoptotic) protein expressions [79]. Similar reports indicate miR-370-3p inhibits cell proliferation 

and induces apoptosis in endometriotic cyst stromal cells by suppressing SF-1 [80]. These findings 

along with ours suggests the dysregulation of the aforementioned miRNAs due to HS might lead 
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to the development of novel therapeutic targets underlying reproductive anomalies, organismal 

aging and human diseases. 

We have previously shown the relevance of EV-coupled miRNA signaling in reproductive 

cells, in which certain miRNA species are selectively enriched in EVs in response to various 

stressors [14]. It seems clear that selective enrichment of EV-miRNAs stems in part from the 

physiological response of oviductal organoids to HS, with potential negative impacts on bystander 

cells and the gamete/embryo. However, detailed mechanisms underpinning how specific miRNAs 

are enriched in EVs released in response to HS are largely unknown. Recent reports indicated the 

involvement of specific RNA binding proteins (RBPs) and unique miRNA sequence motifs in EV-

miRNA sorting versus cellular retention in a tissue/cell dependent manner [33,34,35,36]. To this 

point, in order to shed light on the potential mechanisms involved in miRNA sorting into EVs by 

oviductal organoids in response to HS, we employed computational technologies to identify 

miRNA sequence motifs and their target RBPs for 12 miRNAs enriched in EVs released from 

oviductal organoids following exposure to HS. Accordingly, two miRNA sequence motifs shared 

by 9 out of the 12 miRNAs were found in EV-coupled miRNAs released in response to HS. Further 

in silico analysis revealed that the identified motifs are recognized by RBPs, namely: RBM6, HuR 

and ZC3H14. Among these previous studies, it has been revealed that HuR, a regulator of 

cytoplasmic mRNA fate, alters the cellular response to proliferative, stress, apoptotic, 

differentiation, senescence, inflammatory and immune stimuli [81]. Moreover, cellular oxidative 

stress has implicated HuR to impair responses to oxidant damage that characterizes cellular 

senescence and advancing age [32]. Phosphorylated HuR using an ATP analog activated PKCα, 

promoted the export of HuR to the cytoplasm, where its target COX2, became more stable [32]. 

Notably, COX1 and COX2 play important roles in the smooth muscle layer and epithelial cells 
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within the oviduct [56]. Regardless, further studies are required to investigate the interplay 

between miRNA motifs and RBPs in mediating the oviductal response to external stimuli, such as 

HS and their impacts on cellular survival and function during the maternal-embryo interaction. 

5. Conclusions 

Our study incorporates both an innovative approach and novel techniques pushing the 

threshold to: 1) generate a new viewpoint on the oviducts’ capacity to undergo critical changes to 

external stimuli to safeguard the resulting gamete/embryo; 2) establish multifaceted, functional 

studies focused on oviduct signaling (organoids/EVs) and signatures potentially regulating stress 

response; 3) a potential platform to generate physiologically relevant EVs for implementation in 

current assisted reproductive technologies systems, aiming to enhance embryo survival and 

viability under various environmental and pathophysiological conditions (i.e. bystander effect). 

Finally, we have provided a comprehensive insight into the cellular and extracellular response of 

oviductal organoids to HS, yielding a structural footing to investigate the functional applicability 

and regulatory role of RNA cargoes (mRNA and miRNA) in modulating the fine-tuned oviductal 

microenvironment, essential for early stages of life. Further studies stemming from this work are 

needed to focus on the functional analysis of genes and EV-coupled miRNAs and their 

involvement in mediating the impact of physiological changes amid the oviduct microenvironment 

on the developing gamete/embryo and subsequent establishment of pregnancy. Taken together, 

oviductal organoids thusly provide a non-invasive approach to investigate normal and pathological 

reproductive processes, from a traditionally inaccessible organ. 

6. Methods 

Collection of bovine oviductal epithelial cells (BOECs) 
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Complete reproductive tracts including oviducts and ovaries (n = 10; a pool of 2 animals per 

replicate) were obtained from a local slaughterhouse (JBS Foods, USA) at the discretion of BPO 

Parts LLC (La Salle, CO) and transported within 1 h following collection via an insulated box 

containing physiological saline solution (0.9% NaCl) warmed to 37 °C to the Animal Reproduction 

and Biotechnology Laboratory for processing. Upon arrival, reproductive tracts were evaluated for 

the stage of the estrous cycle, dependent on the presence or absence of a fully formed, active corpus 

luteum with visible vasculature around its periphery. Resected ovaries containing complete contra- 

and ipsilateral oviducts from assessed stage II, diestrus tracts were initially washed through a 

physiological, warmed saline solution and subjected to a 70% ethanol rinse, followed by repetitive 

washings through a warmed saline solution. To offset the variability in abattoir-derived 

reproductive material, the same oviducts were represented in samples subjected to the differing 

ambient culture conditions (37 °C and 42 °C). Oviducts were trimmed from surrounding the 

tissues,opened longitudinally and processed according to previously defined measures [82, 83] by 

exposing the oviductal lumen, followed by scraping with a scalpel blade (Hill-Rom Holdings 

371,120) in Handling Medium (HM) [HM; MEM Eagle with Earle's Salts (Sigma-Aldrich M2279) 

containing 25 mM HEPES (Sigma-Aldrich H0887), 100 U/ml Penicillin-0.1 mg/ml Streptomycin 

(Sigma-Aldrich P4333), 0.1 mM Pyruvate (Gibco 11,360–070), 2 mM Glutamax (Gibco 35,050–

061) and Bovine Serum Albumin (5% v/v) (Sigma-Aldrich A9418)] to collect epithelial cells from 

the entire length of the oviduct for dissociation by enzymatic digestion. Subsequently, the solutions 

were passed through a 40 µm cell strainer (Greiner 542,040) to remove residual stromal and 

inflammatory cells then backwashed with RPMI-1640 medium (Gibco 11,875–085). The ensuing 

suspensions were then pelletized through centrifugation at 1000 xg for 10 min, washed in 1 mL 
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DMEM/F-12 (Gibco 21,041–025), and finally resuspended in 20x (v/v) phenol red-free, growth 

factor reduced UltiMatrix (Cultrex; Boitechne BME001-05). 

Oviductal organoid culture 

Parameters to establish organoid cultures were determined as we have previously described [50]. 

Unless indicated otherwise, all chemicals were manufactured by Sigma-Aldrich. Briefly, the 

homogenized UltiMatrix suspension, as described above, was aliquoted in 25 µL microdrops in a 

48-well culture plate (Corning 3548), and allowed to strengthen formation for 30 min at 37 °C. 

The 3-D suspensions were then overlayed with 250 µL of Organoid Medium (OM) (OM; 

DMEM/F-12 without phenol red (Gibco 21,041–025), 100 μg/mL primocin (Invivogen ant-pm-1), 

2.5 mM L-glutamine, 2% B27 Plus (Gibco A35828-01), 1% N2 (Gibco 17,502–048), 1% Insulin–

transferrin–selenium (Gibco 41,400–045), 1 mM nicotinamide (N0636), 50 ng/mL recombinant 

human EGF (R&D Systems 236-EG), 50 ng/mL recombinant human FGF-10 (PeproTech 100–

26), 100 ng/mL recombinant human Noggin (R&D systems 6057-NG/CF), 0.5 μM TGFβ/Alk 

inhibitor A83-01 (Tocris 2939), 1.25 mM N-acetyl-L-cysteine (EMD Millipore 106,425), 10 μM 

SB202190 (S7067), 10 μM Y27632 (EMD Millipore 688,000) as previously described [50, 82, 

83]. For all experiments, organoid culture suspensions were in a confined chamber regulated to 37 

°C and 5% CO2 in humidified air for growth and development prior to exposure to 42 °C to induce 

thermal stress. The OM was refreshed by half (v/v) every two to three days with passaging 

occurring weekly every 7th day. For passaging, the UltiMatrix containing the organoids were 

collected and pelletized via centrifugation at 1,000 xg for 10 min, washed in 1 mL of DMEM/F-

12 with agitation applied from vigorous pipetting to induce dissociation and yield mostly single 

cells, followed by replating according to the same procedure described above. Organoids of low 

passage number (P1D7) were used for the experiments described. 
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Histology 

Histological preparation of intact oviduct and oviductal organoids was performed as we have 

previously described [82, 83]. Briefly, organoid VitroGel® suspensions were soaked in 250 µL of 

VitroGel® Cell Recovery Solution and washed with DMEM/F-12 followed by DPBS (1X) and 

centrifuged at 600 xg for 6 min. After centrifugation, organoid pellets were fixed in 4% 

paraformaldehyde for 30 min and embedded in 2% agarose gel (Bio-Rad 1,613,101). Agarose-

embedded organoids were stored in 70% ethanol until processing, then embedded in paraffin wax, 

sectioned (6 μm), and stained using hematoxylin and eosin (H&E) and assessed for normal 

oviductal epithelial cell architecture. 

Immunohistochemistry 

Organoid preparation for immunohistochemistry was performed as we have previously described 

[50, 82, 83]. Briefly, paraffin wax embedded organoids were mounted on Superfrost Plus slides, 

deparaffinized then rehydrated through graded alcohols until distilled water. Antigen retrieval was 

then accomplished by subjection to citrate buffer (pH 6; 96 °C for 20 min) and blocked with 

hydrogen peroxide then washed in distilled water. Slides were then incubated with primary (4 °C 

overnight) and HRP-conjugated and/or biotinylated secondary antibodies (OVGP1; Biotin Ms 

IgG, ZO1; Rb IgG HRP, and FOXJ1; Biotin Rb IgG), respectively. A list of the antibodies and 

dilutions is indicated in (Additional file 9: Table S9). Negative reagent controls provided utilized 

the same staining procedures in the absence of the primary antobody incubation step. Prior to 

microscopy evaluation, slides were activated using the RTU Vectastain kit (Vector Laboratories) 

for 30 min and visualized using Vectastain ABC-HRP and DAB substrate solution (Vector 

Laboratories) counterstained with hematoxylin. Incubations took place at a room temperature 
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environment with TBS-T solution used as a washing buffer. Slides were assessed for localization 

and presence of OVGP1, ZO1, and FOXJ1 staining. 

Exposure of oviductal organoids to heat stress 

Following the culmination of the first passage (14 days from initial collection), organoids were 

removed from UltiMatrix using Organoid Harvesting Solution (Cultrex; Biotechne 3700–100-01) 

and transferred to VitroGel® (TheWell Bioscience VHM04-K), a synthetic, xeno-free extracellular 

matrix. At this point, the 3-D matrices were incubated for 30 min at 37 °C to become less fluidic, 

according to the procedure described above. Finally, the OM was replenished followed by 

culturing for an initial 24 h priming period at 37 °C and 5% CO2 in humidified air. Thermoneutral 

organoids remained at 37 °C for an additional 24 h, while for experiments with heat stress 

organoids were transferred to a confined chamber regulated to 42 °C in an atmosphere of 5% CO2 

in humidified air for the remaining 24 h. Experiments were replicated a total of eight times to 

gauge variability in abattoir-derived reproductive material for both culture environments. 

Collection of cultured oviductal organoids and conditioned medium for downstream analysis 

Following the collection of conditioned OM, the 3-D organoid suspensions were collected and 

suspended in VitroGel® Cell Recovery Solution (TheWell Bioscience MS03-100), washed with 

DMEM/F-12 and pelletized by centrifugation at 600 xg for 6 min. Organoid pellets were snap 

frozen in liquid nitrogen and stored at -80 °C for downstream use. The EV-containing conditioned 

OM were then centrifuged in sequential order at 500 xg for 10 min, 3,000 xg for 10 min and 17,200 

xg for 30 min and filtered through a 0.22 µm sterile filter (Millex® SLGPR33RB) to remove 

residual cellular contaminants, large particles and protein aggregates. All centrifugation steps were 

performed at 4 °C. Bovine oviductal organoid-derived EVs were isolated from ~ 10 mL of 

conditioned OM (8 replicates/treatment group) using ultracentrifugation followed by size 
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exclusion chromatography (SEC). Briefly, OM were subjected to two consecutive rounds of 

ultracentrifugation at 120,000 xg for 70 min in the Optima XE-90 Ultracentrifuge using the SW 

55Ti rotor (Beckman Coulter A94471). Isolated EVs were further standardized by elution in 180 

µL of sterile DPBS (1X) (ThermoFisher Scientific 14,190–144) using the Exo-spin™ mini 

columns (CELL guidance systems EX03-50) according to the manufacturer’s protocol. Isolated 

EVs were then stored at -80 °C for further characterization and molecular analysis. 

Characterization and quantification of oviductal organoid-derived EVs 

EV identification and characterization were carried out according to guidelines detailed by the 

International Society for Extracellular Vesicles [84], including EV marker protein validation, 

nanoparticle concentration/size distribution and morphological visualization as described below. 

Detailed information regarding experimental procedures has been submitted to the EV-TRACK 

knowledgebase (https://evtrack.org/) (EVTRACK ID: EV230000)[85]. 

 

Western blotting (WB) 

Immunoblotting technique was performed for isolated EVs to detect EV and cellular protein 

markers. For this, proteins were extracted from oviductal organoid cells and the corresponding 

EVs using RIPA buffer (Marker Gene™ Technologies M2777). Protein lysates were then boiled 

with 4 × Laemmli Sample Buffer (Bio-Rad 1,610,747) and 2-Mercaptoethanol (Bio-Rad 

1,610,710) at 95 °C for 5 min prior to loading on a 4–15% (w/v) Tris–Glycine Stain Free Gel (Bio-

Rad 4,568,084). Electrophoresis was performed for 15 min at 90 V followed by 30 min at 200 V 

with Precision Plus Protein Dual Color Standards as a molecular weight marker (Bio-Rad 

1,610,374). Separated proteins were transferred (100 V for 60 min at 4 °C) to a 0.20-µm pore 

nitrocellulose membrane (Bio-Rad 1,620,112) and blocked for 1 h at room temperature in 5% (w/v) 



 

 136 

Non-Fat Dry Milk (Bio-Rad 1,706,404) and further incubated over night at 4 °C with a primary 

antibody against each marker protein (System Biosciences; rabbit polyclonal TSG101 EXOAB-

TSG101-1, rabbit polyclonal FLOT1 EXOAB-FLOT1-1, rabbit polyclonal CD63 EXOAB-

CD63A-1) (Sino Biological rabbit polyclonal Cytochrome C 102139-T42). Afterwards, 

membranes were washed 5 times with TBS-T solution and exposed to the secondary antibody 

(System Biosciences; Goat anti Rabbit HRP) for 1 h at room temperature. Bands and signals were 

enhanced using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher 

Scientific 34,579) and imaged using the ChemiDoc XRS + chemiluminescence system with Image 

Lab™ Software (version 6.0.1 build 34) (Bio-Rad). A list of the antibodies and dilutions is 

indicated in (Additional file 9: Table S9) with full length blots provided (Additional file 10: Fig. 

S1). 

 

Nanoparticle tracking analysis (NTA) 

A ZetaView® QUATT 4 Nanosight Instrument (Particle Metrix) was used to determine the particle 

concentration and size distribution in all EV samples. Briefly, isolated EVs were diluted in sterile 

DPBS (1X) and loaded into the device and analyzed. Measurements were taken at 11 positions via 

scatter mode using a 488 nm laser to determine the size distribution and concentration within a 

sample. Analysis of EV concentrations were calculated using the Zetaview Software (version 

8.05.12 SP1) before and after sample dilution. 

 

Transmission electron microscopy (TEM) 

For morphological evaluation of oviductal organoid-derived EVs, we performed negative staining 

TEM of EVs by adsorption onto mesh copper grids with carbon-coated formvar film (Electron 
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Microscopy Sciences FCF 400-Cu). For this, grids were placed film side down on parafilm 

containing drops of 1% Alcinan Blue 8GX (Sigma-Aldrich 33,864–99-2) for 5 min, followed by 

washing with ddH2O for 15 s. Afterwards, the grids were floated on a 5 µL drop of isolated EVs 

for 10 min, prior to fixing in 2.4% uranyl acetate (Electron Microscopy Sciences 22,400) for 30 s. 

After fixing, samples were set to dry for imaging on a JEOL JEM-1200 EX transmission electron 

microscope. 

RNA isolation 

Total RNA was isolated from organoid cells (5 replicates/treatment group, a pool of samples from 

2 animals per replicate) using an RNeasy® Plus Micro Kit (Qiagen 74,034). To remove genomic 

DNA contaminants, on-column DNA digestion was performed using RNase-free DNase (Qiagen; 

Hilden, Germany). Similarly, an Exosomal RNA Isolation Kit (Norgen Biotek Corp. 58,000) was 

used to isolate total RNA enriched with small RNA from oviductal organoid-derived EVs (3 

replicates/treatment group, a pool of 2 animals per replicate) according to the manufacturer’s 

protocol. In both cases, RNA quality control and concentration were assessed using an Agilent 

2100 Bioanalyzer (Agilent Technologies G2939BA) and NanoDrop™ 2000 Spectrophotometer 

(ThermoFisher Scientific ND-2000), respectively. 

RNA library preparation and sequencing 

RNA libraries and next-generation sequencing (NGS) were conducted by Novogene Co., LTD 

(California, USA). For mRNA transcriptome profiling, RNA libraries were generated using a 

NEBNext® Ultra™ RNA Library Prep Kit for Illumina (NEB E7530L) and for miRNA profiling, 

small-RNA libraries were prepared using a TruSeq Small RNA Library Prep Kit (Illumina RS-

200) according to the manufacturer’s instructions. Library quantity and quality assessments were 

performed using a Qubit® DNA HS Assay Kit on a Qubit® 2.0 Fluorometer and an Agilent DNA 
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High Sensitivity Kit in an Agilent 2100 Bioanalyzer, respectively. Library concentrations were 

calculated using quantitative PCR measures then pooled in equimolar ratios and sequenced in a 

NovaSeq6000 sequencing instrument (Illumina) as paired (150 bases) or single-end (50 bases) 

reads for the transcriptome and miRNA sequencing, respectively. 

RNA-seq data analysis 

FASTQ files were generated for each sample using the software bcl2fastq (Illumina) with FastQC 

tool version 0.11.9 assessing their quality. Data were analyzed using the CLC Genomics 

Workbench software, version 21 (www.qiagenbioinformatics.com). Trimming of raw sequencing 

reads was based on quality score (Q‐score > 30), ambiguous nucleotides (maximum two 

nucleotides allowed), read length (≥ 15 nucleotides), and removal of adapter sequences. Reads 

were mapped to the bovine reference genome (ARS-UCD1.2) and small-RNA reads were 

annotated against bovine precursor and mature miRNAs listed in the mirBase database (release 

22) using the CLC Genomics Workbench RNA-seq Analysis and Quantify miRNA tools, 

respectively, with default software parameters applied. Normalization of raw expression data was 

performed using the trimmed mean of M-values (TMM) normalization method [86] and presented 

as either transcripts per million (TPM) or TMM-adjusted counts per million (CPM), for genes and 

miRNAs, respectively. For genes, the expression threshold was determined by the zFPKM method 

using the zFPKM R package v.1.16.0 [87]. The zFPKM transform/normalization method is used 

to determine, with high consistency, the threshold of expressed transcripts avoiding the low-

abundance and biological noise transcripts due to sequencing errors, and/or off-target read 

mapping. zFPKM values are calculated from the distribution of the log2 (TPM values) after fitting 

to the right side of the major peaks of each gene expression curve to a half-Gaussian curve, 

mirrored into a full Gaussian distribution, and then transformed log2(TPM) into zFPKM from this 
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fit. Based on the recommended zFPKM score that considers the expressed/active genes [79], genes 

with zFPKM >  − 3 in all replicates were considered as expressed. A miRNA with an average value 

of CPM ≥ 10 was considered to be expressed. The CLC Genomics Workbench Differential 

Expression tool was used for the expression analysis comparison of the two groups. Differential 

expression was considered based on a negative binomial Generalized Linear Model (GLM) 

function. DEGs and DE-miRNAs were filtered based on FC ≥ 2 and P-adjusted value FDR < 0.05 

[88]. The raw FASTQ and processed CSV files for the transcriptome and miRNA sequencing data 

have been deposited in the NCBI’s Gene Expression Omnibus (GEO) 

(https://www.ncbi.nlm.nih.gov/geo/) with the accession numbers GSE221929 and GSE221895, 

respectively. 

Target gene prediction, ontological classification and pathway analysis 

Genes targeted by the DE-miRNAs were identified using the miRWalk database [89]. Within 

miRWalk, validated target genes from miRTarBase (version 7.0) and commonly targeted genes 

predicted by TargetScan (version 7.1) and miRDB (release 5.0) were selected for ontological 

classification and pathway analysis. Both targeted genes and DEG lists were submitted to the 

Database for Annotation, Visualization, and Integrated Discovery (DAVID) Bioinformatics web 

tool v. 2021 (http://david.abcc.ncifcrf.gov/) for pathways and ontological classification enrichment 

analysis using the EASE Score (a modified Fisher Exact p-value) with a threshold of less than or 

equal to 0.05. Pathways and biological processes (BPs) were determined from the KEGG database 

[90], and GOTERM_BP_DIRECT annotation set, respectively. The interaction networks of the 

miRNAs, targeted genes, and DEGs were constructed with Cytoscape software [91]. 

Quantitative real time PCR validation of candidate mRNA and miRNA 
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In order to validate the in vivo biomimicry of in vitro produced organoids, as well as the NGS data 

for DEGs and DE-miRNAs, quantitative real-time PCR (qRT-PCR) expression analysis was 

performed for selected transcripts and miRNAs in oviductal organoid cells and oviductal organoid-

derived EVs, respectively. Additionally, naïve BOEC samples were used as a control in the 

organoid characterization experiment. For the functional characterization of in vitro produced 

organoids and validation of candidate DEGs, equal amounts of total RNA (~ 638 ng/µL and ~ 1024 

ng/µL, respectively) extracted from independent organoid samples was reverse transcribed to 

generate cDNA, using the SuperScript™ III First-Strand Synthesis Super Mix Kit (Invitrogen 

18,080,400) with random hexamer and oligo d(T) 20 primers, according to the manufacturer’s 

instructions. The gene panel were strategically constructed to characterize the functionality of in 

vitro produced organoids (n = 3), while ten candidate genes for the validation of the DEGs (n = 4) 

were randomly selected, with gene-specific primers designed using the Primer-Blast tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). All primers are indicated in Additional file 11: 

Table S10. Quantification of each candidate gene was performed in 20 µl reaction volumes 

containing 0.5 μL of each primer (10 µM), 10 μL of iQ SYBR Green Supermix (Bio-Rad 

1,708,880), 7 μL of ddH2O and 2 μL of the cDNA template. The following thermocycling 

conditions were applied for amplification: initial denaturation at 95 °C for 3 min, followed by 40 

cycles of amplification at 95 °C for 15 s., 60 °C for 30 s., 72 °C for 30 s. The specificity of the 

amplification was determined from the melting curve analysis generated following each run. The 

geometric mean of expression levels of β-ACTIN and GAPDH was used to normalize the 

expression of the candidate genes. 

Four DE-miRNAs (bta-miR-150, bta-miR-92a, bta-miR-223 and bta-miR-202) were 

chosen for quantification in the samples described above using TaqMan™ miRNA Assays 
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(Applied Biosystems™) according to the manufacturer's instructions. Briefly, 5 ng/µL of total 

RNA were reverse-transcribed using a TaqMan™ microRNA Reverse Transcription Kit (Applied 

Biosystems™ 4,366,596). The reaction mixture (7.5 μL) constituted 0.75 μL dNTP mix w/dTTp 

(100 M total), 0.075 μL 10X RT buffer, 0.095 μL RNase inhibitor (20U/μL), 0.5 μL Multiscribe™ 

RT enzyme (50U/μL), 1.5 μL of the given miRNA-specific stem-loop primer, and 2.5 μL of RNA 

(5 ng/μL). The miRNA-specific cDNA reaction mixture was incubated at 16 °C for 30 min, 42 °C 

for 30 min then followed by 85 °C for 5 min For miRNA quantification, 20 μL qRT-PCR mixtures 

were prepared in a 96-well PCR plate with 10 μL TaqMan™ Universal PCR Master Mix, no 

AmpErase™ UNG (Applied Biosystems™ 4,324,018), 1 μL miRNA-specific TaqMan microRNA 

probe (FAM, 250 nM), 7 μL ddH2O and 2 μL of the RT product. The following thermocycling 

conditions were applied for amplification: initial denaturation at 95 °C for 10 min, followed by 40 

cycles of amplification at 95 °C for 15 s. and 60 °C for 1 min Expression normalization was 

performed against small nuclear RNA (U6), as it stably resembled the mean expression values for 

all miRNAs. All qRT-PCR validation analyses were performed using the CFX96 Touch Real-Time 

PCR Detection System (Bio-Rad) and expression data analysis was performed using a comparative 

threshold cycle (CT) method [92]. All data are shown as the mean ± SEM and the differences 

between means were analyzed using one-way ANOVA followed by Tukey’s Multiple Comparisons 

Test in biologically independent samples (n = 4). Statistical significance (*) between the 42 °C 

compared to the 37 °C groups were determined at (p < 0.05). 

MicroRNA sequence motif and RBP identification and analysis 

Sequence-specific miRNA motifs (4–6 nucleotides), enriched in the upregulated miRNAs 

(including the significantly, exclusively expressed miRNAs; n = 13) versus the downregulated 

miRNAs (including the significantly, exclusively expressed miRNAs; n = 9 as control sequences) 



 

 142 

in EVs derived from oviductal organoids exposed to HS, were identified using Multiple 

Expectation Maximization for Motif Elicitation (MEME) suite v. 5.5.0 https://meme-suite.org 

[93]. Motifs commonly detected in at least 50% of the submitted miRNAs were selected for further 

analysis to determine the motif-associated RBPs using a TOMTOM motif comparison tool [94]. 
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ABSTRACT 

Extracellular vesicles (EVs), which contain various functional classes of vesicles, namely exosomes, 

microvesicles, and apoptotic bodies, represent the major nano-shuttle to transfer bioactive 

molecules from donor to recipient cells to facilitate cell-to-cell communication in the follicular, 

oviduct, and uterine microenvironments. In addition to transferring various molecular cargos in 

the form of miRNAs, mRNAs, proteins, lipids, and DNA molecules, the relative proportion of 

those molecular cargos in the reproductive fluids can be associated with the physiological and 

pathological condition of the host animal. Inside the follicle, EV-mediated circulation of miRNAs 

has been reported to be associated with the growth status of the enclosed oocytes, the 

metabolic status, and the advanced maternal aging of the animal. Importantly, EVs have the 

potential to protect their cargo molecules from extracellular degradation or modification while 

travelling to the recipient cells. This fact together with the enormous availability in almost all 

biological fluids and spent culture media make them attractive in the search for biomarkers of 

oocyte/embryo developmental competence, receptive maternal environment and a multitude of 

reproductive pathophysiological conditions. One of the key factors that have contributed to the 

lower efficiency of assisted reproductive technologies (ART) is the absence of several maternal 

in vivo factors in the ART procedures. For this, several studies have been conducted to supplement 

various components present in the follicular and oviductal fluids into the existing ART procedures 

and significant positive impacts have been observed in terms of embryo cleavage rate, blastocyst 

rate, resistance to stress, and survival after cryopreservation. The potential of EVs in shuttling 

protective messages against environmental and physiological stressors has been evidenced. 

The effective use of the EV-coupled molecular signals against stress-associated conditions has 

the potential to pave the path for the application of these protective signals against oxidative 

stress-associated pathological conditions including PCOS, ageing, and endometritis. In this 

review, we provide current knowledge and potential future use of EVs as remedies in reproductive 

pathophysiological conditions, mainly in follicular and oviductal microenvironments. 

Keywords: assisted reproductive technology, DNA, extracellular vesicles, reproduction, RNA, 

stress response. 

Introduction 

In mammalian reproduction, intercellular communication is an essential process, which 
occurs indirectly through endocrine, paracrine, and autocrine factors or directly through 
cell-to-cell contacts (Raposo and Stoorvogel 2013). After their discovery in 1983, membrane-
enclosed compartments, which are regarded as extracellular vesicles (EVs) play a significant 
role in cell-to-cell communication in various reproductive processes. EVs mediate cellular 
communication via their molecular cargos namely, RNAs (mRNA, miRNA, tRNA, and other 
long noncoding RNA), proteins, DNA, and lipids, that they transfer to the recipient cells 
(Valadi et al. 2007; Almiñana et al. 2018; Gatien et al. 2019). Based on their size and 
mode of biogenesis, EVs are broadly classified as exosomes (50–150 nm), microvesicles 
(100–1000 nm) and apoptotic bodies (>1000 nm) (Simon et al. 2018). EVs interact with 
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the recipient cells by direct signalling via ligand/receptor 
molecules in their respective surfaces or through direct 
fusion of the plasma membrane of the EVs and recipient cells, 
lipid-raft, clathrin, and caveolae-mediated endocytosis, 
micropinocytosis, and phagocytosis (Morelli et al. 2004;  
Montecalvo et al. 2012). Due to the lack of consensus on 
their nomenclature, reproductive biologists designate EVs 
derived from various reproductive fluids as epididmosomes, 
prostasomes, vaginosomes, uterosomes, and oviductosomes 
(Al-Dossary et al. 2013; Belleannée et al. 2013; Sullivan and 
Saez 2013). 

Extracellular vesicles are considered as nano shuttles 
available in various reproductive fluids including follicular, 
oviductal, and uterine fluids, and are reported to play a role 
in cell-to-cell, gamete to follicular cells, gamete, or embryo 
to oviduct/uterine cells communication. Moreover, several 
studies have demonstrated that EVs are involved in shuttling 
several bioactive molecules including miRNAs, mRNA, and 
proteins and their relative abundance could reflect the 
physiological status of the originating cells or tissues (Valadi 
et al. 2007; Hailay et al. 2019). EVs from follicular fluid of 
oocytes under varying growth status (Sohel et al. 2013), 
different sizes (Hung et al. 2015), and divergent metabolic 
status (Hailay et al. 2019) are known to carry varying levels 
of bioactive molecules which might be associated with their 
functional role. Similarly, bovine granulosa cells subjected to 
in vitro thermal stress or oxidative stress release protective 
molecular signals through EVs in form of heat shock proteins, 
antioxidants, and transcripts associated with endoplasmic 
reticulum stress (Saeed-Zidane et al. 2017; Gebremedhn 
et al. 2020b). Interestingly those EVs derived from stressed 
cultured granulosa cells can shuttle protective messages in 
the form of miRNA and mRNA or proteins, which upon 
supplementation in vitro induce tolerance to recipient cells 
following exposure to recurrent thermal stress (Gebremedhn 
et al. 2020b). Among the miRNAs enriched in the EVs released 
from granulosa cells subjected to heat stress are the miR-1246, 
miR-2904, and miR-374a, which are predicted to coordinately 
target endoplasmic reticulum genes. 

Through its dynamic nature in its luminal fluid composition, 
the oviduct is an active organ that provides an optimal 
microenvironment for gamete maturation/activation, ferti­
lisation, and cleavage-stage embryo development (Coy et al. 
2012). Several studies indicated the functional variation of 
oviductal EVs collected from different parts of the oviduct. 
Supplementation of bovine oviductal EVs collected from the 
isthmus, but not the ampulla, in the embryo culture positively 
affect the embryo development (Lopera-Vasquez et al. 2017). 
This implies that oviductal EVs produced from different 
regions of the oviduct carry specific molecular  signals asso­
ciated with specific function in supporting gamete and embryo 
development. This may be associated with the distribution of 
ciliated and secretory cells in different regions of the oviduct 
(Harris et al. 2020). This needs to be experimentally validated 
in future studies. Comparative analysis of the proteome of EVs 

derived from in vivo oviductal fluid and in vitro cultured 
oviductal epithelial cells revealed significant differences 
(Almi˜ 2017). In that study, fewer proteins were nana et al. 
identified in vitro derived oviductal EVs (222) compared to 
those derived from the in vivo counterparts (270). The impact 
of supplementation of oviductal EVs in vitro culture envi­
ronment has been evidenced to positively impact sperm 
activation, prevention of polyspermy, and early embryo devel­
opment (Machtinger et al. 2016). The data presented in this 
review also suggest the potential application of oviductal 
EVs in the current ART to mimic the in vivo oviductal 
environment. 

In the present review, the current knowledge on EVs 
research in reproduction mainly associated with ovarian 
functionality, gamete–embryo–oviductal communication, and 
EVs molecular signalling as indicators of environmental 
and physiological stress conditions are thoroughly discussed 
and the future potential of EV research in reproduction will 
also be highlighted. 

EVs biogenesis, composition and uptake 
mechanisms 

Extracellular vesicles are a group of heterogenous and 
membrane-bounded structures released from a variety of cell 
types in vivo in biological fluids or in vitro in spent culture 
media. They have the capacity of transporting various active 
biomolecules from cells of origin to target recipient cells, 
thereby modulating the physiology of the recipient cells 
(Ofir-Birin et al. 2018). Of these three different types of EVs, 
the majority of interest falls on the microvesicles and 
exosomes, while the apoptotic bodies are often considered as 
products of cell death (María et al. 2015). The apoptotic bodies 
are released when plasma membrane bedding occurs during 
apoptosis, but microvesicles, which are relatively heterogenous 
population pinch directly off the plasma membrane. Exosomes, 
which are intraluminal vesicle contained in multivesicular 
bodies, are relatively homogenous in size. Exosomes are 
released to the extracellular space upon fusion of the multi-
vesicular bodies (MVBs) with the plasma membrane 
(Colombo et al. 2014). Despite the fact that initially exosomes 
were considered to be alternative mechanisms to eliminate 
waste products from cells interior to maintain cellular 
homeostasis (Baixauli et al. 2014), a significant number of 
studies have provided evidence that following the release 
from the cell surface, exosomes can interact with the extra-
cellular matrix or induce cellular response within a specific 
microenvironment or in distant cells. These evolutionary 
conserved vesicles are known to exert essential physiological 
and pathological effects on both recipient and parent cells, 
via a variety of functional molecules either as structural or 
cargo components. Currently, because of the absence of widely 
acceptable specific markers to distinguish exosomes and 
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microvesicles, consensus has been reached to name both with 
the generic name EV. 

In mammals, EVs have been isolated from diverse body 
fluids, including blood, urine, saliva, breast milk, amniotic 
fluid, ascites, cerebrospinal fluid, bile, and semen. These 
vesicles have been named based on their origin, nature and 
features in many different ways. Many different names have 
been used in publications depending on their size [with a 
prefix micro or nano: microparticles, microvesicles (MVs), 
nanovesicles, nanoparticles], their tissue of origin (prosta­
somes, oncosomes), their proposed functions (calcifying 
matrix vesicles, argosomes, tolerosomes), or simply their 
presence outside the cells (prefix exo or ecto: ectosomes, 
exosomes, exovesicles, exosome-like vesicles). Despite the 
fact that nomenclature of EVs is still under debate (Stephen 
and Graça 2013), several marker proteins are being used to 
prove the identity of the vesicles isolated using various 
techniques including ultracentrifugation and size exclusion 
chromatography. The protein composition of EVs reflects 
proteins integrated in or attached to their membrane or 
those present in their luminal space. Although exosome and 
microvesicles have different protein profiles due to their 
different biogenesis pathways, so far no specific protein has 
been identified to accurately discriminate between the two 
vesicle populations. This coud partially be due to the fact 
that plasma membrane-derived EVs and endosome intralu­
minal vesicles (ILVs) share important features as they bud 
away from the cytosol in contrast to other intracellular 
budding events that are required for trafficking between 
different compartments. Thus, their membrane orientation is 
identical to that of the cell surface, exposing the extracellular 
domains of the transmembrane proteins and enclosing 
cytosolic components. The protein composition of exosomes 
as components of EVs demonstrated exosmones are enriched 
with proteins associated with their biogenesis pathway 
(Villarroya-Beltri et al. 2014). This was further validated by 
the fact that compared to their cells of origin EVs are enriched 
with various components of the endosomal sorting complex for 
transport (ESCRT) machinery and its accessory proteins. The 
most common exosomal proteins represent those that are 
associated with membrane transport and fusion and others 
including cytoskeletal, metabolic, signalling and carrier 
proteins (Ibrahim and Marbán 2016). The classical biogenesis 
of exosomes is the most studied one. This classical process of 
exosome biogenesis involves the inward budding of the 
plasma membrane and the formation of intracellular MVBs 
containing ILVs (Kalluri and LeBleu 2020). This most 
recognised and studied pathway of exosome biogenesisis is 
driven by ESCRT complexes. The ESCRT is a family of proteins 
that associate in complexes at the membrane of MVBs to sort 
cargo and the formation of ILVs (Hanson and Cashikar 
2012), which are secreted as exosomes through MVB fusion 
to the plasma membrane and exocytosis. 

The biogenesis of exosomes in vivo is a complex process 
which involves several proteins including Ras-related protein 

GTPase Rab, Systenin-1, TSG101, Alix, syndecan-1, ESCRT 
proteins, phospholipids, teteraspanins, ceramindes, sphin­
gomyelinases and SNARE complex proteins (Simon et al. 
2018). Several factors including cell type, culture conditions 
and the physiological status of the cells are known to 
determine which putative key regulators of exosome biogen­
esis will be activated in vivo (Mathieu et al. 2019). As most 
studies reported mainly focused on the potential function of 
extracellular vesicles rather than on their origins, it is still 
unclear which sub-species of vesicles is responsible for a 
given physiological or functional effect. 

Through the EV-mediated cell-to-cell communication, 
several bioactive molecules are transferred to recipient cells, 
which may have a significant impact on the phenotype of 
the recipient cell. These phenotypic changes can be regulation 
of gene expression through de novo translation and post-
translational regulation of target mRNAs (Valadi et al. 
2007), and changes in miRNA level during stress response 
(Jacobs et al. 2013; Sohel et al. 2013; Gebremedhn et al. 
2020b). Due to their structural composition EVs can protect 
their cargo molecules from enzymatic degradation during 
their transit through extracellular environments (Keller et al. 
2011). This capability of EVs signifies their potential conver­
sion to vehicles for delivery of therapeutic proteins, RNA 
and drugs (Alvarez-Erviti et al. 2011; Tang et al. 2012). For 
this, EVs need to interact with the recipient cells in several 
uptake mechanisms (Mulcahy et al. 2014). Both direct and 
indirect evidence suggests that EVs internalised into recipient 
cells. Direct visualisation using flourescent lipid membrane 
dyes is the most common way for detecting EV uptake. Some 
of these dyes include PKH67, PKH26, rhodamine B (also 
called R18), DiI and DiD, which are lipophilic and other 
membrane permeable chemical compounds are also available 
including carboxyfluorescein succinimidyl ester (CFSE) 
and 5(6)-carboxyfluorescein diacetate (CFDA) (reviewed by 
Mulcahy et al. 2014). 

Extracellular vesicles can be uptaken by recipient cells in a 
variety of endocytic pathways, including clathrin-mediated 
endocytosis and clathrin-independent pathways such as 
caveolin-mediated uptake, micropinocytosis, phagocytosis 
and lipid raft-mediated internalisation. The choice of uptake 
mechanism used by a specific EV depends on molecular compo­
nents especially proteins and glycoproteins present on the 
surface of the EVs and the recipient target cells (Horibe et al. 
2018). The significant role of the protein components in EV-
recipient cell interaction has been validated by Proteinase K 
treatment of EVs, which has shown to reduce their uptake in 
ovarian cancer cells (Escrevente et al. 2011). Among the 
several proteins playing a role in EV uptake by recipient cells 
include tetraspanins, which are membrane proteins involved 
in various processes including cell adhesion, motility, acti­
vation and proliferation (Hemler 2005). Tetraspanins are 
known to be present on EV surfaces suggesting their role in 
EV function. Among those CD9 and CD81, which are known 
to be well-established markers of EVs are reported to be 
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involved in oocyte-spermatozoa and phagocyte fusion as 
reviewed by (Mulcahy et al. 2014). The significant role of 
tetraspanins in EV uptake by recipient cells has been evidenced 
by reduced EV uptake after treatment of recipient cells with 
antibodies against the CD81 or CD9 (Morelli et al. 2004). 

Clathrin-mediated endocytosis (CME), which involves 
internalisation of molecules through progressive and sequen­
tial assembly of clathrin-coated vesicles containing a range 
of transmembrane receptors and their ligands, has been 
reported to be one of the mechanisms in EV uptake by recipient 
cells. For example, treatment of cells with chlorpromazine 
(CME inhibitor) resulted in decreased uptake of EVs by 
ovarian cancer recipient cells (Escrevente et al. 2011). 
Similarly, clathrin-mediated endocytosis was found to be the 
dominant EV uptake pathway in the uptake of syncytiotro­
phoblast extracellular vesicle by endothelial cells (Cronqvist 
et al. 2020). 

Extracellular vesicles in the follicular 
microenvironment 

Initially, described in the late 1980s from the endosomal 
pathway, EVs were viewed solely as a discarding mechanism 
for membrane proteins with little to no understanding of their 
wide range, functional outcome as a conveyor of cellular 
information (Raposo and Stoorvogel 2013). More recently, 
EVs natural role in genetic information transfer as carriers of 
bioactive molecules has propagated their substantial interest 
as agents for multidirectional crosstalk (Valadi et al. 2007). 
The increasingly investigated phenomenon of the bidirectional 
communication of EVs can be summed up directly through gap 
junctions (GJ)/transzonal projections (TZPs) as well as 
indirectly through various endocrine, paracrine and autocrine 
signalling pathways (Bosco et al. 2011). EVs are known to be 
acted on by Rab GTPases (Rab 27a/Rab 27b) to promote 
their secretion and release (Ostrowski et al. 2010), which 
can be validated through the enrichment of protein markers 
like CD63 and ALIX. Once released into the extracellular 
space, EVs potential mediation of cellular communication is 
initiated but not limited to receptor–ligand interactions or 
even fusion with the target cells membrane to initiate the 
off-loading of cargo, thereby adjusting the physiological 
existence of the target cell (Tkach and Théry 2016). 

The follicle microenvironment consists of the oocyte and 
subsequent somatic cells, as well as a variable volumes of 
follicular fluid based on the maturity of the follicle and 
derived primarily from circulating plasma (Fortune 1994). 
The bidirectional crosstalk between the oocyte and granulosa 
cells is dependent on a functional network of gap junctions 
thought shuttle factors like proteins (insulin) and hormones 
(progesterone (P4) and oestradiol (E2)) (O’Shea et al. 2012) 
necessary for proliferative development (Brower and Schultz 
1982). Communication intricacies between the oocyte and 

subsequent somatic cells have added a supplementary layer 
of bidirectional crosstalk inducing principal processes like 
folliculogenesis and meiotic resumption, ultimately leading 
up to and past early embryonic development (Senbon et al. 
2003). A fundamental point of interest currently being 
evaluated, is the precise molecular content of EVs and the 
method of molecular transmission mediating cell-to-cell 
communication. In bovines, it has been shown that follicular 
fluid (FF) EVs induce the proliferative capacity of granulosa 
cells to act on the oocyte through Src, PI3K/Akt and MAPK 
signalling pathways (Hung et al. 2017). Nevertheless, the 
functional effects noted through increased expression of 
cumulus expansion marker genes, cultivates such commu­
nication within the follicle microenvironment (Da Silveira 
et al. 2012). The novelty of this finding stems from 
potentially modulating the developmental competence of 
oocytes matured in vitro by mimicking the in vivo LH-surge 
through EV co-incubation (Conti et al. 2012). Interestingly, 
granulosa cells have the ability to preferentially uptake EVs 
based on the follicle size, eluding to a differential cargo 
composition associated with dominant and subordinate follicle 
size (Hung et al. 2015). Dually noted as prime carriers of 
bioactive molecules, extra-cellular miRNAs have emerged as 
a key proponent loaded within EVs. In fact, expression of 
variable miRNA profiles has been eluded too in humans 
(Santonocito et al. 2014), bovine (Sohel et al. 2013) and
equine (Da Silveira et al. 2012). As transporters of differing 
miRNA profiles, FF EVs are harnessed with direct targets to 
mitigate pathways associated with follicular growth and 
oocyte maturation, such as the wingless signalling pathway 
(WNT), transforming growth factor beta (TGF-β), mitogen 
activated protein kinase (MAPK) and epidermal growth factor 
receptor (ErbB) (Sohel et al. 2013). Interestingly in bovines, 
miR-640, miR-526b* and miR-381 were abundantly present 
in theca cells versus miR-373, miR-30e* and miR-19b-1* 

being expressed more in cumulus oocyte complexes (COCs) 
(Sohel et al. 2013). This in fact signifies that differentially 
expressed miRNAs can be dependent on indicators relevant 
to basic origin and physiological status, suggesting the ability 
to pinpoint relative miRNAs via cause and effect relationships 
associated with reproductive misfunction. 

EV-mediated sperm capacitation 

Ejaculated sperm must pass through the female reproductive 
tract in order to fertilize an egg. During this transition through 
the female reproductive track there will be removal of seminal 
plasma components and exposure to the reproductive tract 
secretions. Despite the short period, this process is critical 
for inducing sperm capacitation, which involves an increase 
of the membrane structure and fluidity due to a removal of 
cholesterol from the sperm plasma membrane and increase of 
sperm intracellular calcium and bicarbonate ion permeability 
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(Burton and McKnight 2007). These modifications are 
associated with induction of the tyrosine phosphorylation of 
a subset of sperm proteins, which is mediated by the cyclic 
AMP (cAMP)-dependent protein kinase A (Visconti and Kopf 
1998). Supporting a role of the uterine cells in sperm capac­
itation, human spermatozoa co-incubated with endometrial 
cell-conditioned medium showed an increase in protein 
tyrosine phosphorylation (Laflamme et al. 2005). The first 
exposure of spermatozoa with reproductive tract EVs start in 
the vagina, where vaginosomes (EVs present in the vaginal 
luminal fluid) come in contact with the ejaculated sperm, 
which could have an effect on its functionality. Enhanced 
progesterone-induced acrosome reaction could be induced 
by exposure for 30 min to vaginosomes in non-capacitating 
condition (Fereshteh et al. 2019). In the same study the 
coincubation of spermatozoa with EVs derived from vaginal 
luminal fluids results in elevation of cells with highest expres­
sion of sperm adhesion molecule 1 (SPAM1), PMCA1/4 
and PMCA1 compared to those incubated in phosphate 
buffered saline solution. A significant level of PCMA4, which 
is a membrane protein involved in the Ca2+ efflux pump in 
murine sperm, was detected in the EVs derived from murine 
vaginal, oviductal and uterine luminal fluid and the flow 
cytometry analysis of caudal sperm incubated with luminal 
fluids EVs showed increased expression of PMCA4a, which 
demonstrated the in vitro uptake of luminal EVs by sperm 
(Al-Dossary et al. 2013). The coincubation of human sperma­
tozoa in the presence of uterosome-like vesicles derived from 
conditioned media of endometrial epithelial cells resulted 
sperm capacitation as determined by the increase in the level 
of induced acrosome reaction and induction of protein 
tyrosine phosphorylation (Franchi et al. 2016). A similar 
study in humans revealed that spermatozoa can internalise 
EVs released from cultured primary endometrial cells and 
result in sperm capacitation and acrosome reaction as mani­
fested by increased protein tyrosine phosphorylation (Murdica 
et al. 2020). EV internalisation was successfully blocked 
by incubation with filipin suggesting that an energy-
dependent process probably attributable to the lipid-raft 
domain mediated-endocytosis to be the main mechanism of 
EV uptake by the spermatozoa. 

EVs: insightful index for physiological status 

Stress negatively affects reproductive efficiency, which is seen 
through an imploding decline in mammalian fertility and 
overall decrease in livestock productivity. In vitro culture 
systems have been extensively utilised in attempts to mimic 
both environmental and metabolic stressors believed to have 
deleterious effects on oocytes, fertilisation, preimplantation, 
and embryonic development (Edwards and Hansen 1996; 
Rivera and Hansen 2001). Extracellular miRNAs have also 
more recently been outlined for their potential role as 

disease biomarkers, or molecules used for detecting disease/ 
prognosis progression (Galimberti et al. 2014; Hailay et al. 
2019). Found in most biological fluids, and recognising the 
stability and ease of access to obtain samples, changes in 
circulating miRNA profiles have been noted in human and 
mice studies correlated to obesity (Can et al. 2016; Castaño 
et al. 2018), type 2 diabetes (Kong et al. 2011; Higuchi et al. 
2015), ageing (Kirkman et al. 2012; Dhahbi et al. 2013; 
López-Otín et al. 2013), polycystic ovarian syndrome (PCOS) 
(Hu et al. 2020) and various female reproductive cancers 
(Liang et al. 2013; Che et al. 2020; Lv et al. 2021). For instance, 
EVs preferentially loaded with obesity-related miRNA mimics 
(miR-122, miR-192, miR-27a and miR-27b) and repeatedly 
injected into lean mice, developed a profound insulin 
resistance and dyslipidemia, eluding to these specific miRNAs  
role in indicating the pathophysiology of obesity and potential 
links to type 2 diabetes (Castaño et al. 2018). Commonly 
associated with a multi-faceted downregulation in propagating 
miRNA, specific indications like miR-125b, miR-342; miR­
133b, miR-214 are proposed in correlation to neurode­
generative diseases like Alzheimer’s and Parkinson’s diseases 
(Galimberti et al. 2014; Cheng et al. 2015; Dong et al. 2016; 
Rosas-Hernandez et al. 2018). Alternatively, a massive 
prevalence affecting female infertility is the reproductive 
abnormality known as Polycystic Ovarian Syndrome (PCOS), 
whose mechanism of action has yet to be full elucidated. 
Although, in more recent times, extracellular circulating 
miRNAs have been analyzed from PCOS follicular fluid at 
differential expression levels. Furthermore, increased expres­
sion levels of miR-146a-5p and miR-126-3p have been 
dually noted as a direct target of the MAPK and TGF-β 
signalling pathways, essential for reproductive function (Che 
et al. 2020; Jiang et al. 2021). Overall, this suggests that the 
EVs role in detailed cell-to-cell communication is essential, not 
only as an indicator of origin, but also as a potential biomarker 
for various pathophysiological conditions as illustrated in 
Fig. 1. 

EV-mediated signalling during oviduct/ 
uterine-embryo communication 

Following ovulation, the oocyte goes to the oviduct for 
fertilisation and subsequent cleavage stage development. The 
process of sperm capacitation and fertilisation and early stage 
cleavage of mammalian embryos is supported mainly by 
secretions of the oviduct, which are complex and contain 
growth factors, hormones, proteases, antioxidant proteins, 
immune system proteins, metabolites, lipids and heat shock 
proteins (Avilés et al. 2010; Coy et al. 2012). For this, the 
oviductal epithelium, which is composed of ciliated and 
secretory cells, is involved in the secretion of oviductal fluid 
that has an important role in gamete maturation, fertilisation 
and embryo developmental competence (Leese et al. 2008; 
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Fig. 1. Extracellular vesicle mediated molecular signalling in the ovarian follicle. Schematic representation of extracellular vesicles 
within the follicle microenvironment, a key proponent of bidirectional crosstalk inducing oocyte growth and maturation, and 
subsequent physiological index to stress and pathophysiological conditions. Extracellular vesicles serve a mass transit mechanism for 
bioactive cargo such as miRNA, mRNA, proteins, lipids and metabolites, inducing the proliferative capacity of granulosa cells to act 
on the oocyte through various signaling pathways (EVs, extracellular vesicles; HO, hormones; PR, proteins; AO, antioxidants; ME, 
metabolites; GF, growth factors; LI, lipids). 

Avilés et al. 2010). Considering their implication for important 
events in female reproduction including fertilisation, early 
embryo development and implantation, research in the field 
of intercellular communication in the oviduct and uterine 
environment has increased exponentially in the last years. 
During in vivo development the embryo interacts with the 
surrounding cells in the oviduct and uterus to survive and 
develop to term (Fazeli 2011). Among the various compo­
nents of the oviductal fluid, EVs are identified for the first 
time in murines being designated as oviductosomes 
(Al-Dossary et al. 2013) and found to mediate embryo and 
maternal communication (Cruz et al. 2018). The beneficial 
role of EVs in carrying molecular signals during embryo 
maternal communication has been evidenced by the fact that 
EVs from the in vivo oviductal fluid and from conditioned 
media of bovine oviductal epithelium cells showed a positive 
impact on embryonic development in vitro (Lopera-Vásquez 
et al. 2016; Almiñana et al. 2017; Sidrat et al. 2020; Asaadi 
et al. 2021). 

So far, several studies have been conducted focusing on the 
oviductal fluid EVs in relation to the stage of ovarian cyclicity 
and the site in the oviduct or EVs secreted by cultured primary 
oviductal cells. Deciphering the oviductal EV content at 
different stages of the oestrous cycle including post-ovulatory 
stage, early luteal phase, late luteal phase and preovulatory 
stages revealed the content of EVs (miRNAs, rRNA fragments, 
tRNA fragments, snRNA, snoRNA and other ncRNA) to be 
under steroid hormone regulation (Almiñana et al. 2018). In 
that study major differences were observed between post­
ovulatory and the rest stages analyzed. Very interestingly, 
miR-34c and miR-449a, which are known to be involved in 
defective cilia in the oviduct and associated with infertility, 
are among the differentially abundant miRNAs. The hormonal 
regulation of EV content has also been evidenced by the 
differential protein profile between in vivo derived oviductal 
fluid EVs and those EVs secreted by bovine oviductal 
epithelial cells culture in vitro (Alminana˜ et al. 2017). A 
similar study in sheep also indicated that the amount of EVs 
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in the uterine lumen increased after P4 treatment suggesting 
that P4 may be involved in regulation of the release of EVs 
from endometrial epithelial to the uterine lumen (Burns et al. 
2018). On the contrary, in addition to provision of lipids for 
cellular growth in elongating conceptus, EVs in the uterine 
lumen fluid may also be involved in conceptus production of 
prostaglandins (Burns et al. 2018). 

Due to the lack of the female reproductive tract, embryos 
cultured in vitro are under suboptimal conditions leading to 
lower blastocyst and pregnancy rates (Pontes et al. 2009). 
However, embryos are known to support each other during 
group culture by secreting autocrine factors which act upon 
the embryo itself or on neighboring embryos (O’Neill 2008). 
Therefore, culturing embryos in groups has been found to 
improve embryo developmental rates and quality in various 
mammalian species, including cattle (Donnay et al. 1997; 
O’Doherty et al. 1997), pigs (Stokes et al. 2005), and humans 
(Almagor et al. 1996; Ebner et al. 2010). The importance of 
autocrine factors for embryo survival and development is 
evidenced with the development of the well-of-the-well 
system, which has been successfully applied in bovine 
(Hoelker et al. 2010), porcine (Taka et al. 2005), mouse and 
human (Vajta et al. 2008) embryos. In an attempt to com­
pensate the missing signalling factors from the reproductive 
tract several studies have been performed to investigate the 
role of coculture of bovine oviductal epithelial cells, cumulus 
cells and granulosa cells as reviewed by (Wydooghe et al. 
2017). The preimplantation embryos are able to secrete the 
autocrine embryotropins in several ways including active 
secretion, passive outflow or extracellular vesicles as molecular 
cargo vehicles. The role of extracellular vesicles in this inter 
embryo communication has been evidenced in bovine 
embryos (Pavani et al. 2019). In support of this, fluorescent 
labelled EVs were found to be taken up by embryos passing 
through the glycoprotein layer zona pellucida in bovine 
(Pavani et al. 2019) and porcine (Saadeldin et al. 2014) 
preimplantation embryos. Recently, the study conducted by 
(Burns et al. 2018) demonstrated that EVs isolated from the 
media conditioned by cultured ovine Day 14 conceptuses can 
be up taken by uterine epithelium, but not by other maternal 
tissues including the ovary, corpus luteum, parametrial 
lymph nodes or lung, thus serve as a novel form of intercellular 
communication during the establishment of pregnancy. 
Proteomic analysis of conceptus secreted EVs revealed the 
presence of 231 proteins representing those as structural 
components of EVs and the majority involved in various 
signalling pathways associated with pregnancy establishment 
(Burns et al. 2016). 

Extracellular vesicles have been identified in the uterine 
lumen of various species including cattle, sheep, human, pigs 
and mice (Ng et al. 2013; Vilella et al. 2015; Greening et al. 
2016). The EVs in the uterine luminal fluid are likely to 
have originated from both the luminal epithelium and the 
glandular epithelium of the uterus (Racicot et al. 2012). The 
beneficial role of uterine lumen fluid derived EVs in 

conceptus elongation was evidenced recently (Burns et al. 
2018). The way of transmission of EVs to elongated embryos 
is postulated to follow the mechanisms of direct fusion 
resulting in provision of lipids, RNA, and proteins cargo and 
results in stimulation of conceptus elongation via regulation 
of gene expression. Labelled EVs isolated from the ovine 
uterine fluid, transferred to ovine trophectodermal cells in vitro 
within 2 h of co-incubation, resulted in both increased prolifer­
ation and release of interferon τ (the ovine pregnancy recogni­
tion signal) in a dose dependent manner (Ruiz-González et al. 
2015). In the same study, uterine flushing EVs from cyclic and 
pregnant ewes revealed the presence of mRNAs for enJSRV-
ENV, HSC70, interleukins, and interferon (IFN)-regulatory 
factors. MicroRNAs 21 and 29a which were found to be 
present in EVs from the uterine luminal fluid of Day 14 
cyclic and pregnant sheep (Burns et al. 2014), are known to 
activate the TLR 7/8 (Fabbri et al. 2012). Therefore, 
EVs in the uterine lumen fluid from the uterine epithelium 
may be involved in stimulation of IFNT production and 
subsequent conceptus growth via TLR activation. 

Despite substantial differences in EV content depending on 
the anatomical and functional differences between different 
parts of the oviduct and stage of the oestrous cycle (Almiñana 
et al. 2018; Gatien et al. 2019), oviductal proteins are found 
to be enriched with proteins of protective properties 
including heat shock proteins and proteins associated with 
oxidative stress response, which may shuttle these protective 
messages to the embryos to provide protection against envi­
ronmental or physiological stressors as a positive by-stander 
effect as observed in bovine granulosa cells (Gebremedhn 
et al. 2020b). Several studies have evidenced that supple­
mentation of oviductal EVs to in vitro cultured embryos 
enhances the viability and developmental capacity of embryos 
by modulating the molecular composition and physiology of 
the embryos. Recent study in rabbits has demonstrated 
that the oviductal fluid which is enriched with melatonin 
could reduce reactive oxygen species (ROS) accumulation, 
5-methycytosine (5-mC) and increase in blastocysts rate after 
supplementation in vitro (Qu et al. 2020). In the same study, 
supplementation of the combination of EVs and melatonin 
led to similar results as well as a significant decrease in 
the apoptosis index and increase in inner cell mass (ICM)/ 
trophectoderm (TE) index. Supplementation of bovine 
oviductal fluid and/or uterine fluid in a stage specific 
manner in vitro at a level of 1.25% resulted in increased 
blastocyst rate, upregulation of genes related to epigenetics 
(DNMT3a and IGF2R), and reduced accumulation of ROS 
compared to those cultured with SOF + FCS (Hamdi et al. 
2018). The positive contribution of EVs from oviductal fluid 
derived from ampillary or isthmus of the oviduct to early 
embryo development in vitro has been reported (Lopera-
Vasquez et al. 2017). In that study, supplementation of 
oviductal EVs resulted in increased survival rate of blastocysts 
following cryotolerance. Moreover, gene expression analysis of 
the resulting blastocysts showed elevated expression of water 
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channel AQP3 and DNMT3A and SNRPN transcripts. Similarly, 
the supplementation of EVs derived from conditioned media of 
cultured bovine oviductal epithelial cells had no effect on 
blastocyst yield however, increased trophectoderm cells and 
modulation of the expression of developmentally related genes 
(Lopera-Vásquez et al. 2016). The positive impact of bovine 
oviductal epithelial cells conditioned media and EV supple­
mentation in vitro cultured bovine embryos evidenced that 
molecular signals carried by EVs in conditioned media play 
the major role in providing factors missing in the in vitro 
environment. 

Involvement of EVs in mediating stress 
coping mechanisms during mammalian 
follicular development 

Throughout the productive lifespan, dairy and beef cows are 
exposed to several exogenous and endogenous sources of 
stress, which pose detrimental impacts and contribute to the 
significant disruption in the physiology of reproduction. 
Among the key stressors, environmental stressors, including 
oxidative, heat, cold, and others (Li et al. 2016; Saeed-
Zidane et al. 2017; Baddela et al. 2018) and endogenously 
generated stressors due to the disruption of the various 
metabolisms (Beam and Butler 1997), are widely reported to 
impair female reproductive physiologies. 

One of the greatest achievements of the past five to six 
decades in animal farming is the advancements in setting the 
breeding goals and the intensive selection of farm animals 
for traits of interest with huge economic implications. For 
this, the incorporation of genetic scores (i.e genomic selection) 
into the breeding program and selection procedures has 
facilitated the genetic gains in a very short period (Meuwissen 
et al. 2001). It has been reported that the intensive selection of 
cows for higher milk yield has resulted in a significant 
increment in the net amount of yields produced. Nevertheless, 
a concomitant compromise in the reproductive performance 
traits is reported, which shades negative consequences to the 
profitability of farms due to increased culling of less fertile 
cows in dairy farms (Lucy 2001). It has been reported that 
the deteriorating reproductive performance of dairy cows is 
associated with the higher milk yield per cow, which could 
be attributed to the antagonistic relationship between the 
fertility and production traits of dairy cows (Hansen 2000). 
Exposure of cows to both environmental and metabolic 
stressors are reported to affect the ovarian functions mainly, 
the steroidogenic capacity of the follicles, leading to disruption 
of the oestradiol production capacity of the dominant follicle, 
which in turn impair ovulation and subsequent postovulatory 
processes (Wolfenson et al. 1997; Roth et al. 2001), reduce the 
developmental competence of the oocyte and the capacity to 
reach the blastocyst stage (Roth and Hansen 2005; 
Nabenishi et al. 2012). One of the fundamental impacts of 

exposure to both metabolic and environmental stressors is 
the disruption of intrafollicular bidirectional communication 
between the follicular cells and the corresponding oocyte. 
The presence of EVs in the follicular fluid of cows has been 
reported to be associated with the developmental competence 
of the oocyte (Sohel et al. 2013). Thus, the exposure to stressors 
could modify the content of the bioactive molecules 
encapsulated in the EVs and could also serve as reflectors of 
the stress exposure. The specific impact  of  the  environmental
and metabolic stressors in the cargo of the EVs is discussed 
below. 

EV-mediated molecular signaling during thermal 
stress 

Summer heat stress is reported to negatively affect the 
maturation of oocytes, growth, and steroidogenesis of follicular 
cells, the development of the corpus luteum, and the receptivity 
of the maternal endometrium (Roth et al. 2001; Roth and 
Wolfenson 2016). Oocytes collected during the summer 
period are reported to have impaired microtubule rearrange­
ments and deformed spindle apparatus, which disrupt the 
nuclear maturation and reduce the fertilization rate (Roth 
and Hansen 2005; Nabenishi et al. 2012). In addition, oocytes 
collected during the summer season are shown to have a higher 
level of oxidative stress and apoptosis, which is attributed to 
the lower mitochondrial distribution (Roth 2017). Previously, 
we showed that bovine granulosa cells subjected to heat stress 
trigger the expression of heat shock proteins (HSP), mainly the 
HSP70 and HSP90 accompanied by excessive accumulation of 
reactive oxygen species (ROS) and reduced viability of cells 
(Alemu et al. 2018). A similar phenomenon is also reported 
in other studies that the HSP70 is among the significantly 
enriched member of the HSPs and apoptosis is induced by 
the activation of the endoplasmic reticulum and production 
of excessive ROS (Hou et al. 2014; Li et al. 2016). One of the 
widely discussed benefits of EVs is their involvement in 
releasing cellular toxicants into the extracellular space 
(Kosaka et al. 2013). This was previously shown that EV-
mediated pathway is the prime cause of the intracellular 
β-catenin pool reduction (Chairoungdua et al. 2010), which 
suggests the crucial role of EVs in selectively encapsulating 
and releasing cellular contents to maintain cellular hemostasis. 

In line with this, the elevated cellular reserve of HSPs is also 
reflected in the EVs released from cells subjected to heat stress 
and are involved in improving the immune-related cellular 
responses (Lancaster and Febbraio 2005; Zhan et al. 2009). 
The release of EVs enriched with HSP from cells subjected to 
heat stress shows that EVs could be considered as the 
reflectors of the cellular stress conditions (de Maio 2011). 
EVs of heat-stressed cells pose a bystander effect to the 
unstressed neighbouring recipient cells, which is reflected by 
the reduced rate of apoptosis and DNA damage in the 
recipient cells (Bewicke-Copley et al. 2017). In addition, the 
result demonstrated that EVs from heat-stressed cells have 
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the potential to protect cells from subsequent heat stress. 
Recently, we reported the EV-mediated transfer of protective 
bioactive molecules in bovine granulosa cells (Gebremedhn 
et al. 2020b). In the same study, granulosa cells subjected to 
heat stress release a significantly higher number of EVs 
enriched with HSPs, antioxidants, and GRPs compared to the 
cells incubated at normal temperature. Among the other 
components of the stressed EVs, bta-miR-1246, bta-miR-374a, 
and bta-miR-2904 are abundantly present, from which the 
miR-1246 is also reported to be among the miRNAs 
abundantly present in the circulation of dairy cows subjected 
to summer heat stress (Zheng et al. 2014). Moreover, we 
showed that prior priming of granulosa cells with the EVs 
derived from granulosa cells subjected to heat stress transferred 
protective molecules to the recipient cells against subsequent 
heat stress, in which the stress EVs supplemented cells had a 
significantly lower accumulation of intracellular ROS, 
improved cell viability and reduced level of apoptosis. The 
most interesting finding of this experiment is that the 
protective impact of the stressed EVs is pronounced only 
when the primed cells are subjected to recurrent heat stress 
(Gebremedhn et al. 2020b). This suggests, the stress 
condition at the receiving end determines the type of role 
that is incurred by the uptaken EVs. Recently, we looked 
deeper into our recently published data, which is the 
expression of miRNAs and the dynamics of the abundance of 
miRNAs between the cells and the corresponding EVs upon 
exposure to heat stress and we showed that there is no single 
pattern of release of miRNAs into the extracellular space, 
rather multiple patterns depending on the cellular function 
of the miRNAs, which are preferentially enriched upon 
exposure to stress (Gebremedhn et al. 2020a). Similarly, the 
beneficial effect of EVs derived from the follicular fluid of 
cows is also reported in reversing the heat stress damage 
incurred on oocytes and further improved both the cleavage 
and blastocyst rates (Rodrigues et al. 2019). The most 
intriguing fact of this finding is that supplementation of both 
whole follicular fluid and only EVs derived from the same 
follicular fluid samples showed to have a positive impact in 
reversing the heat damage on oocytes. Nevertheless, supple­
mentation of follicular fluid devoid of the EVs had not 
reversed the heat stress damage. This signifies that EVs in 
the follicular fluid are the major players of a crucial role in 
protecting oocytes from heat stress and enhance oocyte 
maturation and function. 

EV-coupled molecular cargo as indicators of 
metabolic stress 

Over the past decades, dramatic changes in the amount of milk 
produced per cow as a result of combined effects of genetic 
selection for milk yield, improvements in the management of 
dairy farms, and nutrition are some of the key achievements 
in the sector. Nevertheless, this dramatic shift in milk yield 
has caused a significant decline in reproductive efficacies 

(Lucy 2001). One of the key aspects of the fertility decline in 
high-yielding dairy cows is attributed to the imbalances in 
the energy intake and expenditure, which causes post-partum 
negative energy balance (NEB) (Beam and Butler 1999). The 
unfavourable metabolic changes in post-partum cows under 
NEB impairs follicular development and the developmental 
competence and quality of the enclosed oocytes (Walters 
et al. 2002). In addition, downregulation of genes associated 
with proliferation and steroidogenesis potential, which 
indicates the impaired maturity of oocyte was reported in 
granulosa cells derived from the early postpartum period. 
Interestingly, the p38 mitogen-activated protein kinase path­
way is one of the downregulated pathways, which is affected 
by vitamin A availability, suggesting the important role of 
vitamin A supplementation in mitigating postpartum NEB 
(Golini et al. 2014). To tackle the early postpartum energy 
deficit, high-yielding dairy cows mobilise their adipose tissue 
reserve, which in turn causes elevation of free fatty acids 
(FFA) in the circulation (Contreras and Sordillo 2011). The 
quality of the oocyte and granulosa cells of early postpartum 
cows is affected by the composition of the follicular fluid 
and serum, which is characterised by elevated concentration 
of non-esterified fatty acid (NEFA) and β-hydroxybutyrate 
(BHB) concentrations (Leroy et al. 2004). The circulation of 
cows under NEB is reported to have significantly elevated 
NEFA, mainly the stearic acid (C18:0), palmitic (C16:0), and 
oleic acid (C18:1) (Rukkwamsuk et al. 2000). The toxic 
effect of NEFA during follicular development was further 
verified in an in vitro granulosa cells culture, in which the 
proliferation was significantly reduced and the rate of apop­
tosis was significantly higher upon treatment with both the 
palmitic and oleic acids (Vanholder et al. 2005). The content 
of the EVs in cows’ circulation could also be affected by the 
postpartum energy status. 

To examine this, recently we experimented on early 
lactating dairy cows with divergent metabolic status. For 
this, sequential follicular fluid and oocyte aspiration was 
performed in cows from the fifth to the tenth weeks post­
partum. The energy status of the cows was assessed by 
profiling the concentration of the NEFA and BHB. The 
expression of the miRNAs release via EVs was assessed and it 
was found that the miRNA profile of EVs released from cows 
under NEB showed massive deregulation and cows under 
positive energy balance have a similar expression of miRNAs 
in the EVs released from the follicular fluid of transient cows 
(Hailay et al. 2019). The miRNAs that are persistently 
downregulated in the EVs of cows under NEB, including the 
miR-132, miR-451, miR-486 and miR-874 and miR-2285 are 
predicted to be involved in biological pathways associated 
with ovarian function including the TGF-β signalling, lysine 
degradation, cell cycle, FOXO signalling, mTOR signalling 
and others. The difference in miRNAs of the follicular 
fluid EVs is also reflected in the epigenome profile of the 
corresponding oocytes, which showed massive differentially 
methylated regions (DMRs) in oocytes derived from NEB 
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cows compared to cows under positive energy balance (Poirier 
et al. 2020). Interestingly, among the differentially methylated 
genomic regions in the oocyte of early potpartum cows, we 
found genes involved in important pathways including carbon 
metabolism, and fatty acid metabolism. Moreover, oocytes 
of postpartum cows are differentially methylated in some 
imprinted genes namely, MEST and GNAS suggesting the 
impact of postpartum NEB on the acquisition of imprinting. 

EV-mediated cellular response to oxidative stress 

Oxidative stress is a phenomenon, which is caused when the 
production of ROS overwhelms the cellular production of 
antioxidants that scavenge the ROS (Burton and Jauniaux 
2011). However, it is worth mentioning that a moderate 
level of ROS production is necessary for maintaining cellular 
homeostasis and for important stages of follicular devel­
opment. For instance, ROS produced by the ovary during the 
follicular stage of the oestrous cycle is reported to induce 
apoptosis in granulosa and break the wall of the preovulatory 
follicle and facilitate the ovulation process (Shkolnik et al. 
2011). This implies that the amount of ROS production and 
the ROS scavenging antioxidants production depends on the 
stage of the follicular development (Agarwal et al. 2012). To 
understand the impact of the ROS radicals on follicular 
development, the half-life and ability to be translocated into 
the nucleus of the cells are important to take into consideration. 
Among the free radicals, H2O2 is widely utilised as a model for 
in vitro functional studies (Aprioku 2013). We previously 
reported that granulosa cells exogenously treated with a 
mild dose of H2O2 resulted in excessive accumulation of ROS 
and activation of the key transcription factor and downstream 
antioxidant genes of the NRF2-mediated oxidative stress 
signalling pathway: namely NRF2, CAT, TXN1, and PRDX1 
(Saeed-Zidane et al. 2017). In the same experiment, exam­
ination of the spent culture media revealed that granulosa 
cells treated with H2O2 released higher number of EVs and 
those EVs are enriched with some of the antioxidants that 
were enriched in the cells. This is in agreement with the 
hypothesis that cells under stress utilise the EVs-mediated 
pathway to release cellular toxicants (Kosaka et al. 2013). 
Co-incubation of granulosa cells with these EVs after exposing 
cells to H2O2 reduced the accumulation of ROS but did not 
reduce the expression of the oxidative stress-related genes, 
which could be because of the fact that treatment with H2O2

caused significant transcriptional alteration that could not be 
reversed by the supplementation of stressed cells derived 
EVs (Saeed-Zidane et al. 2017). However, EVs supplemented 
to cells before the exposure to oxidative stress incurred a 
protective message to the recipient cells upon subsequent 
exposure to H2O2 (Eldh et al. 2010). It is worth noting that 
the time of the EVs supplementation is critical for the 
delivery of bioactive molecules to either rescue or protect cells 
from oxidative stress. 

Taken all together, EVs of reproductive cells could be 
essential mediators of environmental and physiological 
stress. EVs released from reproductive cells subjected to 
various stressors are enriched with a multitude of bioactive 
molecules, mainly, miRNAs, stress-associated genes, and 
methylation modulators. These bioactive molecules could be 
implicated in improving cellular stress tolerance, improving 
the outcome of ARTs, and serve as remedies against stress-
associated pathophysiological conditions. The aforementioned 
phenomenon is briefly illustrated  in  Fig. 2. 

The potential of EVs in reproduction and 
related fields 

Recent developments in modification of EVs facilitated the 
monitoring and tracking, interaction and transfer in vivo and 
in vitro (Lai et al. 2015). In that study engineered optical 
reporters were used to label multiple EV populations for 
visualization and tracking of tumour EV release, uptake and 
exchange between cell populations both in vitro and in vivo. 
Due to the variability in EV internalization mechanisms that 
exist between cell types, use of specific inhibitors provide a 
useful tool to study cell specific uptake mechanisms. For this, 
several inhibitors have been developed, including chlor­
promazine to investigate clathrin-mediated uptake (Mulcahy 
et al. 2014), and specific RDG inhibitory peptides to target 
integrin-mediated EV uptake (Hoshino et al. 2015). Further 
research is needed to investigate the precise mechanisms 
that underline a specific EV entry into selected target cells 
and, importantly, the way to control the process. 

An increasing amount of studies have evidenced the key role 
of EVs in regulating the different aspects of the reproduction 
process including gamete (sperm and ova) maturation, 
sperm capacitation, prevention of polyspermy, oviduct/ 
uterine-embryo communication and even communication 
between in vitro-cocultured embryos (Machtinger et al. 2016). 
Following the preimplantation developmental process, EV 
production and function continue throughout pregnancy 
with the placenta and uterine epithelium to be the main 
source of EVs in maternal-embryo communication (Burns 
et al. 2016). Follicular microenvironment, which is filled 
with follicular fluid, is a place for successful maturation of 
oocytes during the process of folliculogenesis. The easy 
availability of follicular fluid during oocyte aspiration in 
human and animals assisted reproductive technology 
procedures makes it attractive in the search for biomarkers 
associated with oocyte quality. Previous studies in bovines 
demonstrated the presence of specific miRNA signatures 
coupled in exosomal and nonexosomal portions of the follicular 
fluid based on the growth status of the oocytes, thereby 
developmental competence (Sohel et al. 2013). Similarly, EV 
coupled miRNAs were also found to be associated with 
advanced maternal aging in mares (Da Silveira et al. 2012). 
Similarly, comparative analysis of miRNA isolated from 
EVs derived follicular fluid of young versus older women 
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Fig. 2. A hypothetical model showing the response of reproductive cells the release of EVs enriched with stress-
associated molecules including, miRNAs and methylation modulators, which could have important implications in 
improving the stress tolerance, the outcome of ARTs procedures, and possible remedies for stress associated 
pathophysiological conditions. 

revealed differential expression of miRNAs targeting genes 
associated with heparin-sulphate biosynthesis, carbohydrate 
digestion and absorption, p53 signalling and cytokine– 
cytokine–receptor interaction (Diez-Fraile et al. 2014). 

The use of successful ART is increasingly required to tackle 
age related infertility problems in humans. Similarly, an 
increase in selection for production traits in the cattle 
industry resulted in an increasing decline in fertility. However, 
the outcome from current ART procedures is far from optimal 
in terms of pregnancy success after transfer of the resulting 
blastocysts. Two factors contribute to this low success rate of 
ART. Firstly, embryo selection for transfer to recipient has 
inherent limitation which is mainly dependent on morpho­
logical assessment without considering the inherent quality 
of the embryo in inducing pregnancy (Fragouli et al. 2014). 
Secondly, the in vitro handling of gametes and embryos 
under suboptimal culture conditions can induce damage to 
the functional and structural units of embryos which affect 
their developmental competence to induce pregnancy after 
transfer. One of the main reasons for the suboptimal condition 
of mammalian ART is the absence of reproductive tract factors 
during in vitro culture of gametes and embryos. To tackle this 
problem several studies have tried to supplement reproductive 
tract fluids in the existing ART and could improve the quality of 
the resulting embryos. Several studies have demonstrated the 
presence of EVs in bovine follicular fluid and oviductal fluid 

and their molecular cargo composition is governed by the 
physiological status of the host animal. Those changes in 
molecular cargo carried by EVs is supposed to create optimal 
conditions for oocyte growth, sperm capacitation, gamete 
transport, fertilisation and preimplantation embryo devel­
opment. Similarly, the protein content of uterine EVs 
released by in vitro cultured human endometrial epithelial 
cells is found to be altered by oestrogen and progesterone 
treatments suggesting hormonal regulation of EV cargo from 
uterine cells (Greening et al. 2016). A systematic analysis of 
bovine reproductive fluid EV contents demonstrated that 
they carry functional molecules associated with heat shock 
proteins, antioxidants, energy metabolism, amino acid 
biosynthesis and regulatory miRNAs targeting genes associated 
with various functional physiology of the oviduct (Almiñana 
et al. 2017, 2018; Hailay et al. 2019). 

As it is a natural milieu for oocyte maturation in the ovarian 
follicle, follicular fluid has been utilised as supplement during 
IVM procedures and positive impact has been reported. The 
positive impact of follicular fluid on oocyte maturation 
in vitro is attributed to its protein, cytokine, growth factors, 
steroids, metabolites and other substances present in the 
follicular fluid (Sutton et al. 2003). Several studies have 
been conducted using different levels of follicular fluid and 
positive impacts in terms of increased blastocysts cell number 
(Kim et al. 1996), increased inner cell mass number and higher 
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cleavage rate of oocytes matured with follicular fluid collected 
20 h after LH surge (Romero-Arredondo and Seidel 1996). In a 
similar study, supplementation of bovine in vitro maturation 
media with follicular fluid resulted in enhanced sperm 
penetration, increased cumulus expansion and ATP levels in 
oocytes, while blastocyst rate remain the same (Somfai et al. 
2012). The functional significance of follicular fluid EVs was 
found to be dependent on the size of the follicle from which 
they are isolated. Accordingly, EVs isolated from follicular 
fluid aspirated from small (3–5 mm) and large (>9 mm)
antral follicle were supplemented in IVM of bovine and mouse 
oocytes and a significant effect on cumulus expansion and 
expression of cumulus expansion marker genes was observed 
by EVs derived from small follicles (Hung et al. 2015). This 
implies that future research needs to focus on deciphering 
the molecular content of follicular fluid to identify key 
molecular cargos which play a significant role to support 
oocyte growth and maturation with potential application in 
current ART programs. 

Supplementation of in vitro bovine embryo culture with 
oviductal and uterine fluid supports embryo development 
and induces the expression of genes related to methylation 
and oxidative stress (Hamdi et al. 2018). Differential 
composition of EVs were found in oviductal fluid derived 
from bovine ampullary and isthmus portion of the oviducts 
suggesting the differential role of EVs in different parts of 
the oviduct (Lopera-Vasquez et al. 2017). Moreover, 
comparative proteomic analysis of EVs derived from in vitro 
cultured oviductal epithelial cells revealed significant vari­
ation in their protein content compared to EVs derived from 
in vivo oviductal fluid nana et al. 2017). These (Almi˜
differences are most likely to be attributed to the lack of 
many complex features present in the in vivo microen­
vironment including in vivo cellular diversity. As generation 
of enough amount of in vivo oviductal EVs for research and 
also for ART application is very challenging. Recently, 
oviductal organoids are being investigated for their suit­
ability to generate in vivo-like EVs under in vitro condition 
as it is a technology to recapitulate the in vivo features of the 
oviduct (Heidari-Khoei et al. 2020). Therefore, reproductive 
organoids with other technologies including microfluidics 
technology would enable scientists to create an organoid-on­
a-chip platform which provides new in vitro models to serve 
as both tissue and organ proxies to bridge the gap between 
in vitro and in vivo (Lancaster and Knoblich 2014). As 
organoids are self-organising structures that can recapitulate 
the different biological and pathological features of the organ, 
they represent genetic stability and maintain commitment to 
their tissue of origin during long-term culture to get access 
to an unlimited source of material like EVs to support 
research in the field. Therefore, reproductive organoids will 
facilitate the unlimited access to the generation of quantitative 
and qualitatively acceptable EVs for future research. 

The EV-based liquid biopsy tests are under intensive 
investigation and a strong interest centred around the 

potential of EVs to serve as targets of the development of 
biomarkers or therapeutic reagents, especially in the field of 
cancer research (Théry 2015). In the field of reproduction, 
the main challenge of development of EV-based biomarker 
discovery is reproducibility, which is influenced by the 
various limitations associated with EV isolation, charac­
terisation and tracking. In addition, the development as 
biomarker is dependent on the methods which favors the 
isolation of highly purified  EVs produced in reproduceable
and cost-effective manner. Most research in the field of 
reproductive EVs are descriptive in their nature without 
elucidating the actual mechanism of action. A standardised 
EV isolation method is believed to facilitate the translation 
and reproducibility of the findings in the clinical diagnostic 
settings. 
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ABSTRACT: Innumerable similarities in reproductive cyclicity and hormonal alterations highlight the considerable utility of the mare to

study aspects of follicular dynamics and reproductive function in view of the largely constricted, human research subjects. The bi-

directional communication between the growing oocyte and the surrounding somatic cells embodies the hallmark of mammalian follicular

development, partially mediated by extracellular vesicles (EVs) encapsulated with microRNAs (miRNAs) and present in the follicular fluid

(FF). Here, we aimed to decipher the dynamics of the miRNAs in EVs from equine FF aspirated in vivo during different stages of follicular

development, namely, predeviation (PreDev; 18–20mm), deviation (Dev; 22–25mm), postdeviation (PostDev; 26–29mm), preovulatory

(PreOV; 30–35mm), and impending ovulation (IMP; �40mm). Approximately 176 known miRNAs were found in all groups with 144 mu-

tually detected among all groups. Cluster analysis exhibited 15 different expression patterns during follicular development. Among these

patterns, a group of 22 miRNAs (including miR-146b-5p, miR-140, and miR-143) exhibited a sharp reduction in expression from

the PreDev until the PreOV stage. Another cluster of 23 miRNAs (including miR-106b, miR-199a-5p, and miR-125a-5p) exhibited a stable

expression pattern at the PreDev stage until the PostDev stage, with a significant increase at the PreOV stage followed by a significant de-

crease at the IMP stage. In conclusion, this study provides greater insights into the stage-specific expression dynamics of FF EV-miRNAs

during equine follicular development, which may propose novel approaches to improve ART and provide new biomarkers to facilitate the

assessment of ovarian pathophysiological conditions.

Key words: follicular fluid / extracellular vesicles / microRNAs / folliculogenesis / equine / ovary / oocytes / noncoding RNA

Introduction

Ovarian follicle development in mono-ovulatory species (e.g. mares,

cows, and women) is characterized by follicular dominance of a single

follicle in a given ovulatory wave. Selection of a dominant follicle is

established by diameter deviation, in which the future dominant follicle

continually maintains constant growth until ovulation, whereas the

remaining (subordinate) follicles grow at a reduced rate and eventually

regress (Baerwald et al., 2003a,b; Ginther et al., 2004a,b, 2005;

Baerwald, 2009; Adams et al., 2012; Ginther, 2017a; Bashir et al.,

2018; Garcia-Guerra et al., 2018). The mechanisms of follicle develop-

ment, selection, dominance, and ovulation are a series of long and

complex processes involving systemic interactions of hormones (e.g.

FSH and LH) and intrafollicular components such as insulin-like growth

factor 1 (IGF1), insulin-like growth factor-binding proteins (IGFBPs),

IGFBP protease, vascular endothelial growth factor, inhibin-A, activin-

A, and estradiol (Donadeu and Ginther, 2002; Ginther et al., 2004c;

Beg and Ginther, 2006; Bashir et al., 2016b; Ginther, 2017b; Wischral

†These authors should be considered joint first authors.
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et al., 2022). Several studies have shown the importance of the mare

as a relevant experimental model for understanding ovarian follicular

dynamics, anovulatory dysfunction, and oocyte aging in women

(Ginther et al., 2004b, 2005; Carnevale, 2008; Baerwald, 2009;

Ginther, 2012; Bashir et al., 2016a, 2018; Benammar et al., 2021). In

this regard, mares and women, for example, are both mono-ovulatory

species, having similar patterns of follicular waves and temporal rela-

tionships between follicular events and hormonal concentrations

(Ginther et al., 2004b,c, 2005). Additionally, because equine are

among the most long-lived domestic animals with easily assessable re-

productive anatomy excellent for monitoring and manipulation, they

have been largely used as study models for reproductive aging in

women (Carnevale, 2008; Baerwald, 2009; Benammar et al., 2021).

Despite the extensive work that has been carried out to understand

the different aspects of follicle selection in mono-ovulatory species, the

underlying regulatory mechanisms at the molecular level are still largely

unknown. The presence and involvement of active biochemical sub-

stances within the follicular fluid (FF) (e.g. hormones, growth factors,

and proteins) in regulating the bi-directional communications between

follicular cells and the oocyte is of utmost importance for the selection

and development of a healthy dominant follicle and consequently, ovu-

lation of a competent oocyte (Gilchrist et al., 2004; Campos-Chillon

et al., 2015). The recent discovery of extracellular vesicles (EVs) has

added a new layer of cell–cell communication amid the follicular mi-

croenvironment for a better understanding of folliculogenesis and oo-

genesis, as well as revealing the potential association of cargo

molecules with oocyte competence and animal fertility (Sohel et al.,

2013; Noferesti et al., 2015; Hailay et al., 2019). Currently, little infor-

mation is available on the role of EVs during specific stages of follicle

development including before, during, and after follicle deviation (i.e.

‘selection’ of the dominant follicle), as well as during the ovulation pro-

cess. Knowledge regarding the intrafollicular milieu in vivo may offer

unique insights into the mechanisms governing the development of a

healthy follicle. It also serves as the foundation for perfecting the diag-

nosis and treatment of ovulatory failures associated with various ovar-

ian pathophysiological conditions.

EVs are nano-sized, membrane-bound, and evolutionarily conserved

structures secreted from almost all cell types through exocytosis into

the surrounding extracellular space (György et al., 2011). Broadly cate-

gorized into three main subpopulations according to their size and

mode of biogenesis, EVs consist of exosomes, microvesicles, and apo-

ptotic bodies (Taylor and Gercel-Taylor, 2013). Even though EVs were

initially considered as merely mediators to shuttle cellular toxicants

into the extracellular space for cellular homeostasis and maintenance,

recent studies have shed light upon their role in cellular crosstalk

mechanisms with neighboring cells posing both beneficial and deleteri-

ous effects (Yá~nez-Mó et al., 2015). This was further consolidated by

the phenotypic changes attained in recipient cells arising from the

transfer of an array of functional bioactive molecules, including mRNA,

microRNAs (miRNAs), and proteins, upon EV interaction with the cel-

lular matrix (O’Brien et al., 2020).

EVs are reported to be abundantly present in the FF of various

mammalian species, including bovine, equine, and humans

(Santonocito et al., 2014; Tesfaye et al., 2020). In equine FF, distinct

miRNA cargoes in EVs were shown to be dependent upon the age of

the mare, showing differentially expressed EV-miRNAs predicted to

target members of the TGF-b pathway (da Silveira et al., 2015). In

addition, miRNAs released via EVs were also abundantly expressed in

mare granulosa cells (GCs), implicating a strong involvement of EVs in

cell–cell communication in the mare ovarian follicle microenvironment

(da Silveira et al., 2012). Similarly, in humans, FF EV-miRNAs were

reported to play a role in cellular communication among follicular cells

and oocytes, and could be associated with oocyte developmental

competence after IVF (Scalici et al., 2016; Martinez et al., 2018).

Moreover, EV-coupled miRNAs could be used as potential diagnostic

markers for several ovarian pathophysiological conditions, such as

polycystic ovary syndrome (PCOS), premature ovarian insufficiency

(POI), and ovarian cancer (Sang et al., 2013; Roth et al., 2014;

Montazerian et al., 2018).

In this regard, characterization of the expression and dynamics of

EV-miRNAs in FF creates an opportunity for novel biomarker discov-

eries vital for oocyte developmental competence acquisition or poten-

tial strategies for intrafollicular treatment using the mare as a model

for human studies. Therefore, the objective of this work was to char-

acterize the EV-miRNAs expression and dynamics in equine FF col-

lected in vivo during five specific stages of follicular development (i.e.

predeviation, deviation, postdeviation, preovulatory, and impending

ovulation). The present study has identified for the first-time various

clusters of EV-coupled miRNAs with dynamic alterations throughout

follicular development. These miRNA clusters could potentially be

used as a molecular control profile to investigate the impact of various

pathophysiological conditions on follicular development, causes of in-

fertility and to identify EV-coupled molecular signals that could be tar-

gets of future intervention to improve ART outcome and enhance

pregnancy success.

Materials and methods

Animals

Quarter horse mares (n¼ 19; 8 to 146 1.8 (SD) years old) with nor-

mal reproductive tracts as determined by ultrasonographic examina-

tion were used during the ovulatory season (June and July) in the

northern hemisphere (latitude, 37.7�N) for in vivo collection of FF sam-

ples. Mares were kept under natural light on pasture with free access

to water and trace-mineralized salt. All experimental procedures were

performed in accordance with the United States Department of

Agriculture Guide for Care and Use of Agricultural Animals in

Research and were approved by the Institutional Animal Care and

Use Committee of Southern Illinois University.

Ultrasonography, follicle tracking, and

groups

Ultrasound-guided ablations of all follicles �6mm were performed on

Days 10–11 of the estrous cycle (ovulation ¼ Day 0) to induce a new

follicular wave as described previously (Gastal et al., 1997). Thereafter,

daily ultrasonographic follicle examinations were performed using a

duplex B-mode and color-Doppler ultrasound machine (Aloka

SSD-3500; Hitachi Aloka Medical America, Inc., Wallingford, CT,

USA) equipped with a finger-mounted 3.5–10MHz convex-array trans-

ducer (UST-995-7.5) until follicles reached the targeted group diame-

ter. Follicles that were ultrasonographically healthy and grew for at

2 Gebremedhn et al.
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least three consecutive days were assigned to five groups based on

the targeted diameters: predeviation (PreDev; 18–20mm), deviation

(Dev; 22–25mm), postdeviation (PostDev; 26–29mm), preovulatory

(PreOV; 30–35mm), and impending ovulation (IMP; �40mm) follicles

with signs of imminent ovulation, as described previously (Gastal et al.,

2006). The complete experimental design is illustrated in Fig. 1.

Follicular fluid sample collection

For follicular ablation and FF sampling procedures, mares were pre-

pared and sedated (Haag et al., 2013; Ishak et al., 2018). Samples of

FF were collected in vivo by ultrasound-guided transvaginal follicle aspi-

ration as previously described (Ishak et al., 2018). Briefly, antral follicles

were measured and aspirated using a sterile 12-G needle mounted on

a 5–10MHz transvaginal ultrasound-guided convex array transducer

(Aloka UST-987-7.5). Once the targeted follicle was presented on the

ultrasound screen, only the tip of the 12-G needle was introduced

into the follicle’s antrum, and immediately the leaking FF was collected

into a sterile vial. Only clear FF samples without any visible trace of

blood contamination were used in the present study. Therefore, a to-

tal of 42 clear FF samples were obtained from 19 mares, with 6–8

mares being considered for each follicle group. To obtain enough FF

samples during the ovulatory season and avoid the effects of the au-

tumn transition/anovulatory season on follicle dynamics and milieu,

each mare was sampled once or twice within the same cycle.

Therefore, to minimize biological noise in the different FF samples col-

lected from the same mares, the second follicle aspiration within the

same cycle was performed using a different follicle group that was far

apart from the first aspirated follicle type (e.g. PreDev versus PreOV

or IMP). Collected FF samples were immediately centrifuged (1600�g

Figure 1. Experimental design for the analysis of extracellular vesicle-coupled miRNAs in equine follicular fluid.

Quarter horse mares were used during the ovulatory season for in vivo collection of follicular fluid (FF) samples. Ultrasound-guided ablations of all fol-

licles �6 mm were performed on Days 10–11 of the estrous cycle (ovulation ¼ Day 0) to induce a new follicular wave. Thereafter, daily ultrasono-

graphic follicle examinations were performed until follicles reached the targeted group diameter. Follicles that were healthy and grew for at least

three consecutive days were assigned to five groups based on the targeted diameters: predeviation (PreDev; 18–20 mm), deviation (Dev; 22–25

mm), postdeviation (PostDev; 26–29 mm), preovulatory (PreOV; 30–35 mm), and impending ovulation (IMP; �40). Samples of FF were collected

in vivo by ultrasound-guided transvaginal follicle aspiration and used for extracellular vesicle (EV) isolation. Isolated EVs were characterized using three

different approaches and then used for total RNA isolation and small-RNAseq analysis.

Extracellular vesicle-miRNAs during follicle selection 3
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for 10min at 4�C), and the supernatants were subjected to a second

centrifugation (3200�g for 15min at 4�C) and stored at –80�C for

later evaluation.

Isolation of EVs from FF of mares

In each experimental group, two or three frozen-thawed FF samples

of different origins (follicles and animals) were pooled, and four differ-

ent pools were used for EV isolation. FF samples were subjected to a

series of centrifugations after removing from –80�C storage starting at

500�g for 5min to remove cells, followed by 4000�g to remove the

cellular debris. Samples of FF were filtered through a 0.22mM sterile

filter to remove particles larger than 200nm. Thereafter, EVs were iso-

lated by centrifuging samples at 25 000�g for 30min at 4�C. For the

EV isolation, 2ml of pre-centrifuged follicular samples were subjected

to an ultracentrifugation procedure at 120 000�g for 70min at 4�C

using the Beckman SWTi55 rotor (Beckman Coulter; Pasadena, CA,

USA). The EV pellet was washed with sterile PBS and then centrifuged

again at 120 000�g for 70min. Finally, EVs were resuspended in

500ml of PBS and stored at �80�C until further characterization and

analysis.

Morphological and molecular

characterization of EVs

The presence of EV-specific proteins (CD63 antigen molecule, tumor

susceptibility gene 101 (TSG101), and flotillin 1 (FLOT1)) in the iso-

lated EVs and the absence of a cell-specific marker protein, cyto-

chrome C (CYTC), were verified by the immunoblotting technique as

previously described (Gebremedhn et al., 2020). Briefly, 100ml of iso-

lated EVs were lysed in 50ll 1�RIPA buffer and the protein extract

samples were centrifuged at 12 000�g for 30min at 4�C. Following

this, protein lysates were separated by electrophoresis in a 10–12%

gradient sodium dodecyl sulphate–polyacrylamide gel (Bio-Rad

Laboratories, Hercules, CA, USA) at 90 volts for 15min then 125

volts for 60min and transferred onto a nitrocellulose membrane (Bio-

Rad) for 1 h at 100 volts. Membranes were blocked in 5% non-fat dry

milk dissolved in TBST (100ml of 10� TBS (Bio-Rad), 1ml of Tween

(Bio-Rad), and 900mL of Nanopure water) for 1 h on a shaker at

room temperature. Following the blocking, membranes were incu-

bated with the following anti-CD63 rabbit polyclonal (1:250; System

Biosciences, Palo Alto, CA, USA): Anti-TSG101 rabbit polyclonal

(1:250; System Biosciences), Anti-FLOT1 rabbit polyclonal (1:250;

System Biosciences), and Anti-CYCS goat polyclonal (1:350; Sino

Biological; Wayne, PA, USA) primary antibodies overnight at 4�C.

After the membranes were washed with 1� TBST, they were incu-

bated with appropriate secondary antibodies conjugated with horse-

radish peroxidase for 1 h at room temperature protected from light.

After the membranes were washed with 1� TBST, protein bands

were visualized using an enhanced chemiluminescence substrate

(Bio-Rad), and images were acquired using Chemi Doc XRS þ chemilu-

minescence imaging system (Bio-Rad Laboratories). The size and con-

centration of isolated EVs were determined using the Zetaview Particle

Metrix (Particle Metrix, Ammersee, Germany). Briefly, 10ll of purified

EVs was diluted in 990ll of sterile PBS and assembled into the

Zetaview Laser scattering microscope (Particle Metrix) fitted with an

LM14C laser. For each sample, 11 independent video measurements

were recorded at 11 independent positions, and video files were ana-

lyzed with ZetaView software version 8.05.12 (Particle Metrix).

The morphology and size of the purified EVs were analyzed using a

transmission electron microscope (TEM) according to the methods

previously reported (Gebremedhn et al., 2020). Briefly, a drop of 30ll

purified EVs was placed on parafilm. The EV drops were covered with

Formvar/carbon-coated grids and allowed to stand for 5min to ab-

sorb the EVs. The grids that contained the EVs were washed with

drops of ddH2O and fixed by placing them on a 30ll drop of 2% ura-

nyl acetate. The presence of the EVs on the carbon-coated grids was

examined under an electron microscope. We have submitted all

relevant data of our experiments to the EV-TRACK knowledgebase

(EV-TRACK ID: EV220406; van Deun et al., 2017).

Total RNA extraction, library preparation,

and sequencing

Total RNA, including miRNAs, was isolated from EVs using a Norgen

Exosomal RNA Isolation kit (Norgen, Thorold, ON, Canada) accord-

ing to the manufacturer’s instructions. On-column DNA digestion was

performed to remove genomic DNA contaminants. The RNA concen-

tration and size distribution were analyzed using an Agilent RNA 6000

Pico kit in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa

Clara, CA, USA). Small-RNA libraries were prepared for next-

generation sequencing using a TruSeq Small RNA Library Prep Kit

(Illumina) according to the manufacturer’s instructions. Library quantity

and quality assessments were performed using a Qubit DNA HS

Assay Kit in a Qubit 2.0 Fluorometer (Thermo Fisher Scientific,

Waltham, MA, USA) and an Agilent DNA High Sensitivity kit in an

Agilent 2100 Bioanalyzer (Agilent Technologies), respectively. The pre-

cise concentration of the libraries was calculated using a quantitative

PCR. The libraries were pooled in equimolar ratios and then

sequenced in a NovaSeq6000 sequencing instrument (Illumina, Inc.,

San Diego, CA, USA) as single-end reads.

Sequencing data analysis and miRNA

clustering

FASTQ files were generated for each sample using the software

bcl2fastq (Illumina Inc.), and their quality was checked using the

FastQC tool version 0.11.9 (Babraham Institute, Cambridge, UK).

Data were analyzed using the software CLC Genomics Workbench,

version 21 (Qiagen, Redwood City, CA, USA). Raw sequencing reads

were trimmed based on quality score (Q-score >30), ambiguous

nucleotides (maximum two nucleotides allowed), read length (�15

nucleotides), and removing adapter sequences. Reads were mapped

to the equine (Equus caballus) reference genome (EquCab3.0) and an-

notated against equine precursor and mature miRNAs listed in the

mirBase database (release 22) using the CLC Genomics Workbench

RNA-Seq Analysis and Quantify miRNA tools, respectively, applying

the default software parameters and considering the presence of differ-

ent isomiRs by allowing 2 up- or downstream additional or missing

bases, as well as a maximum of 2 mismatches within the read. Raw ex-

pression data were normalized using the trimmed mean of M-values

normalization method (TMM normalization) (Robinson and Oshlack,

2010) and presented as TMM-adjusted counts per million (CPM). The

CLC Genomics Workbench Differential Expression tool was used for

4 Gebremedhn et al.
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the expression analysis comparison of the two groups. Those miRNAs

with a fold change (FC) �2 and P-adjusted value (FDR) (Benjamini and

Hochberg, 1995) <0.1 were considered differentially expressed (DE).

The raw FASTQ files and processed comma-separated value (CSV)

files have been deposited in the NCBI Gene Expression Omnibus

(GEO) with the accession number GSE211179. miRNAs were

grouped in different cluster patterns according to their expression

profiles among the different developmental stages using the Mfuzz

Bioconductor package (Kumar and Futschik, 2007).

Target gene prediction and ontological

classification

Genes targeted by the DE-miRNA were identified using the human

homologous miRNAs in the miRWalk database (Sticht et al., 2018).

Within the miRWalk, validated target genes from miRTarBase (version

7.0) and commonly target genes predicted by TargetScan (version 7.1)

and miRDB (release 5.0) were selected for pathway analysis using the

DAVID bioinformatics web tool (https://david.abcc.ncifcrf.gov/) and

the KEGG pathway database (Ogata et al., 1999). Interaction net-

works of the DE-miRNAs and targeted genes were constructed with

Cytoscape (Shannon et al., 2003).

Results

FF samples of mares are enriched with

EVs

The FF samples derived from mares with different stages of follicular

development were subjected to isolation of the EVs and further mo-

lecular and morphological characterization based on the recommenda-

tions set by the International Society of Extracellular Vesicles (ISEV;

https://www.isev.org/). The western blot analysis showed that EVs of

the mare FF from all the developmental stages are enriched with the

transmembrane proteins CD63 and FLOT1 and the TSG101 protein.

Moreover, the mitochondrial protein marker, cytochrome C, was ab-

sent from the EV samples but present in samples derived from mare

GCs (Fig. 2A), confirming both the identity of the EVs and the absence

of cellular contaminations during the EV preparations (the full

uncropped blot is presented in Supplementary Fig. S1). Similarly, TEM

imaging showed the presence of EVs with visible bilipid membranes

within the acceptable size ranges (Fig. 2B). The NTA analysis showed

that the EV samples from the FF fall within the range of 91–111nm di-

ameter (Fig. 2C). The analysis revealed that the EVs derived from the

PostDev stage of follicular development had a relatively large propor-

tion of small-size EVs compared to the preceding stages of develop-

ment. Similarly, the concentration of the EVs showed a range of 6.2 �

107 to 1.4 � 108 particles/ml and, contrary to the size of the EVs, no

statistically significant differences were observed in the concentration

of the particles among the EV samples derived from all stages of follic-

ular development (Fig. 2D). The RNAs isolated from the EV samples

were analyzed for their integrity, and electropherogram analysis

showed the absence of cellular RNA peaks (18 s and 28 s) and the

presence of peaks around the small RNA size ranges, which indicate

the presence of small RNAs in the EV samples (Fig. 2E).

The miRNA profile of EVs derived from FF

showed clear distinctions among stages of

follicular development

A total of 20 small-RNA sequence libraries, with four libraries for each

stage, were constructed and after the trimming procedures of the

adaptors and low-quality reads, on average, 23 million reads per library

passed the quality control parameters and were used for the mapping

(Supplementary Table SI) against the reference genome. Results

showed that an average of 74% of the quality-passed reads (16 million

reads per library) were mapped against the equine (Equus caballus) ref-

erence genome (EquCab3.0). On average, 3% of the mapped sequen-

ces were annotated to miRNAs (Supplementary Table SI). Principal

component analysis showed that the miRNA profile of the EVs was

distinctly different in the PreDev stage compared to the rest of the fol-

lowing follicular developmental stages. The separation of the stages of

follicular development was consistent as we proceed from the PreDev

stage toward the Dev, PostDev, PreOV, and IMP stages (Fig. 3A).

Similarly, the hierarchical clustering analysis showed a similar pattern of

clustering following the sequential stages of follicular development

(Fig. 3B). During the analysis of the sequence data, we set a stringent

parameter to consider a miRNA as detected if it was detected in a

minimum of three of the four sequence libraries with a minimum of 10

CPM. The result showed that a total of 176 known mature miRNAs

were detected in all groups, of which 144 miRNAs were commonly

detected in all stages of follicular development (Fig. 3C). Among the

top 20 miRNAs that exhibited the highest read counts in all follicular

development stages, 14 miRNAs, including members of the Let-7 fam-

ily (let-7c and let-7g), miR-148a, miR-21, miR-99a, miR-10b, miR-10a,

miR-143, miR-423-5p, miR-192, let-7c, let-7g, miR-24, miR-486-5p,

miR-215, and miR-128, were commonly detected in all stages of follic-

ular development (Table I). The complete list of miRNAs detected in

each stage and the corresponding CPM values are indicated in

Supplementary Table SII.

Differentially expressed miRNAs

Differential expression analysis indicated 66 miRNAs as significantly

differentially expressed in 10 different comparisons (Fig. 4;

Supplementary Table SIII). The highest number of DE-miRNAs has

been found in the comparison of the PreOV versus PreDev stages

with 29 and 14 up- and downregulated miRNAs, respectively.

Moreover, comparing PreDev versus IMP stage showed a total of 24

DE-miRNAs (4 up- and 20 downregulated miRNAs). The lowest num-

ber of DE-miRNAs was found in the PostDev versus Dev and PreOV

versus PostDev comparisons with five and four DE-miRNAs, respec-

tively (Fig. 4; Supplementary Table SIII). Interestingly, six DE-miRNAs

(miR-9a, miR-204b, miR-206, miR-34c, miR-483, and miR-485-3p)

appeared in at least 5 out of the 10 different stage comparisons

(Table II). The validated targeted genes by these miRNAs, as well as

the corresponding pathways, are presented in Fig. 5.

MicroRNAs released into FF via EVs are

temporally clustered according to the

stages of follicular development

The abundance of EV-coupled miRNAs across the stages of follicular

development was sorted according to the abundance in each stage of

Extracellular vesicle-miRNAs during follicle selection 5
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development and shown to have distinct clustering patterns. Cluster

analysis showed that the miRNAs released via EVs were clustered into

15 different patterns (Fig. 6A; Supplementary Table SIV). Each cluster

pattern was composed of a variable number of miRNAs, in which clus-

ters 3 and 14 contained a higher number of miRNAs compared to the

other clusters (Fig. 6B).

A microRNA cluster exhibited a consistent

declining expression pattern through the

later stages of follicular development

Among the multiple clusters of miRNAs that exhibited variable expres-

sion patterns across the stages of development, cluster 14, which

comprises 22 miRNAs, showed a consistent declining expression pat-

tern from the PreDev toward the PreOV and IMP stages (Fig. 7A). In

this cluster, seven miRNAs were among the differentially expressed

miRNAs in the different stage comparisons, and one was exclusively

expressed in the PreDev stage (Fig. 7B). Among the DE-miRNAs in

this cluster, miR-146b-5p was significantly upregulated in the PreDev

stage compared to the PostDev, PreOV, and IMP stages. Similarly,

miR-34b-5p appeared to be exclusively expressed in the PreDev stage

(Fig. 7B). Pathway analysis on the predicted target genes of the exclu-

sive and DE-miRNAs of this cluster showed pathways related to oo-

cyte meiosis, fatty acid biosynthesis, cell cycle, mechanistic target of

rapamycin (mTOR) signaling, mitogen-activated protein kinase (MAPK)

signaling, and AMP-activated protein kinase (AMPK) signaling were

among the top significantly targeted pathways (Fig. 7C).

A microRNA cluster exhibited a significant

abundance during the preovulatory stage of

follicular development

A cluster of 23 miRNAs exhibited significantly higher abundance during

the PreOV stage of follicular development (Fig. 8A) compared to the

other stages. In this cluster, 10 miRNAs were among the DE-miRNAs

in the different stage comparisons, and three were exclusively

expressed in the PreOV stage (Fig. 8B). Among these miRNAs, miR-

106, miR-199a-5p, miR-199b-5p, and miR-218 were significantly

Figure 2. Morphological and molecular characterization of extracellular vesicles isolated from equine follicular fluid.

(A) Western blot analysis of extracellular vesicle (EV) marker proteins (CD63 antigen molecule, flotillin 1 (FLOT1), and tumor susceptibility gene

101 (TSG101)) and cellular protein contamination indicator (cytochrome C (CYTC)) (cells ¼ granulosa cells, as positive control). The full, uncropped

blot is presented in Supplementary Fig. S1. (B) Transmission electron microscope imaging showing a clear morphology of EVs with a cross-sectional

size of the diameter. (C) The median size of the EVs isolated from the mare follicular fluid (FF) using the nano tracking analysis (NTA). (D) The con-

centration of EVs isolated from the follicular fluid using the NTA analysis. (E) The RNA size distribution (left) and the gel-like image (right) of EVs

showing the presence of the peak of small RNA and the absence of the 18s and 28s ribosomal RNA peaks. FU: fluorescence unit; nt: nucleotide.

Data for EV size and concentration are presented as mean 6 SEM, and the mean differences were analyzed using one-way ANOVA followed by the

Tukey multiple comparison test. P-values <0.05 were considered statistically significant differences between groups. PreDev: predeviation; Dev: devi-

ation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.

6 Gebremedhn et al.
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upregulated in the PreOV stage compared to the other stages, while

miR-490-3P, miR-598, and miR-708 were exclusively detected during

the PreOV stage (Fig. 8B). Pathway analysis revealed that these

miRNAs are regulating genes involved in pathways associated with

TGF-signaling, endocytosis, and circadian rhythm (Fig. 8C).

A cluster of microRNAs was found to have

a sharp increment during the ovulation

stages

The EVs obtained from FF of equine ovulatory follicles are endowed

with 11 miRNAs enriched during the impending ovulation stage

(IMP group) compared to the preceding stages of development

(Fig. 9A). In this cluster, four miRNAs (miR-206, miR-204b, miR-

183, and miR-362-5p) were significantly upregulated in the IMP

stage compared to the other stages of follicular development

(Fig. 9B). Additionally, two of them (miR-206 and miR-204b) were

also upregulated in the PostDev compared to PreDev and Dev

stages. The predicted target genes of these differentially expressed

miRNAs in the impending ovulatory follicles are involved in path-

ways related to gap junction, estrogen, Rap1, and GnRH signaling

pathways (Fig. 9C).

Discussion

The presence and potential involvement of EV-coupled miRNAs in

mare and human FFs in mediating cell–cell communication in associa-

tion with oocyte developmental competence has been reported previ-

ously (da Silveira et al., 2012, 2015; Martinez et al., 2018). However,

those studies considered specific stages of follicular development while

using small-scale miRNA expression technology, which may not pro-

vide the complete picture of EV-miRNAs mediating follicular and oo-

cyte development. Therefore, in the current study, we constructed

Figure 3. Small-RNA sequence data overview. (A) Principal component analysis. (B) Heatmap and hierarchical clustering of expressed

microRNAs (miRNAs). Red and green colors represent high and low expressed miRNAs, respectively. (C) Venn diagram for commonly and exclu-

sively expressed miRNAs in the follicular fluid extracellular vesicles at different stages of follicular development. A miRNA with a value of CPM >10

in at least three replicates of the four biological replicates was considered detected. PreDev: predeviation; Dev: deviation; PostDev: postdeviation;

PreOV: preovulatory; IMP: impending ovulation.

Extracellular vesicle-miRNAs during follicle selection 7
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Table I List of top 20most abundantmicroRNAs in the extracellular vesicles obtained fromequine follicular fluids at different follicular stages.

Name PreDev CPM Name Dev CPM Name PostDev CPM Name PreOV CPM Name IMP CPM

eca-miR-148a 409 806.46 eca-miR-148a 277 969.22 eca-miR-148a 206 178.04 eca-miR-148a 152 965.15 eca-miR-148a 169 838.89

eca-miR-21 194 891.59 eca-miR-21 135 755.66 eca-miR-192 92 665.57 eca-miR-21 95 901.47 eca-miR-192 81 230.16

eca-miR-99a 89 666.93 eca-miR-99a 84 174.55 eca-miR-21 72 389.67 eca-miR-99a 71 623.18 eca-miR-21 77 134.05

eca-miR-10b 66 218.20 eca-miR-10b 63 145.15 eca-miR-99a 54 958.62 eca-miR-192 51 373.46 eca-miR-10a 52 998.08

eca-miR-10a 60 677.32 eca-miR-192 57 725.74 eca-miR-10b 48 179.59 eca-miR-10b 49 761.65 eca-miR-423-5p 49 064.92

eca-miR-143 44 643.29 eca-miR-10a 55 601.35 eca-miR-423-5p 45 372.59 eca-miR-423-5p 39 955.41 eca-miR-10b 48 652.41

eca-miR-423-5p 33 408.40 eca-miR-423-5p 38 494.35 eca-miR-10a 43 382.60 eca-miR-10a 32 691.44 eca-miR-99a 38 118.68

eca-miR-192 29 890.37 eca-miR-486-5p 24 016.11 eca-miR-215 38 287.41 eca-miR-486-5p 24 713.88 eca-miR-215 27 490.33

eca-miR-100 23 916.29 eca-miR-215 23 578.38 eca-miR-22 25 803.64 eca-miR-218 21 250.09 eca-miR-100 21 564.89

eca-let-7c 21 197.74 eca-miR-143 22 493.12 eca-miR-24 21 075.65 eca-miR-215 18 943.79 eca-miR-22 19 754.83

eca-let-7g 18 603.44 eca-miR-24 21 927.39 eca-miR-128 19 638.04 eca-let-7g 17 988.93 eca-miR-128 19 450.89

eca-miR-27b 17 700.45 eca-miR-27b 19 126.45 eca-miR-143 15 821.05 eca-miR-128 17 875.35 eca-miR-24 17 208.97

eca-miR-24 15 907.17 eca-miR-100 17 140.29 eca-miR-27b 15 704.95 eca-miR-26a 16 816.53 eca-miR-486-5p 16 539.04

eca-miR-486-5p 15 309.42 eca-let-7c 16 728.22 eca-miR-486-5p 14 674.94 eca-miR-143 16 704.88 eca-miR-143 16 396.20

eca-miR-26a 15 047.80 eca-miR-128 16 083.20 eca-miR-27a 13 579.20 eca-miR-27b 16 077.11 eca-let-7g 16 114.67

eca-miR-215 12 010.99 eca-miR-22 13 850.70 eca-miR-409-3p 13 136.62 eca-miR-22 15 668.66 eca-miR-7 12 918.37

eca-miR-378 10 869.25 eca-miR-27a 12 916.35 eca-let-7c 11 905.89 eca-miR-24 14 686.37 eca-let-7c 12 566.43

eca-let-7f 10 072.44 eca-let-7g 11 417.87 eca-miR-122 11 485.03 eca-miR-7 14 500.99 eca-let-7a 12 493.91

eca-miR-409-3p 8942.59 eca-miR-378 10 646.15 eca-let-7g 11 369.86 eca-let-7c 11 931.11 eca-miR-26a 12 312.08

eca-miR-128 8814.08 eca-miR-26a 10 192.51 eca-miR-378 9602.69 eca-let-7a 10 613.72 eca-miR-27a 12 149.54

miRNA: microRNA; PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation; CPM: counts per million.
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Figure 4. Differentially expressed microRNAs in extracellular vesicles isolated from equine follicular fluid. Commonly

and exclusively differentially expressed (DE)-microRNAs from the 10 different stage comparisons (yellow boxes). Red and green edges emerged

from each comparison indicating the up- and downregulated microRNAs, respectively. PreDev: predeviation; Dev: deviation; PostDev: postdeviation;

PreOV: preovulatory; IMP: impending ovulation.

.............................................................................................................................................................................................................................

Table II Expression fold changes of differentially expressedmicroRNAs commonly appearing in at least five different equine

follicular-stage comparisons.

Name PreDev

versus

Dev

PostDev

versus

Dev

PreOV

versus

Dev

IMP

versus

Dev

PreDev

versus

PostDev

PreDev

versus

IMP

PostDev

versus

IMP

PreOV

versus

PreDev

PreOV

versus

PostDev

PreOV

versus

IMP

eca-miR-9a – 19.9 26.0 42.6 – �14.8 – 9.0 – –

eca-miR-204b – 8.0 – 17.0 �3.4 �7.2 – – – �5.3

eca-miR-206 – 5.5 – 10.8 �7.0 �13.9 – 3.5 – �3.9

eca-miR-34c – �55.3 �10.0 – 268.4 – �63.3 �48.7 – �11.5

eca-miR-483 �6.8 4.0 – – �27.1 �16.1 – 16.4 – –

eca-miR-485-3p �21.2 – – – �42.6 �9.0 4.8 25.6 – –

miRNA: microRNA, PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation; –: not applicable.

Extracellular vesicle-miRNAs during follicle selection 9

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
o
le

h
r/a

rtic
le

/2
9
/4

/g
a
a
d
0
0
9
/7

0
5
9
5
3
5
 b

y
 C

o
lo

ra
d
o
 S

ta
te

 U
n
iv

e
rs

ity
 u

s
e
r o

n
 3

0
 N

o
v
e
m

b
e
r 2

0
2
3



Figure 5. Gene network and pathways targeted by six differentially expressed miRNAs. (A) Network of the validated

targeted genes by the six differentially expressed (DE)-miRNAs that appeared in at least 5 out of the 10 different stage comparisons. The commonly

targeted genes are presented as green nodes. (B) Pathways associated with the validated targeted genes.

Figure 6. Clustering analysis of extracellular vesicle-coupled microRNAs across the stages of equine follicular develop-

ment. (A) Fifteen different miRNA expression patterns in the follicular fluid extracellular vesicles during follicular development. (B) The counts and percent-

age of microRNAs (miRNAs) in each cluster. PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.
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stage-specific expression profile dynamics of EV-miRNAs in FF during

equine follicular development using high-throughput miRNA sequenc-

ing in order to elucidate the patterns of EV-miRNAs and their poten-

tial involvement during specific stages of follicular and oocyte

development in the mare. Our findings will contribute to establishing

standard EV-miRNA expression patterns across the follicular develop-

mental stages as a baseline to facilitate the diagnosis and assessment of

ovarian-related pathophysiological conditions in mares, with potential

application in humans. Moreover, in addition to the identification of

critical miRNAs for follicular development, results from this study may

suggest novel approaches using EV-mediated miRNA signaling applica-

tions to improve the IVF cycles of humans and other mammalian

species.

In the present study, all examined follicular stages exhibited miR-

148a as the top highly expressed miRNA in FF-isolated EVs, with no

significant differences among the different stages except for the PreOV

versus PreDev comparison, in which it was downregulated in the

PreOV stage. The same miRNA has been reported as the most abun-

dant in FF-EVs of small and large follicles in goats (Ding et al., 2021).

Additionally, miR-148 was significantly upregulated in the FFs of hyper-

stimulated compared to unstimulated heifers, suggesting its regulation

via the hormonal profile of the cow during follicular development

(Noferesti et al., 2015). Although its exact role is still unclear, the ex-

pression of miR-148a in human FF-EVs was highly associated with

Day-3 embryo quality (Martinez et al., 2018) and its overexpression

improved the development of porcine somatic cell nuclear transfer

embryos (Wang et al., 2017). Another interesting miRNA that was

among the top highly abundant miRNAs in all groups was miR-21,

which has been reported as one of the most abundant miRNAs in FF

exosomes of pigs (Yuan et al., 2021) and humans (Santonocito et al.,

2014). In the mare, miR-21 has been reported to play a role in GC

survival and consequently in follicle development (Schauer et al.,

2013). The antiapoptotic role of miR-21 has been confirmed in mouse

periovulatory GCs (Carletti et al., 2010). Moreover, miR-21 was

reported to be involved in oocyte maturation, embryo development,

and blastocyst formation (Dehghan et al., 2021). The high abundance

of these candidate miRNAs in FF-EVs across all stages of follicular de-

velopment implies their housekeeping role in maintaining basic cellular

function and intercellular communication during follicular selection and

development in the mare. Moreover, these miRNAs could be good

candidates to improve the developmental competence of oocytes un-

dergoing IVM.

Figure 7. Cluster 14 consists of 22 microRNAs. (A) A group of 22 microRNAs (miRNAs) exhibited a sharp reduction in their expression

from the PreDev until the PreOV stage. (B) Among this cluster, seven miRNAs were differentially expressed (DE), and one miRNA was exclusively

expressed in the PreDev group. (C) Pathways associated with the exclusive and DE-miRNAs target genes of this cluster. PreDev: predeviation;

Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.
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The cluster analysis performed herein identified several clusters of

miRNAs with distinct expression dynamics during the entire follicu-

lar developmental stages, ranging from the PreDev to IMP stages. A

cluster group of 22 miRNAs (cluster 14) showed a consistent de-

clining expression pattern from the PreDev stage to the PreOV and

IMP stages. Among the miRNAs in this cluster, miR-146b-5p was

significantly upregulated in the PreDev stage compared to the

PostDev, PreOV, and IMP stages. This miRNA appears to play a sig-

nificant role in GC survival, as its downregulation inhibits GCs apo-

ptosis (Chen et al., 2015). Previously, it has been reported that

miR-146a was significantly higher in the plasma and GCs of patients

with POI, a disorder resulting from an increased rate of follicle loss

or a reduced number of follicles formed during ovarian development

and characterized by increased apoptosis of ovarian GCs (Yang

et al., 2012). In the same cluster, miR-31 and miR-143 exhibited a

significant reduction in the PreOV stage compared to the PreDev

stage. Both miRNAs were shown to decrease steroid hormone syn-

thesis in bovine GCs by targeting the FSH receptor, therefore affect-

ing follicular development and follicular atresia (Zhang et al., 2019b).

In the mare, intrafollicular estradiol concentrations increase along

with follicle development, reaching their peak during the preovula-

tory stage (Bashir et al., 2016b). Interestingly, the reduction of miR-

31 and miR-143 in the PreOV stage is consistent with the increase

in FF estradiol concentrations previously reported, since these two

miRNAs seem to be involved in the control of steroid hormone bio-

synthesis. Additionally, pathway analysis of genes targeted by this

group of miRNAs includes fatty acid biosynthesis, which was the top

targeted pathway and is crucial for oocyte, GC, and follicular devel-

opment (Uzbekova et al., 2021; Shi and Sirard, 2022). Our findings

support the concept that the reduction of these miRNAs may have

potential implications in the preservation, functionality, and viability

of GCs and follicle/oocyte maturation.

Figure 8. Cluster 3 consists of 23 microRNAs. (A) A group of 23 microRNAs (miRNAs) exhibited stable expression at the PreDev until

the PostDev stage, a significant increase at the PreOV stage, and then a significant decrease at the IMP stage. (B) Among this cluster, 10 miRNAs were

differentially expressed (DE), and three were exclusively expressed in the PreOV group. (C) Pathways associated with the exclusive and DE-miRNAs

target genes of this cluster. PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.

12 Gebremedhn et al.
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Another interesting finding in our study was the expression pattern

of 23 miRNAs, which had significantly higher abundance during the

PreOV stage (cluster 3). Among this group, 10 miRNAs were differen-

tially expressed in the different stage comparisons, and three miRNAs

were exclusively expressed in the PreOV stage (miR-490-3p, miR-598,

and miR-708). Among the DE-miRNAs, miR-125a-5p and miR-199a

have been previously reported to be highly expressed in preovulatory

compared to medium follicles, and in luteal tissues in ovine ovaries

(McBride et al., 2012). Moreover, in agreement with our finding, miR-

125a was found to be highly expressed in mouse preovulatory follicles,

decreasing toward ovulation through an intrafollicular intercellular regu-

lation mechanism that facilitates the ovulation process (Grossman

et al., 2020). However, miRNAs from the same cluster (i.e. miR-125a

and miR-106b) have also been suggested to play roles in follicular atre-

sia (Zhang et al., 2019a).

In the current study, the highest number of DE-miRNAs have been

identified, as expected, in two different comparisons (PreOV versus

PreDev; PreDev versus IMP). This indicates that miRNA expression

dynamics differ along with follicle development, which may be attrib-

uted to the hormonal profile differences between the respective stages

of follicular development. Interestingly, miR-206 and miR-204b were

among the DE-miRNAs that appeared in at least five different stage

comparisons. Moreover, both miRNAs exhibited the same expression

pattern (cluster 1) with a significant increase during the IMP stage,

which may justify the potential involvement of these miRNAs in

modulating cell viability (Sun et al., 2019; Cui et al., 2020; Zhou

et al., 2021). Pathway analysis revealed that both miRNAs target

genes related to the gap junction pathway. In this regard, it is well

known that at the time of ovulation, intercellular communication be-

tween the oocyte and GCs via gap junctions is alleviated to allow

the completeness of meiosis (Sela-Abramovich et al., 2006). In addi-

tion, miR-206 was proven to target and reduce the expression level

of the estrogen (E2) receptor-a (ERa) mRNA and protein in human

cells (Adams et al., 2007). ERa has a dominant role in maintaining

oocyte meiotic arrest by regulating the expression of natriuretic

peptide C and natriuretic peptide receptor 2 (Liu et al., 2017).

Therefore, the significant upregulation of miR-206 and miR-204b at

the ovulatory stage may indicate their potential role in oocyte matu-

ration prior to ovulation. Further functional studies on the potential

role of EV-coupled miR-206 and miR-204b may pave the way for

the development of novel approaches to supplement EVs enriched

with these candidate miRNAs during IVM to enhance the outcome

of ART in animals and humans.

The present study enhances our understanding of the intrafollicular

milieu during follicle growth and maturation. The results described

herein offer unique insights into the mechanisms governing follicular

growth and ovulation in women, and may have implications to under-

stand anovulation processes as well as optimize ovarian stimulation pro-

tocols and oocyte IVM for assisted reproduction. Moreover, the

characterization of the EV-miRNA expression and dynamics in FF of

Figure 9. Cluster 1 consists of 11 microRNAs. (A) A group of 11 microRNAs (miRNAs) exhibited an expression increase at the PostDev

and IMP stages. (B) Among this cluster, four miRNAs were differentially expressed (DE). (C) Pathways associated with the DE-miRNAs target genes

of this cluster. PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.
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livestock and women may lead to opportunities for the development of

diagnostic markers for abnormal pathophysiological conditions leading

to defective follicular development and ovarian function. Most impor-

tantly, results from the current study identify EV-coupled miRNAs as

targets for the future development of therapeutic treatments for ovar-

ian pathologies.

In conclusion, this study provides, for the first time, EV-coupled

miRNA expression dynamics in equine FF at specific stages of follicle

development, which might be translated to other species, including

humans, to improve or control fertility. The clusters of miRNAs identi-

fied during different stages of follicular development provide more

insight into the potential role of EV-miRNA-mediated cell–cell commu-

nication in supporting folliculogenesis. Moreover, the EV-miRNA

fingerprints observed during follicular development have the potential

to be used as a standard to investigate the impact of various patho-

physiological conditions, including metabolic syndromes associated

with obesity, maternal aging, and PCOS, on follicular physiology and its

subsequent influence on fertility.

Supplementary data
Supplementary data are available at Molecular Human Reproduction

online.
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Granulosa cell-derived
extracellular vesicles mitigate the
detrimental impact of thermal
stress on bovine oocytes and
embryos
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Soham Ghosh4 and Dawit Tesfaye1*
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Fort Collins, CO, United States

Climate change-induced global warming results in rises in body temperatures

above normal physiological levels (hyperthermia) with negative impacts on

reproductive function in dairy and beef animals. Extracellular vesicles (EVs),

commonly described as nano-sized, lipid-enclosed complexes, harnessed with

a plethora of bioactive cargoes (RNAs, proteins, and lipids), are crucial to regulating

processes like folliculogenesis and the initiation of different signaling pathways.

The beneficial role of follicular fluid-derived EVs in inducing thermotolerance to

oocytes during in vitro maturation (IVM) has been evidenced. Here we aimed to

determine the capacity of in vitro cultured granulosa cell-derived EVs (GC-EVs) to

modulate bovine oocytes’ thermotolerance to heat stress (HS) during IVM.

Moreover, this study tested the hypothesis that EVs released from thermally

stressed GCs (S-EVs) shuttle protective messages to provide protection against

subsequent HS in bovine oocytes. For this, sub-populations of GC-EVs were

generated from GCs subjected to 38.5°C (N-EVs) or 42°C (S-EVs) and

supplemented to cumulus-oocyte complexes (COCs) matured in vitro at the

normal physiological body temperature of the cow (38.5°C) or HS (41°C)

conditions. Results indicate that S-EVs improve the survival of oocytes by

reducing ROS accumulation, improving mitochondrial function, and

suppressing the expression of stress-associated genes thereby reducing the

severity of HS on oocytes. Moreover, our findings indicate a carryover impact

from the addition of GC-EVs during oocyte maturation in the development to the

blastocyst stage with enhanced viability.

KEYWORDS

extracellular vesicles, granulosa cells, cumulus-oocyte complex, oocytematuration, heat

stress, embryo development
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1 Introduction

One of the leading, most consequential interferences to a

homeostatic reproductive environment in dairy and beef cattle is

elevated summer HS, a prime determinant of fertility and

reproductive function (Boni, 2019; Wolfenson and Roth, 2019).

Hyperthermia, the abnormal thermal state induced through failed

regulatory mechanisms of the body, occurs when endogenous heat

production supersedes the subsequent heat loss to the environment

(Hansen, 2009). Thermal stress is known to compromise follicular

development, ovarian functionality, fertilization, and subsequent

early embryonic development (Badinga et al., 1993; Wolfenson

et al., 1995; Rivera and Hansen, 2001; Sartori et al., 2002). Of

specific interest in reduced fecundity is HS-induced damage to

proper oocyte function. It is important to note that oocytes act

spontaneously and independently of one another. However, elevated

thermal environments are in part responsible for deleterious

ramifications on the molecular, functional, and cellular changes

to oocytes and their surrounding cumulus cells (CCs) (Abdelnour

et al., 2020).

Mammalian oocytes are known to differentially activate various

molecules as first-line defense mechanisms including heat shock

proteins (HSPs) (Feder and Hofmann, 1999), unfolded protein

responses (UPRs), and oxidative stress response pathways to

assist cell survival under thermal stress conditions (Alemu et al.,

2018; Lin et al., 2019). Additionally, impairments to conventional

microtubules and microfilaments due to HS can be correlated to

spindle apparatus malfunction and early arrest at metaphase I (MI)

(Roth and Hansen, 2005). In order to understand the impact of

seasonal thermal stress on follicular function and oocyte physiology,

several studies have utilized the in vitro exposure of follicular cells

(Li et al., 2016; Alemu et al., 2018; Gebremedhn et al., 2020) and

oocytes (Al-Katanani et al., 2002; Roth and Hansen, 2004; Roth and

Hansen, 2005; Nabenishi et al., 2012; Li et al., 2015; Pavani et al.,

2016; Rodrigues et al., 2019; Abdelnour et al., 2020) to elevated

incubator temperatures. Accordingly, in vitro exposure of oocytes to

HS results in impaired developmental potential as evidenced by

defective cytoplasmic maturation (Edwards et al., 2005),

mitochondrial anomalies (Ferreira et al., 2016), reductions in

polar body extrusions (PB) and nuclear maturation (Li et al.,

2015; Pavani et al., 2016) as well as increased accumulations of

reactive oxygen species (ROS) (Nabenishi et al., 2012), ultimately

leading to apoptosis (Nabenishi et al., 2012).

Oocyte growth and maturation occur within the complex follicle

microenvironment, involving substantial bi-directional

communication between follicular cells (theca, granulosa, and

cumulus cells) and the oocyte (Matzuk et al., 2002; Russell et al.,

2016). Critical communication and signaling between the varying

cell subpopulations during folliculogenesis are paramount to the

growth and maturation of developmentally competent oocytes

(Matzuk et al., 2002; Alam and Miyano, 2020; Tesfaye et al.,

2021). The process by which cells communicate occurs in a

multitude of fashions including cytokines (Altan-Bonnet and

Mukherjee, 2019), proteins or surface molecules (Ahmed and

Xiang, 2011), and gap junctions (Gilula et al., 1978). Of growing

interest is cell-to-cell communication via membrane-encapsulated

vesicles containing surface markers from the cell of origin, harnessed

with an abundant amount of bioactive cargoes (RNAs, proteins,

lipids, and metabolites, etc.). Extracellular vesicles (EVs), an all-

inclusive term endorsed by the International Society for

Extracellular Vesicles (ISEV), is a term used for a heterogenous

population of lipid-enclosed nanoparticles with non-replicative

function (Théry et al., 2018). Originally depicted as discarding

mechanisms of cellular waste, EVs are growing in popularity as

pertinent conveyors of cellular messages via their cargo loads,

ultimately leading to modification of cellular activity or key

properties of target cells (Valadi et al., 2007).

Several studies involving irradiation (Mothersill and Seymour,

1997; Lyng et al., 2000; Chai and Hei, 2008) and thermal stress

(Bewicke-Copley et al., 2017) have demonstrated the potential of

EVs present in conditioned medium to induce a bystander effect to

recipient cells. In those respective studies, naïve cells treated with a

medium conditioned by stressed cells showed increased levels of

DNA damage and apoptosis when compared to naïve cells treated

with a conditioned medium from control cells. Moreover, naïve cells

treated with EVs from irradiated or heat-shocked cells have a higher

probability to survive subsequent stress, suggesting that EVs can

induce adaptive responses. It has also been shown that the

supplementation of follicular fluid-derived EVs enhances the

developmental capacity of oocytes to reach the blastocyst stage

under HS conditions (Rodrigues et al., 2019). In the same study,

it was noted that the supplementation of follicular fluid-derived

exosomes were superior when compared to the whole follicular fluid,

revealing exosomes’ critical role in mitigating HS-induced damage

to oocytes. The mechanisms underpinning such bystander effects of

EVs are not fully understood, however, it is possible that the changes

in protein or RNA contents of EVs may have the capacity to alter the

physiology of recipient cells (Bewicke-Copley et al., 2017).

MicroRNA profiling of EVs derived from thermally stressed

bovine GCs revealed the enrichment of miRNA (miR-1246, miR-

2904, and miR-374a), which are known to be involved in pathways

associated with cellular response to heat stress, redox status, hypoxia

and negative regulation of cell proliferation and inflammatory

response (Gebremedhn et al., 2020). In the same study, we

demonstrated that the supplementation of thermally stressed EVs

to recipient granulosa cells induced tolerance against subsequent

thermal stress. Therefore, the current study aimed to test the

hypothesis that GC-derived EVs can play a physiologically

relevant role in enhancing the survival and viability of bovine

oocytes subjected to thermal stress under in vitro conditions.

2 Materials and methods

2.1 Ovary collection and granulosa cell
isolation

Local abattoir-derived bovine ovaries were collected and

transported via an insulated thermos containing physiological

saline solution (0.9% NaCl) warmed to 37°C. Upon arrival,

ovarian samples were initially washed through a physiological,

warmed saline solution and subjected to a 70% ethanol rinse,

followed by three repeated washings through a warmed saline

solution. Follicular fluid containing granulosa cells and COCs

were aspirated from small, growing follicles (3–8 mm in

diameter) using a vacuum pump (GenX International; Guelph,
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ON, Canada) set to approximately 50 mmHg attached to an 18-

gauge standard hypodermic needle (Covidien Monoject™;
Mansfield, MA, United States) accompanied by a 50 mL sterilized

tube (CELLTREAT® Scientific Products; Pepperell, MA,

United States). A dense pellet of cellular material containing the

COCs was allowed to settle at the bottom of the tube for 10 min,

resulting in a visible gradient prior to the collection of cells. The

uppermost aqueous portion of the aspirated follicular fluid

containing the granulosa cells was then subsequently transferred

into a sterile 15 mL tube (Thermo Fisher Scientific; Waltham, MA,

United States) with warmed Dulbecco’s Phosphate Buffered Saline

without calcium and magnesium chloride (DPBS (×1)) (Sigma-

Aldrich; St. Louis, MO, United States).

The upper suspension and warmed DPBS (1X) were mechanically

homogenized via repetitive pipetting prior to initial centrifugation at

500 xg for 7 min to collect and pelletize the granulosa cells. Next, the

supernatant was removed, and the cell pellet was resuspended in red

blood cell (RBC) lysis buffer (Sigma-Aldrich; St. Louis, MO,

United States) for 3 min. To stop the reaction, the cell pellet was

washed with Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient

Mixture F12 (DMEM/F12) (Sigma-Aldrich; St. Louis, MO,

United States) supplemented with 10% Exosome-depleted fetal

bovine serum (FBS) (System Biosciences; Palo Alto, CA,

United States), 1% Penicillin-Streptomycin (Sigma-Aldrich; St. Louis,

MO, United States) and 1% Amphotericin B solution (Sigma-Aldrich;

St. Louis, MO, United States). Following centrifugation at 500 xg for

5 min, the supernatant was removed, and the cells were washed in

DPBS (1X) and resuspended in DMEM/F12 supplemented medium as

described above. Cell counts and viability were determined using a

hemocytometer (Hausser Scientific; Horsham, PA, United States) and

the trypan blue (Sigma-Aldrich; St. Louis, MO, United States) exclusion

method.

2.2 Granulosa cell culture and exposure to
heat stress

Granulosa cells were seeded at 2 × 105 cells per well in 24-well,

tissue culture-treated plates (United States Scientific, Inc.; Ocala,

FL), suspended in DMEM/F12 supplemented medium as described

above. In a humidified atmosphere gauged at 38.5°C containing a 5%

CO2 environment, cells were cultured for an initial 24 h or until sub-

confluent. Following an initial 24 h priming period, the (control)

cells continued culture at 38.5°C and the HS cells were transferred to

an alternative environment with an elevated thermal temperature of

42°C for the remaining 24 h of the total 48 h culture period. The

conditioned spent culture mediumwas collected and stored at −80°C

for EV isolation and downstream application.

2.3 Isolation of EVs from spent culture
medium

Two replicates of conditioned spent culture medium containing

EVs released from cultured granulosa cells were pooled and initially

centrifuged at 500 xg for 10 min, followed by 3,000 xg at 4°C to

remove residual cellular debris. Following the initial centrifugations,

the supernatant containing EVs were then subjected to

centrifugation at increased speeds of 17,200 xg for 30 min,

followed by filtration through a 0.22 µm sterile syringe filter

(Sigma-Aldrich; St. Louis, MO, United States), removing particles

larger than 200 nm in diameter including apoptotic bodies.

Following this, the purified conditioned spent culture medium

was subjected to ultracentrifugation as we previously described in

(Saeed-Zidane et al., 2017). Briefly, conditioned spent culture

medium from each treatment was subjected to ultracentrifugation

at 120,000 xg for 70 min using the Optima XE-90 Ultracentrifuge

(Beckman Coulter; Pasadena, CA, United States), in 5.2 mL Ultra-

Clear™ Centrifuge Tubes (Beckman Coulter; Pasadena, CA,

United States) using the Beckman SW 55Ti rotor (Beckman

Coulter; Pasadena, CA, United States). After removing the

supernatant, the pelletized EVs were washed using DPBS (1X)

and ultracentrifuged under the same conditions as described

above. Finally, the supernatant was removed and the EVs were

then suspended in 500 µL of DPBS (1X) and stored at −80°C until

further analysis. Prior to use, all EV samples were thawed at room

temperature to sustain high-yield EV recovery (Trummer et al.,

2009; Szatanek et al., 2015).

2.4 Morphological and molecular
characterization of GC-EVs

Immunoblotting techniques were used to verify the presence of

typical EV-specific protein markers (CD63, TSG101, and CD81) in

the isolated EVs. Moreover, Cytochrome c (CYCS), a cell-specific

marker protein was used to validate the absence of residual cellular

debris and cellular protein contaminants in our EV preparations.

Full-length blots are provided in (Supplementary Figure S1) and a

list of the antibodies used is indicated in (Supplementary Table S1).

Characterizing the size and concentration of EV samples were

performed using nanoparticle tracking analysis (NTA). Briefly, 5 µL of

purified EVs were diluted in 995 µL of DPBS (1X) and assembled into

the ZetaView® QUATT 4 Nanosight Instrument (Particle Metrix;

Ammersee, Germany) fitted with four respective lasers (405/488/

520/640 nm sources). For each sample, video measurements were

recorded, and 11 positions were analyzed using the Software

Zetaview (version 8.05.12 SP1). Similarly, the morphology and size

of EVs were determined using a particle beam of electrons for

visualization using transmission electron microscopy (TEM). For

this, a small volume of isolated EV samples (6–8 µL) was applied to

a carbon-coated, copper mesh TEM grid for 1–2 min, followed by

negative staining with 2% aqueous uranyl acetate. TEM imaging was

done on an FEI/TFS Tecnai T12 Spirit TEM (FEI Company; Hillsboro,

OR, United States), operating at 100 kV, with an AMT CCD. We have

submitted all relevant data from our experiments to the EV-TRACK

knowledgebase (EV-TRACK ID: EV220412) (van Deun et al., 2017).

2.5 Fluorescence labeling of GC-EVs and
assessing cellular uptake

EVs were labeled with PKH26 (Mini26-1KT; Sigma-Aldrich; St.

Louis, MO, United States), a red fluorescent linker dye responsible

for labeling lipid membranes as described in (Da Silveira et al.,

2012). Briefly, EVs (3.5 × 1011 particles/mL) were incubated with
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1 µL of PKH26 (4 × 10-6 M) for 5 min at room temperature in the

dark, followed by immediate quenching with 1% BSA (A6003;

Sigma-Aldrich; St. Louis, MO, United States) for 1 min. Samples

were precipitated using Exo-spin™ buffer-exosome precipitation

reagent (CellGS®; St. Louis. MO, United States) for 60 min in the

dark at 4°C, then centrifuged at 16,000 xg for 30 min and

resuspended in 100 μL of DPBS (1X) before purification using

the Exo-spin™ columns according to the manufacturer’s

protocol. As a negative control, DPBS (1X) was incubated with

PKH26 and treated in the same manner as described above. Labeled

EVs or DPBS (1X) (negative control) were used to prove EV uptake

by CCs surrounding intact COCs as detailed below.

COCs obtained from follicles ranging in size from 3 to 8 mm in

diameter were aspirated from abattoir-derived ovaries. Three COCs

were cultured in 20 µL micro drops offset with 20% v/v of GC-EVs

suspended in DPBS (1X) measured at 0.3 mg/mL of total protein

under oil for a 23 ± 1 h exposure length. Following incubation, intact

COCs were washed in CSU chemically defined medium for the

handling of oocytes (HCDM-M) (De La Torre-Sanchez, Jose

Fernando et al., 2006), fixed with 4% paraformaldehyde,

mounted to a poly-L-lysine coated slide (Newcomer Supply, Inc.;

Middleton, WI, United States), and allowed to dry for 24 h at 4°C in

the dark. Visualization of fluorescently-labeled EVs within the CCs

surrounding the oocyte was ascertained using confocal microscopy

(Olympus Fluoview FV10-ASW 4.1) (Olympus; Tokyo, Japan) after

excitation of COCs at 559 nm with a ×60 objective lens. Labeled

DPBS (1X) was used as negative control within this experiment.

2.6 In vitro maturation and exposure to heat
stress

The collection of COCs from slaughterhouse ovaries was done as

described above. Once COCs were collected, groups of 50 oocytes were

transferred into individual wells, inside 4-well culture dishes (Thermo

Fisher Scientific;Waltham,MA,United States) containing 1 mL of CSU

chemically defined medium for in vitro maturation of oocytes (IVM)

pre-equilibrated at 38.5°C in 5% CO2 (De La Torre-Sanchez, Jose

Fernando et al., 2006). At the time IVM medium were set to

equilibrate, all mediums irrespective of downstream application were

supplemented with 15 ng/mL NIDDK-oFSH-20, 1 μg/mL USDA-LH-

B-5, 1 μg/mL estradiol 17β, 50 ng/μL epidermal growth factor, and

0.1 mM cysteamine (De La Torre-Sanchez, Jose Fernando et al., 2006).

For experiments with heat stress, treatments were arranged in a 2 ×

4 factorial design with primary effects of incubation temperature during

maturation (38.5°C vs. 41°C) and with four culture mediums: non-

supplemented control (NC), vehicle [DPBS (1X)], EVs derived from

granulosa cells subjected to the normal physiological body temperature

of the cow (38.5°C) (normal EVs: N-EVs) or EVs derived from

granulosa cells subjected to thermal stress (42°C) (stressed EVs:

S-EVs). In brief, COCs were incubated with 20% v/v of DPBS (1X),

and treatments with GC-EVs were offset with equal concentrations of

total protein (0.3 mg/mL) assessed using a NanoDrop

2000 Spectrophotometer (Thermo Scientific; Waltham, MA,

United States), selected based on previous literature (Almiñana et al.,

2017; Alcântara-Neto et al., 2020a; Alcântara-Neto et al., 2020b;

Abumaghaid et al., 2022; Mateo-Otero et al., 2022). For all

experimental groups, control COCs matured at a temperature of

38.5°C throughout the maturation period (23 ± 1 h), while thermally

stressed COCs were subjected to an initial 8 h priming period at 38.5°C

and then transferred to 41°C in an atmosphere of 5%CO2 in humidified

air for the remaining 15 ± 1 h of the 23 ± 1 h maturation period.

2.7 In vitro fertilization and embryo culture

After maturation, COCs were transferred to 4-well culture

dishes containing 430 µL of equilibrated CSU chemically defined

medium for in vitro fertilization (F-CDM/well) (De La Torre-

Sanchez, Jose Fernando et al., 2006). In a minimal volume of

maturation medium, COCs were transferred into F-CDM and

held at 38.5°C and 5% CO2 in humidified air until IVF was

completed using bull sperm generated from a single ejaculation.

Frozen-thawed semen were subjected to a multi-layer, 45%/90%

Percoll® (Sigma-Aldrich; St. Louis, MO, United States) gradient and

centrifuged at 800 xg for 20 min to separate viable, motile sperm

(Parrish et al., 1995). Following this, the supernatant was removed

and the remaining sperm pellet was washed with 2 mL of CSU

chemically defined medium for the handling of early embryos

(HCDM-1) and centrifuged at 300 xg for 5 min (De La Torre-

Sanchez, Jose Fernando et al., 2006). The concentration of

spermatozoa was determined using a hemocytometer and

adjusted to 5 × 106 sperm/mL using equilibrated F-CDM. Finally,

sperm were added to COCs at a concentration of 0.5 × 106 sperm/

mL, and co-incubated for 18 h at 38.5°C in 5%CO2 in humidified air.

Following exposure with spermatozoa, presumptive zygotes were

vortexed at maximum speed for 60–90 s to slough remaining CCs.

Denuded zygotes were then transferred through a series of HCDM-1

wash drops, removing residual cells and spermatozoa (De La Torre-

Sanchez, Jose Fernando et al., 2006). Zygotes rid of excess cellular debris

were then transferred (in groups of 50) to pre-equilibrated 4-well dishes

containing 500 µL of CSU chemically defined medium for in vitro

culture of early embryos (CDM-1) and cultured for 56 h in a tri-gas

incubator regulated to 38.5°C in 5%CO2, 5%O2, and 90%N2. Following

an initial culture of 56 h, development was assessed by embryo cleavage

in warmed micro drops of CSU chemically defined medium for the

handling of late embryos (HCDM-2) (De La Torre-Sanchez, Jose

Fernando et al., 2006). Those embryos with ≥2 blastomeres were

transferred (in groups ≤35 embryos) to pre-equilibrated 4-well

dishes containing 500 µL of CSU chemically defined medium for

in vitro culture of late embryos (CDM-2) for an additional 120 h of

culture in a humidified chamber at 38.5°C in 5% CO2, 5% O2 and 90%

N2 (De La Torre-Sanchez, Jose Fernando et al., 2006). Blastocyst rates

were determined on day 7 (168 h) and day 8 (192 h) post-onset of IVF.

Blastocysts were evaluated according to their respective stage of

development and graded morphologically in accordance with the

IETS guidelines (Robertson, 1998).

2.8 Quantitative analysis of cumulus cell
expansion

To determine the effect of EV supplementation on cumulus

expansion, arbitrary lines were drawn to measure the diameter of

single cumulus-oocyte complexes (four replicates; a total of

113–252 COCs per treatment) using the Olympus Cellsens software
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(Olympus; Tokyo, Japan). Measurements were ascertained from groups

of COCs and themean diameter beforematurationwas subtracted from

the mean diameter after maturation to determine the mean cumulus

expansion in µm’s. The diameter of COCs was measured before and

after maturation at differing ambient temperatures from recorded

images (.jpg) using an inverted microscope (IX73; Olympus; Tokyo,

Japan).

2.9 Total RNA isolation and quality control

Total RNA was isolated from three replicates of CCs (each pool

contains CCs derived from 50 COCs) using the miRNeasy®mini kit

(Qiagen; Hilden, Germany), and on-column DNA digestion was

performed using RNase-free DNase (Qiagen; Hilden, Germany).

Moreover, total RNA was extracted from three replicate pools of

denuded oocytes following the completion of in vitro maturation

(each pool consisting of 50 oocytes) and four replicate pools of

blastocysts (each pool containing 5 blastocysts) using the RNeasy®

plus micro kit (Qiagen; Hilden, Germany). Total RNA sample

concentration and integrity were assessed using a NanoDrop

2000 Spectrophotometer (Thermo Scientific; Waltham, MA,

United States). RNA samples were stored at −80°C until further use.

2.10 Quantification of cumulus expansion
and stress-associated genes using qRT-PCR

The relative abundance of selected cumulus expansion marker

genes (PTGS2, EGFR, and PTX3) were quantified in CCs isolated

from matured COCs (three replicates; CCs from a pool of 50 COCs

per replicate) using qRT-PCR. Cumulus cells were collected

immediately following in vitro maturation by recurrent pipetting

through a narrow pipette, followed by vortexing and centrifugation.

Complete removal of CCs from the oocytes was assessed under a

stereo microscope (SZX16; Olympus; Tokyo, Japan) and snap frozen

in liquid nitrogen then stored at −80°C until further analysis. For the

analysis, synthesized cDNA was reverse transcribed from equal

amounts of total RNA (85 ng) using the SuperScript™ III First-

Strand Synthesis Super Mix Kit (Invitrogen; Carlsbad, CA,

United States) with random hexamer and oligo d(T) 20 primers.

Similarly, the transcript abundance of selected stress-related genes

(NRF2, SOD1, HSP70, HSP90, GRP78, and GRP94) were quantified

in CCs (three replicates; CCs from a pool of 50 COCs per replicate),

in vitro matured denuded oocytes (three replicates; a pool of

50 COCs per replicate) and blastocysts (four replicates; a pool of

5 blastocysts per replicate) using qRT-PCR. For this, cDNA was

obtained after reverse transcription of equal amounts of total RNA

(85 ng from CCs, 31 ng from oocytes, and 13 ng from blastocysts) as

described above. The geometric mean of expression levels of β-

ACTIN and GAPDH was used to normalize the expression of

candidate genes. Gene-specific primers were designed using

Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)

and the list of primers is indicated in Supplementary Table S2.

qRT-PCR analysis were performed using the CFX96 Touch Real-

Time PCR Detection System (Bio-Rad; Hercules, CA, United States)

and data was analyzed using the comparative C(T) method

(Schmittgen and Livak, 2008).

2.11 Measurement of intracellular ROS
accumulation

The intracellular ROS accumulation in oocytes (three replicates;

a total of 15–50 oocytes per treatment) and blastocysts (three

replicates; a total of 6-9 blastocysts per treatment) from the

various treatment groups was determined as we described

previously (Gebremedhn et al., 2020). Briefly, oocytes (n = 32 on

average) and embryos (n = 8 on average) from each treatment group

were washed twice in phosphate-buffered saline-

polyvinylpyrrolidone DPBS (1X)-PVP (0.1%) (P0930; Sigma-

Aldrich; St. Louis, MO, United States), placed in 50 µL droplets

of 10 µM 2ʹ,7ʹ-Dichlorofluorescin Diacetate (H₂DCFDA) dissolved

in H-CDMM or H-2 (oocyte or blastocyst) (287,810; Sigma-Aldrich;

St. Louis, MO, United States), and incubated at 38.5°C in the

respective culture environment suitable for their specific stage of

development for 30 min. After incubation, the oocytes and embryos

were washed three times in DPBS (1X)-PVP (0.1%) and then

observed under an inverted fluorescent microscope (IX73;

Olympus; Tokyo, Japan) using ×20 magnification. The

fluorescence of individual specimens was measured from.jpg

images and analyzed using ImageJ software (National Institute of

Health; Bethesda, MD, United States) after normalization through

subtraction of the background intensity. All images were captured

under the same parameters for exposure time and light intensity to

avoid fluorescent saturation using a green fluorescent filter with an

excitation wavelength of 494 nm and an emission wavelength of

518 nm. Results are plotted as the relative intensity of fluorescence.

2.12 Analysis of mitochondrial membrane
potential (MMP)

MMP (∆Ψ
m
) in oocytes (duplicates; a total of 12-22 oocytes per

treatment) and blastocysts (duplicates; a total of 7-11 blastocysts per

treatment) were analyzed by staining with 5,5′,6,6′-tetrachloro-

1,1′,3,3′tetraethylbenzimidazolylcarbocynanine iodide (JC-1,

Invitrogen; Carlsbad, CA, United States) dissolved in H-CDMM

or H-2 (oocyte or blastocyst), as an indicator of mitochondrial

activity, as previously described (Pasquariello et al., 2019). Briefly,

denuded matured oocytes and blastocysts from the various

treatment groups were stained using 2 µM JC-1 for 30 min in the

dark at 38.5°C, in the optimal culture environment for their

respective stage and development to express two types of

fluorescence. Oocytes and blastocysts were then washed three

times in DPBS (1X)-PVP (0.1%) and fluorescent images were

taken immediately using an inverted laser scanning confocal

microscope (ZEISS LSM980, Carl Zeiss Microscopy, Jena,

Germany) using a ×20 magnification air objective. Fluorescent

images were ascertained using the lowest laser power to give a

sufficient signal-to-noise ratio to avoid saturation of the

fluorophore. Physiological temperature (37°C) and CO2 level

(5%) were maintained inside the incubation chamber amidst

imaging. Imaging was performed using a wavelength of 488 nm

for J-monomers and excitation/emission at 490/525 nm (FITC filter/

green fluorescence) indicating low membrane potential. Similarly,

images for J-aggregates were carried out using a wavelength of

561 nm and excitation/emission at 596/615 nm (TRITC filter/red
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fluorescence) indicating high membrane potential. Subsequently,

the ratio of red to green fluorescence was used to determine

mitochondrial membrane potential, expressed as an arbitrary unit

as previously described (Silva et al., 2015; Pasquariello et al., 2019).

All czi. images were analyzed using ImageJ software (National

Institute of Health; Bethesda, MD, United States).

2.13 Fluorescent nuclear staining and
terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL)
assay

Blastocyst-stage embryos from the different treatment groups

(three replicates; a total of 18-30 blastocysts per treatment) were

assessed for proliferative capacity based on total cell counts using a

protocol adapted from (Critser and First, 1986) with some

modifications. Briefly, blastocysts were washed three times in

100 µL drops of phosphate buffered saline-polyvinylalcohol DPBS

(1X)-PVA (0.1%) (P8136; Sigma-Aldrich; St. Louis, MO,

United States), for 5 min each time. Blastocysts were then

immediately transferred into 1.5 μg/mL Hoechst 33,342 solution

(H3570; Thermo Fisher Scientific; Waltham, MA, United States)

and stained for 10–15 min at room temperature in the dark.

Embryos were then washed as previously described and mounted

on a poly-L-lysine coated slide (Newcomer Supply, Inc.; Middleton,

WI, United States) with 5–10 µL ProLong Diamond Antifade

Mountant (P36966; Invitrogen; Carlsbad, CA, United States).

Alternatively, cellular DNA fragmentation in blastocysts from the

various treatment groups (three replicates; a total of 19-41

blastocysts per treatment) was determined using an in situ

apoptotic cell detection kit, DeadEnd™ Fluorometric TUNEL

System according to the manufacturer’s instruction (TB235;

Promega; Madison, WI, United States). Briefly, blastocysts were

fixed in 4% paraformaldehyde (PFA) for 25 min at 4°C. Following

fixing, blastocysts were washed twice in 0.1% Tween/PVP in DPBS

(1X) (Bio-Rad; Hercules, CA, United States; P0930; Sigma-Aldrich;

St. Louis, MO, United States) and permeabilized in 0.3% Triton X-

100 in DPBS (1X) (X100-100ML; Sigma-Aldrich; St. Louis, MO,

United States) for 5 min. After permeabilization, blastocysts were

washed as detailed previously and incubated in equilibration buffer

prior to labeling with the TUNEL assay kit cocktail at 38.5°C for

60 min in a dark humidified chamber as suggested in the

manufacturer’s protocol. To stop the reaction, blastocysts were

moved to 2X SSC for 15 min and washed an additional three

times before mounting on a poly-L-lysine coated slide

(Newcomer Supply, Inc.; Middleton, WI, United States) with

5–10 µL ProLong Diamond Antifade Mountant (P36966;

Invitrogen; Carlsbad, CA, United States) and a coverslip, allowing

to dry flat (>24 h). Hoechst/DAPI-labeled or TUNEL-positive nuclei

were observed under an inverted fluorescent microscope (IX73;

Olympus; Tokyo, Japan) using ×20 magnification, under the

same parameters using fitted blue (345/455) and green (494/518)

fluorescent filters. For the analysis, fluorescent images were

converted to grayscale to accurately adjust what is fluorescently

stained (elements in the foreground, as well as elements in the

background). Subsequently, the fluorescently labeled cells were then

filled appropriately to determine the borders of individual nuclei

based on relative size for counting purposes irrespective of the

fluorophore utilized (blue/green).

2.14 Experimental design

A schematic overview of the experimental design is shown in

(Supplementary Figure S2). Following the generation of GC-EV

subsets (N-EVs and S-EVs) for isolation and characterization, their

subsequent effect was evaluated on COCs cultured under normal

(38.5°C) and HS (41°C) conditions during IVM. For this purpose,

COCs were collected by aspirating small-growing follicles (3–8 mm in

diameter) from abattoir-derived reproductive ovaries. To avoid result

bias, Grade 1 and Grade 2 COCs were selected for further functional

studies and placed into 4-well culture dishes containing four distinct

equilibrated mediums: non-supplemented control (NC), vehicle [DPBS

(1X)], normal EVs (N-EVs) or stressed EVs (S-EVs) suspeneded in 20%

v/v of DPBS (1X), with GC-EV treatments offset with equal

concentrations of total protein (0.3mg/ml). Concluding IVM,

in vitro matured oocytes were assessed for EV uptake and cumulus

expansion. Additionally, selected stress-associated transcripts were

investigated among resected cumulus cells and denuded matured

oocytes, and confocal microscopy was utilized to determine ROS

production and mitochondrial activity among in vitro matured

oocytes. In parallel, aside from experiments conducted immediately

following IVM, subsequent IVF cycles were carried out to investigate

the downstream effects of GC-EV supplementation during oocyte

maturation on the resulting blastocyst development. Developmental

competence rates were collected, and blastocysts were similarly

evaluated for selected stress-associated transcript abundance and

dually stained for ROS accumulation, total cell counts, apoptotic

indexes, and mitochondrial membrane potential as a means to

monitor the quality of the produced blastocysts.

2.15 Statistical analysis

Data were analyzed in GraphPad Prism version 8.4.2 (GraphPad;

San Diego, CA, United States). Statistical differences between the mean

values of more than two groups under the varying culture conditions

were compared using Two-way Analysis of Variance (ANOVA)

followed by Tukey’s Multiple Comparisons Tests. Alternatively,

statistical differences amid gene expression datasets were assessed

between the mean values of more than two groups under the same

culture conditions using One-way Analysis of Variance (ANOVA)

followed by Tukey’s Multiple Comparisons Tests. Data are presented as

the Mean ± SEM of biological replicates. Statistical significance was

identified at p ≤ 0.05.

3 Results

3.1 Characterization of GC-EVs released into
the conditioned medium from in vitro

cultured follicular GCs

Vesicle size and concentration differences between N-EVs and

S-EVs were assessed using Nanoparticle Tracking Analysis (NTA). The
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concentration of N-EVs and S-EVs were 6.70E+11 ± 3.50E+11 and

1.00E+12 ± 5.10E+11 particles/mL, with median sizes of 137.75 and

147.95 nm, respectively. Exposure to heat stress resulted in the release of

a significantly higher quantity of EVs with a tendency of having larger

size particles (Figure 1A). Western blotting analysis of N-EVs and

S-EVs revealed positive bands for EV- specific transmembrane proteins

(CD63, TSG101, and CD81), simultaneously showing negative results

for mitochondrial protein marker (CYCS) (Figure 1B). Similarly, TEM

imaging showed a clear indication that vesicles are encapsulated with

the visible appearance of a bilipid membrane (Figure 1C).

3.2 GC-EVs shuttle protective messages
against heat stress to enhance the
thermotolerance of bovine cumulus-oocyte
complexes

As a means to validate EVs’ capacity to mediate communicative

interactions supporting oocyte and embryo development, we

confirmed GC-EV uptake by COCs using fluorescence

microscopy. After 24 h co-incubation of labeled EVs with COCs,

we detected PKH-26 positive EVs in the CCs surrounding the

oocyte, but not in the oocyte cytoplasm (Figure 2A). Subsequent

investigation of the impact of EV supplementation during oocyte

maturation revealed that both N-EVs and S-EVs had positive

impacts on cumulus expansion compared to non-supplemented

controls and vehicle-supplemented groups, irrespective of the

presence or absence of thermal stress exposure. Interestingly,

under normal physiological temperature (38.5°C), N-EVs

significantly increased cumulus expansion compared to the NC

(p < 0.0001) and vehicle (p < 0.0001). Similar results were found

for COCs supplemented with S-EVs during oocyte maturation and

cultured under HS conditions when compared to the NC (p <

0.0001) and vehicle (p < 0.0001) (Figure 2B). We further validated

differential expression patterns of cumulus expansion marker genes

in the CCs from oocytes of the various treatment groups. Results

showed that the expression patterns of PTGS2, EGFR, and

PTX3 were higher within the CCs from COCs supplemented

with N-EVs cultured both under normal and thermal stress

conditions. Under HS conditions, N-EVs and S-EVs tended to

act cohesively with both expression patterns being upregulated

when compared to the NC and vehicle (Figures 2C, D).

Collectively our data indicate significant differences between GC-

EV supplemented treatments (p < 0.0001), culture temperatures (p =

FIGURE 1

Morphological and molecular characterization of GC-EVs. The relative size of EVs isolated from cultured granulosa cells spent culture medium was

determined using nanoparticle tracking analysis (NTA). The median size of N-EVs was 137.75 nm (blue) compared to S-EVs 147.95 nm (red). Granulosa

cells subjected to thermal stress released a significantly higher quantity of particles (red) and had tendencies to be larger in size (nm) compared to those

subjected to normal ambient temperatures (blue) (A). Immunoblotting analysis for EV-specific protein markers (CD63, TSG101, and CD81) and

cellular-specific protein marker (CYCS) were verified to determine protein lysate composition in N-EVs, S-EVs, and GCs as a positive control. Full-length

blots are presented in Supplementary Figure S1 (B). Transmission electron microscopy (TEM) representative images from N-EVs and S-EVs (marked with

red arrows) show the morphology of the lipid bilayer membrane of EV particles. Scale bar, 100 nm (C).
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0.0015), as well as an interaction between temperature and

treatment (p = 0.0002).

The supplementation of S-EVs to COCs at the time of maturation

significantly decreased the relative expression of NRF2, SOD1, HSP70,

andHSP90 in CCs fromCOCs, under both ambient temperatures alike

(Figures 3A, B). Contrasting evidence showed that N-EVs did not show

measurable differences in the suppression of stress-associated

transcripts compared to the NC and vehicle under both normal

physiological temperature and when subjected to HS (Figures 3A,

B). As shown in Figure 4, the supplementation of both N-EVs and

S-EVs resulted in the suppression of the majority of stress-associated

genes in oocytes cultured either under normal or thermal stress

conditions. Contrary to these findings, HSP70 was significantly

enriched within the oocytes supplemented with S-EVs and cultured

at 38.5°C (Figure 4A), however, significantly suppressed under thermal

stress conditions (Figure 4B).

FIGURE 2

Effects of GC-EV supplementation on receptivity of follicular cells EV uptake following maturation at 38.5°C (blue) and 41°C (red) and cumulus

expansion. Confocal images of intact cumulus-oocyte complexes co-incubated with PKH26 labeled GC-EVs for 24 h during in vitro maturation. Scale

bar, 50 µM (A). Follicular cell uptake of PKH26 labeled EVs is shown in the surrounding cumulus cells (CC), in relation to the oocyte (OO) and respective

zona pellucida (ZP). Measurements for cumulus expansion were obtained before and after maturation using the Olympus Cellsens software. The

increase in diameter was determined by subtracting the mean diameter before maturation from the mean diameter after maturation (B). Results were

carried out in four replicates (a total of 113-252 COCs per treatment). Data among treatments represent the mean±SEM and the differences between

means were analyzed using Two-way ANOVA followed by Tukey’s Multiple Comparisons Test. Bars with different letters (38.5°C; uppercase) (41°C;

lowercase) indicate statistically significant differences of at least (p < 0.05) between treatments under the same culture conditions, while (*) indicate

statistical differences between the same treatment under different culture environments during IVM (****p < 0.0001). The expression of cumulus

expansion marker genes was assessed using qRT-PCR from cumulus cells isolated from oocytes in triplicates (a total of 50 COCs per treatment) cultured

under thermoneutral (C) and heat stress (D) conditions. Data among treatments cultured under the same environment represent themean ± SEM and the

differences between means were analyzed using One-way ANOVA followed by Tukey’s Multiple Comparisons Test. (*p < 0.05), (**p < 0.01), (***p <

0.001), (****p < 0.0001).
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3.3 GC-EVs prevent ROS accumulation and
promote mitochondrial function in oocytes
under heat-stress conditions

ROS production and mitochondrial membrane potential

were investigated in in vitro matured oocytes supplemented

with GC-derived EVs via fluorescence microscopy. Diminished

fluorescent signals of ROS were seen in those oocytes

supplemented with S-EVs and matured at 41°C, compared to

the other groups (Figures 5B, C). Similarly, under normal

ambient temperature, fluorescent ROS signals were

substantially reduced in oocytes supplemented with N-EVs

and S-EVs when compared to controls (Figures 5A, C). Our

data also concur significant differences between GC-EV

supplemented treatments (p = 0.0208), albeit no measurable

differences among temperatures or temperature and treatment

interactions. Subsequent investigation of the mitochondrial

membrane potential in oocytes by JC-1 staining revealed that

under HS conditions, oocytes supplemented with both N-EVs

and S-EVs showed markedly high mitochondrial membrane

potential (∆Ψm) (Figures 5E, F). However, under normal

physiological conditions, the highest ∆Ψm were observed in

the treatment group supplemented with N-EVs (Figures 5D,

F). Statistical comparisons for JC-1 indicated, significant

differences between GC-EV supplemented treatments (p <

0.0001), however, no statistical differences among culture

temperatures, amid a significant interaction between culture

temperature and GC-EV supplemented treatments (p = 0.0002).

3.4 The effect of GC-EV supplementation
during oocyte maturation on developmental
competence of oocytes post IVF

Since GC-EVs enhanced the proper function and overall quality

of bovine oocytes subjected to HS, we next assessed this correlation

on their downstream embryonic developmental potential following

in vitro fertilization. As shown in Figure 6A, there are no measurable

differences in cleavage rates of the oocytes under thermal stress

conditions, although, minimal improvements were noted for oocytes

supplemented with N-EVs and cultured at 38.5°C. However, HS

induces a dramatic decline in the proportion of oocytes capable of

developing to the blastocyst stage, whether expressed as the

percentage of oocytes developed to blastocyst (Figure 6B; p <

0.0001) or the percentage of cleaved embryos (Figure 6C; p <

0.0001). As shown in Figures 6B, C, while supplementation of

S-EVs during oocyte maturation rescued the majority of oocytes

developed to the blastocyst stage under thermal stress conditions,

both N-EVs, and S-EVs improve the developmental rate of oocytes

becoming blastocysts under normal physiological conditions, when

compared to the untreated or vehicle controls. Taken together, our

developmental competence data show significant differences

FIGURE 3

The impact of GC-EV supplementation on transcript levels of stress-associated genes in cumulus cells from cumulus-oocyte complexes following

maturation at 38.5°C (blue) and 41°C (red). The expression of stress-associated genes was significantly diminished in cumulus cells from oocytes

supplemented with S-EVs and matured at 38.5°C (A) and 41°C (B). Results are from cumulus cells removed from a total of three pools of 50 oocytes per

pool for each treatment. Data represent the mean ± SEM and the differences between means were analyzed using One-way ANOVA followed by

Tukey’s Multiple Comparisons Test. (*p < 0.05), (**p < 0.01), (***p < 0.001).
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FIGURE 4

The impact of GC-EV supplementation on transcript levels of stress-associated genes in oocytes following maturation at 38.5°C (blue) and 41°C

(red). The expression of stress-associated genes were significantly diminished in oocytes supplemented with N-EVs and cultured at 38.5°C (A), and similar

decreases in gene expression were visualized in oocytes supplemented with S-EVs and exposed to HS (B). Results are from a total of three pools of

50 oocytes per pool for each treatment. Data represent themean ± SEM and the differences betweenmeans were analyzed using One-way ANOVA

followed by Tukey’s Multiple Comparisons Test. (*p < 0.05), (**p < 0.01), (***p < 0.001), (****p < 0.0001).

Frontiers in Cell and Developmental Biology frontiersin.org10

Menjivar et al. 10.3389/fcell.2023.1142629

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1142629
https://doi.org/10.3389/fcell.2023.1142629


FIGURE 5

The beneficial effects of GC-EVs on oocyte function under in vitro normal physiological (38.5°C; blue) and HS (41°C; red) conditions. Fluorescence

images of in vitromatured bovine oocytes treated with 2ʹ,7ʹ-Dichlorofluorescin Diacetate (H₂DCFDA) were captured for themeasurement of intracellular

ROS levels in single oocytes. Scale bar, 50 µM [38.5°C; (A)] [41°C; (B)]. Quantification of the relative fluorescence intensity in single oocytes were carried

out in triplicates (total = of 15–50 oocytes per treatment) (C). Fluorescence images of in vitro matured bovine oocytes treated with 5,5′,6,6′-

tetrachloro-1,1′,3,3′tetraethylbenzimidazolylcarbocynanine iodide (JC-1) for the measurement of MMP (∆Ψm), an indicator of mitochondrial activity in

single oocytes. Scale bar, 50 µM [38.5°C; (D)] [41°C; (E)]. Quantification of the relative fluorescence intensity (red/green ratio) in single oocytes were

carried out in duplicates (total = of 12–22 oocytes per treatment) (F). Data among treatments represent the mean ± SEM and the differences between

means were analyzed using Two-way ANOVA followed by Tukey’s Multiple Comparisons Test. Bars with different letters (38.5°C; uppercase) (41°C;

lowercase) indicate statistically significant differences of at least (p < 0.05) between treatments under the same culture conditions, while (*) indicate

statistical differences between the same treatment under different culture environments during IVM (***p < 0.001).
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between treatments (p = 0.0002, p = 0.0003) and temperatures (p <

0.0001).

3.5 GC-EV supplementation modifies the
expression of stress-associated transcripts
in blastocysts

As shown in Figure 7A, except for GRP78 and GRP94, the

supplementation of both N-EVs and S-EVs during oocyte

maturation in the absence of subsequent thermal stress resulted

in the cohesive suppression of the tested stress-related genes in

blastocysts. Similarly, with an exception for NRF2, the

supplementation of both N-EVs and S-EVs during oocyte

maturation in the presence of thermal stress exposure resulted in

the suppression of all six of the tested stress-associated marker genes

within the resulting blastocysts (Figure 7B).

3.6 Impact of GC-EVs supplementation
during oocyte maturation on blastocyst ROS
accumulation, mitochondrial function, total
cell counts, and apoptotic index

As shown in Figures 8B, C, both qualitative and quantitative

ROS levels are markedly lower in blastocysts when S-EVs are

supplemented during oocyte maturation under HS exposure.

Similarly, when cultured at 38.5°C, blastocysts derived from

oocytes supplemented with S-EVs had a significantly lower

accumulation of ROS (Figures 8A, C). Although our data show

no significant differences between temperatures, we show a

significant difference among treatments (p = 0.001) with a

significant interaction between temperature and treatment (p =

0.0023). We also assessed the membrane potential of

mitochondria amid blastocysts and revealed that under HS

conditions, blastocysts derived from both N-EVs and S-EVs

supplemented groups had significantly increased mitochondrial

function, as evidenced by an increased ratio of fluorescence

imaged from J-aggregates vs. J-monomers compared to the NC

and vehicle (Figures 8E, F). In parallel, blastocysts derived from

oocytes supplemented with N-EVs and S-EVs and cultured under

normal physiological temperature (38.5°C) showed improved

mitochondrial membrane potential compared to the NC and

FIGURE 6

The effect of GC-EVs on the developmental capacity of oocytes

matured at 38.5°C (blue) and 41°C (red). Results are from a total of six

replicates (281–299 total oocytes per treatment). Oocytes

supplemented with N-EVs and cultured under 38.5°C showed

significant improvements in cleavage percentage compared to the

NC, while no visual differences were observed among treatments

under HS conditions (A). The percentage of oocytes developed into

blastocysts was significantly affected by maturation temperature with

significant increases in developmental competence in those

(Continued )

FIGURE 6 (Continued)

treatments supplemented with GC-EVs (B). Similarly, the

percentage of cleaved embryos developed into blastocysts was

linearly affected bymaturation temperaturewith significant protection

from inherent stress visualized in those treatments

supplemented with GC-EVs (C). Data among treatments represent the

mean ± SEM and the differences between means were analyzed using

Two-way ANOVA followed by Tukey’s Multiple Comparisons Test.

Bars with different letters (38.5°C; uppercase) (41°C; lowercase)

indicate statistically significant differences of at least (p < 0.05)

between treatments under the same culture conditions, while (*)

indicate statistical differences between the same treatment under

different culture environments during IVM (***p < 0.001) (****p <

0.0001).
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vehicle supplemented groups (Figure 8D). Collectively, our data

demonstrate a significant difference between GC-EV supplemented

treatments (p = 0.0001), culture temperatures (p = 0.0054), as well as

their interaction (p = 0.0161).

Alternatively, no measurable differences were observed in total

cell numbers among the treatment groups subjected to HS (Figures

9B, C). However, there were significant increases in the total cell

number in blastocysts derived from oocytes supplemented with

FIGURE 7

The impact of GC-EVs on transcript levels of stress-associated genes in blastocysts derived from oocytes treated with GC-EVs during oocyte

maturation at 38.5°C (blue) and 41°C (red). The expressions of stress-associated genes were significantly diminished in blastocysts derived from oocytes

supplemented with N-EVs and cultured at 38.5°C (A), and similar decreases in gene expression were visualized in blastocysts derived from oocytes

supplemented with S-EVs and exposed to HS (B). Results are from a total of four pools of 5 blastocysts per pool for each treatment. Data represent

the mean ± SEM and the differences between means were analyzed using One-way ANOVA followed by Tukey’s Multiple Comparisons Test. (*p < 0.05),

(**p < 0.01), (***p < 0.001), (****p < 0.0001).
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N-EVs and cultured at 38.5°C (Figures 9A, C). In terms of total cell

counts, we show no significant differences between treatments, albeit

significant differences between temperatures (p < 0.0001), as well as

a significant interaction between temperature and treatment (p =

0.0015). Moreover, as shown in Figures 9E, F, the number of

fluorescently labeled nuclei with fragmented DNA (shown in

green), is dramatically reduced (p < 0.0001) in blastocysts

derived from oocytes supplemented with S-EVs and exposed to

HS. Additionally, blastocysts derived from oocytes supplemented

with N-EVs and S-EVs and cultured under normal physiological

temperature (38.5°C) showed diminished apoptotic indexes (Figures

9D, F). Importantly, our data indicates a significant difference

among treatments (p < 0.0001), temperatures (p = 0.0057), as

well as their interaction (p = 0.0048).

4 Discussion

Elevated ambient temperatures play a multifaceted role in

affecting physiological and cellular functions with direct

FIGURE 8

Functional alterations of GC-EV supplementation during in vitro maturation on blastocyst quality under in vitro normal physiological (38.5°C; blue)

and HS (41°C; red) conditions. Fluorescence images of in vitro cultured bovine blastocysts treated with 2ʹ,7ʹ-Dichlorofluorescin Diacetate (H₂DCFDA)

were captured for the measurement of intracellular ROS levels in single blastocysts. Scale bar, 50 µM [38.5°C; (A)] [41°C; (B)]. Quantification of the relative

fluorescence intensity in single blastocysts were carried out in triplicates (a total of 6-9 blastocysts per treatment) (C). Fluorescence images of in vitro

cultured bovine blastocysts treatedwith 5,5′,6,6′-tetrachloro-1,1′,3,3′tetraethylbenzimidazolylcarbocynanine iodide (JC-1) for themeasurement ofMMP

(∆Ψm), an indicator of mitochondrial activity in single blastocysts. Scale bar, 50 µM [38.5°C; (D)] [41°C; (E)]. Quantification of the relative fluorescence

intensity (red/green ratio) in single blastocysts were carried out in duplicates (a total of 7–11 blastocysts per treatment) (F). Data among treatments

represent the mean ± SEM and the differences between means were analyzed using Two-way ANOVA followed by Tukey’s Multiple Comparisons Test.

Bars with different letters (38.5°C; uppercase) (41°C; lowercase) indicate statistically significant differences of at least (p < 0.05) between treatments under

the same culture conditions, while (*) indicate statistical differences between the same treatment under different culture environments during IVM

(**p < 0.01).
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detrimental impacts on fertility in dairy cattle (Wolfenson et al.,

2000). Delineated in a plethora of studies, HS compromises

reproductive function by altering follicular dynamics (Badinga

et al., 1993; Guzeloglu et al., 2001), afflicting proper granulosa

FIGURE 9

The beneficial effect of GC-EV supplementation during in vitro maturation on blastocyst quality under in vitro normal physiological (38.5°C; blue)

andHS (41°C; red) conditions. Fluorescence images of in vitro cultured bovine blastocysts treatedwith Hoechst 33342/DAPI were used to determine total

cell numbers in preimplantation embryos. Scale bar, 50 µM [38.5°C; (A)] [41°C; (B)]. Quantification of total cell numbers in single blastocysts were carried

out in triplicates (a total of 18–30 blastocysts per treatment) (C). Fluorescence images of in vitro cultured bovine blastocysts subjected to a TUNEL

assay were captured for specific detection of apoptotic cells. Scale bar, 50 µM [38.5°C; (D)] [41°C; (E)]. Quantification of TUNEL + cells in single blastocysts

were carried out in triplicates (a total of 19–41 blastocysts per treatment) (F). Data among treatments represent the mean ± SEM and the differences

between means were analyzed using Two-way ANOVA followed by Tukey’s Multiple Comparisons Test. Bars with different letters (38.5°C; uppercase)

(41°C; lowercase) indicate statistically significant differences of at least (p < 0.05) between treatments under the same culture conditions, while (*) indicate

statistical differences between the same treatment under different culture environments during IVM (*p < 0.05), (**p < 0.01), (***p < 0.001), (****p <

0.0001).
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cell function (Li et al., 2016) with impairments in oocyte maturation,

fertilization (Roth and Hansen, 2005; Nabenishi et al., 2012) and

preimplantation embryo development (Al-Katanani et al., 2002;

Roth and Hansen, 2004). Oxidative stress, modeled through HS,

is evidenced by the harmful effects elicited at the cellular level by

inducing DNA damage, protein modifications, and lipid

peroxidation (Alvarez, 2003; Kitagawa et al., 2004). We and

others have recently shown that GCs exposed to HS release EVs

containing protective signals which can be beneficial in eliciting

positive responses or increased protection against stress in recipient

or bystander cells (Bewicke-Copley et al., 2017; Gebremedhn et al.,

2020). Hence, given the physiological relevance of the whereabouts

of the oocyte in vivo at the time of maturation, in the present study,

we generated subsets of EVs released from in vitro cultured follicular

GCs subjected to the normal ambient body temperature of the cow

(38.5°C) and HS (42°C) conditions. Throughout this work, we

sufficiently demonstrate the capacity of GC-derived N-EVs and

S-EVs in modulating a multitude of factors associated with oocyte

quality when cultured under suboptimal conditions.

It has been shown previously that the addition of follicular fluid

exosomes to the maturation medium can increase cumulus

expansion with projections to modulate developmental

competence under HS conditions (Rodrigues et al., 2019). In

addition, exosomes isolated from bovine follicular fluid of small

follicles have been reported to support cumulus expansion of bovine

and mouse COCs cultured without fetal calf serum (Hung et al.,

2015). Similarly, we found that GC-derived EVs can support

cumulus expansion in COCs during maturation in the presence

or absence of thermal stress. This was evidenced by the induction of

the expression of cumulus expansion-associated genes (PTGS2,

EGFR, and PTX3) in COCs supplemented with GC-EVs and

subsequently subjected to thermal stress compared to the NC

and vehicle groups. Interestingly, the impact of N-EVs in

inducing the expression of cumulus expansion marker genes was

prominent in COCs cultured under normal conditions following EV

supplementation (Figure 2B). On the contrary, S-EVs suppressed

the expression of cumulus expansion marker genes in the absence of

HS (Figure 2C). Statistically comparing treatments under differing

ambient culture environments, we collectively show the beneficial

effects of N-EVs under normal physiological temperature compared

to HS, while S-EVs showed similar effects on cumulus expansion

under HS versus normal temperature. Moreover, expression analysis

of stress-associated genes in CCs and oocytes revealed the role of

GC-derived EVs in reducing the expression of stress-associated

transcripts, thereby the severity of thermal stress in those cells.

Irrespective of environmental culture conditions, S-EVs in

particular, clearly repressed the expression of HSP70, HSP90,

NRF2, and SOD1 in CCs, signifying the inherent presence of

other stress factors in our in vitro culture environment, even

under normal culture conditions. To date, the precise molecular

pathways in which GC-EVs promote thermotolerance in COCs are

not fully understood. However, it is postulated that donor cell

cytoplasmic proteins and RNA-enriched EVs can have the

potential to modulate the stress response mechanisms of

recipient cells. Moreover, EVs are widely accepted for their

physiochemical traits to foster therapeutic applications primarily

on EV-delivered bioactive compounds (mRNA, miRNA, long non-

coding RNAs, DNAs, proteins, and lipids) with biological regulatory

functions (Liu et al., 2022). Exosome-mediated transfer of miRNA in

bovine follicular GCs has been evidenced in our previous study

(Sohel et al., 2013). Collectively, as it has been demonstrated in

previous studies (Mothersill and Seymour, 1997; Lyng et al., 2000;

Chai and Hei, 2008; Bewicke-Copley et al., 2017), results from this

study demonstrate the capabilities of GC-EVs to support cumulus

expansion and conventional physiology underpinning proper

oocyte function by reducing the severity of thermal stress during

in vitro oocyte maturation.

Oocyte competence is largely determined by the quality and

subsequent accumulation of organelles, metabolites, and maternal

RNAs acquired during the period of growth and maturation

determining the success of fertilization, embryo development,

and pregnancy establishment. Following confirmation of GC-

EVs’ impact on CCs, we examined the expression of stress-

associated transcripts in the presence or absence of subsequent

thermal stress. Under HS exposure, the expression of NRF2,

SOD1, HSP70, HSP90, GRP78, and GRP94 was dramatically

reduced in oocytes supplemented with S-EVs. These observations

are similar to our previous report showing that priming of naïve GCs

using EVs derived from thermally stressed bovine GCs could

provide protection against thermal stress by suppressing the

expression of stress-associated genes as a means of inducing

thermotolerance (Gebremedhn et al., 2020). Previous reports well

document overexpressed levels of HSPs to be especially detrimental

to cells undergoing developmental growth and rapid divisions

(Krebs and Feder, 1997). The chaperoning functions of HSPs

inhibit Caspase processing, a heat-sensitive target leading to heat

shock-induced apoptosis (Mosser et al., 1997). Inhibition of heat-

shock-induced apoptosis using a caspase inhibitor has been shown

to effectively mitigate the detrimental impacts of HS on oocyte

competence for fertilization and subsequent embryo development

(Roth and Hansen, 2004). Taken together, as functionally evidenced

in part by others, S-EVs inherently contain high expression of HSPs

(Gebremedhn et al., 2020), which likely in part inhibit caspase

activity and provide resistance to stress-induced apoptosis,

modulating the thermoprotective role of the CCs (Tatemoto

et al., 2000) surrounding the oocyte and perhaps the integrity

and function of the oocyte under HS conditions. In addition,

S-EVs’ inherent capacity to induce a beneficial “bystander effect,”

may potentially underpin the transfer of specific cargoes (possibly

miRNA transfer), which serve to post-transcriptionally regulate

gene expression via degradation and/or translational repression.

Conclusively, S-EV-coupled miRNAs may be involved in the

posttranscriptional regulation of HSPs under thermal stress

conditions, resulting in the downregulation of HSP transcripts

compared to the control counterparts.

Exposure to thermal stress is known to have direct implications

on cellular function as it leads to the accumulation of intracellular

ROS causing oxidative damage (Azad et al., 2010), mitochondrial

dysfunction, and autophagy (Scherz-Shouval and Elazar, 2011; Shen

et al., 2017), resulting in a continued decline in fertility (Guérin et al.,

2001). The overwhelming importance of mitochondria for the

development of oocytes and embryos as an apoptotic regulator

and importantly a prominent source of energy in the form of

ATP is widely accepted (van Blerkom, 2009). Mitochondrial

dysfunction has been suggested to be a major factor in

chromosomal anomalies during meiotic divisions in oocytes and
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mitosis in embryos affecting the developmental competence of

oocytes and embryos (Schon et al., 2000; Eichenlaub-Ritter et al.,

2004; Desler et al., 2007). Studies in mice and humans using JC-1

have shown the relationship between mitochondrial activity and the

developmental competence of oocytes and embryos (Acton et al.,

2004). In addition to reductions in ROS accumulation,

supplementation of S-EVs at the time of oocyte maturation and

subsequent exposure to HS, notably increased the ratio of red to

green fluorescence after JC-1 staining, indicating improved

mitochondrial activity. On the other hand, under normal

physiological temperatures, GC-EV supplementation synergistically

reduced the accumulation of ROS with the highest mitochondrial

activity coming from oocytes derived from the treatment

supplemented with N-EVs during IVM. Comparisons between

treatments under differing ambient culture environments showed

increased mitochondrial activity in oocytes supplemented with

N-EVs under normal physiological temperature compared to HS

conditions. Similarly, the supplementation of S-EVs also had a

similar impact on mitochondrial function in oocytes under HS

conditions versus normal ambient temperature. The positive impacts

of GC-EVs during oocyte maturation in the absence of thermal stress

exposure may be in part due to the intrinsic quality of oocytes derived

from local slaughterhouse ovaries and indicative that certain levels of

stress are inherently present within the in vitro environment.

To investigate the downstream effect of GC-EVs

supplementation during bovine IVM, we performed IVF and

IVC of the resulting oocytes for development until the blastocyst

stage. Supplementation of both N-EVs and S-EVs during oocyte

maturation showed to improve blastocyst rates both in the presence

or absence of thermal stress exposure, indicating the positive impact

of GC-EVs in supporting oocyte development to the blastocyst stage

(Figures 6B, C). Moreover, a significant reduction in the expression

of stress-associated genes (SOD1, HSP70, HSP90, GRP78, and

GRP94) was observed in blastocysts derived from COCs

supplemented with N-EVs and S-EVs. However, in the absence

of HS, blastocysts from GC-EVs’-supplemented treatment groups

tended to suppress the relative abundance of stress-associated genes,

with exceptions to the expression of GRP78 and GRP94, which

showed increases in expression in S-EVs supplemented treatment

groups. This indicates the differential impact of GC-EVs in

modulating the stress response of oocytes to environmental

stressors. In the present study, it is shown that blastocysts

derived from COCs supplemented with S-EVs and exposed to

HS during maturation have increased embryo quality due to

FIGURE 10

Graphical Synopsis. Schematic illustration showing EVs secreted from follicular granulosa cultured in vitro under 38.5°C (N-EVs) and 42°C (S-EVs),

preferentially uptaken in the cumulus cells in intact cumulus-oocyte complexes following co-incubation during in vitro oocyte maturation. Results

indicate that S-EVs effectively modulate the thermotolerance of bovine oocytes to elevated temperatures shown through the functional analysis

conducted in the cumulus cells, oocytes, and developed blastocysts.
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reduced ROS accumulation, decreased TUNEL+ apoptotic nuclei,

and increased mitochondrial activity compared to their NC

counterparts. Interestingly, as shown in oocytes, S-EVs

significantly reduced the amount of accumulated ROS in

blastocysts under HS compared to those cultured under normal

ambient temperature. These results partly support our hypothesis

that S-EVs derived from GCs mitigate the detrimental effects of HS

during oocyte maturation, which may have an impact on the further

developmental potential of oocytes in giving rise to developmentally

competent blastocysts. Our data also suggests that GC-EV

supplementation amid HS exposure during IVM may not induce

the proliferative capacity of bovine embryos, however, GC-EVs

effectively modulate the inherent quality of resulting blastocysts.

To leverage our findings, a similar study showed that EVs isolated

via density gradient ultracentrifugation and size-exclusion

chromatography from Holstein heifer follicular fluid, improve

embryo quality based primarily on differential apoptotic cell

counts (Asaadi et al., 2021). Similarly, the addition of bovine

oviduct epithelial cell EVs had a positive impact on the quality of

in vitro produced bovine embryos, signifying EVs’ functional and

physiological relevance to support the development of viable and

competent blastocysts under in vitro environments to enhance the

pregnancy outcome after transfer (Lopera-Vásquez et al., 2016).

Taken together, the current study demonstrated that GC-

EVs play a pivotal regulatory role against HS during in vitro

maturation of bovine oocytes by reducing ROS accumulation,

enhancing proper mitochondrial function, and altering the

expression of stress-associated genes, thereby reducing the

severity of thermal stress, improving oocyte survival and

viability (Figure 10). Despite the fact that EVs are uptaken

only by CCs, the impact of EV supplementation seems to be

through changing the physiology of the CCs, which ultimately

lends impact on oocyte physiology, particularly ROS

accumulation, mitochondrial activity, and gene expression

profiles. Furthermore, the beneficial role of EVs and their

capabilities to modulate the detrimental effects of HS during

maturation can have long-lasting impacts on the development

and quality of blastocysts, potentially in the establishment of

pregnancy and the generation of healthy offspring. As GC-EVs

are known to shuttle protective signals in the form of RNAs,

proteins, and/or lipids, further studies are needed to determine

the exact mechanisms of action of EVs in modulating stress

response for potential application in assisted reproductive

technologies involving IVM, IVF, and IVC of mammalian

oocytes and embryos.
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Abstract 

Background Among the various seasonal environmental changes, elevated ambient temperature during the sum‑
mer season is a main cause of stress in dairy and beef cows, leading to impaired reproductive function and fertility. 
Follicular fluid extracellular vesicles (FF‑EVs) play an important role in intrafollicular cellular communication by, in part, 
mediating the deleterious effects of heat stress (HS). Here we aimed to investigate the changes in FF‑EV miRNA car‑
goes in beef cows in response to seasonal changes: summer (SUM) compared to the winter (WIN) season using high 
throughput sequencing of FF‑EV‑coupled miRNAs. In addition to their biological relevance, the potential mechanisms 
involved in the packaging and release of those miRNAs as a response to environmental HS were elucidated.

Results Sequencing analysis revealed that an average of 6.6% of the EV‑RNA mapped reads were annotated to 
bovine miRNAs. Interestingly, miR‑148a, miR‑99a‑5p, miR‑10b, and miR‑143 were the top four miRNAs in both groups 
accounting for approximately 52 and 62% of the total miRNA sequence reads in the SUM and WIN groups, respec‑
tively. A group of 16 miRNAs was up‑regulated and 8 miRNAs were down‑regulated in the SUM compared to the WIN 
group. Five DE‑miRNAs (miR‑10a, miR‑10b, miR‑26a, let‑7f, and miR‑1246) were among the top 20 expressed miRNA 
lists. Sequence motif analysis revealed the appearance of two specific motifs in 13 out of the 16 upregulated miRNAs 
under HS conditions. Both motifs were found to be potentially bonded by specific RNA binding proteins including 
Y‑box binding proteins (YBX1 and YBX2) and RBM42.

Conclusion Our findings indicate that FF EV‑coupled miRNA profile varies under seasonal changes. These miRNAs 
could be a good indicator of the cellular mechanism in mediating HS response and the potential interplay between 
miRNA motifs and RNA binding proteins can be one of the mechanisms governing the packaging and release of 
miRNAs via EVs to facilitate cellular survival.
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Background
Global climate change directly impacts the livestock 
sector due to continued increases in atmospheric tem-
peratures and as a result, animals are exposed to more 
adverse conditions of heat stress (HS). The global eco-
nomic losses amid the dairy and beef industry due to HS 
are estimated to be between $14.89 – 39.94 billion per 
year by the end of the century [1]. This primarily stems 
from the significant impact of HS on animal productiv-
ity and the continued decline in fertility and reproductive 
performance [2]. The harmful effects of HS on ovarian 
functions and subsequent oocyte developmental compe-
tence are one of the main reasons driving reduced fertil-
ity [3]. The development of novel alternative strategies 
to mitigate the negative impacts of HS on reproductive 
function requires a more comprehensive understanding 
of heat-induced molecular alterations at the cellular level.

In bovine, follicular development is a lengthy process 
starting from the growth of primordial follicles to the 
preovulatory stage. Effects of maternal hyperthermia 
during specific stages of follicular growth and develop-
ment may significantly affect follicular growth [4], in 
which the carryover effects of HS have the capacity to 
linger for months into the cool season resulting in long-
term impacts on the reproductive performance of ani-
mals [5].

Seasonal effects on cows’ reproduction include dif-
ferent factors (e.g., feeding, daylight hours, etc.), how-
ever, the most important factor is the consequence 
of increased temperature and humidity that result in 
inadequate regulation of the cow’s body temperature, a 
reduction in appetite and dry matter intake, reduction 
in duration and intensity of estrus, as well as disruption 
in hormonal levels [6, 7]. Several seasonal studies have 
reported the sensitivity of the ovarian pool of oocytes 
to elevated temperatures expressed as reduced develop-
mental competence [8, 9]. Seasonal HS is known to alter 
steroid production and the biochemical composition of 
the follicular fluid (FF). For instance, FF obtained from 
large follicles of cows during the hot season is evidenced 
by lowered steroid concentrations, reduced granulosa 
cell (GC) viability, and impaired aromatase activity [10]. 
Moreover, the biochemical changes in the FF of the dom-
inant follicle from high-producing cows exposed to HS 
post-partum have been evidenced by reduced concentra-
tions of glucose, IGF-1, and cholesterol [11]. At the cel-
lular level, cells activate heat shock proteins (HSPs) and 
oxidative stress response machinery as a defensive mech-
anism in response to HS that could ultimately lead to 
cell apoptosis [12]. Activated HSPs, as well as RNA tran-
scripts, could be released by stressed cells and uptaken 
by other recipient cells to modulate their immunological 
responses against stress [13–15]. In the intrafollicular 

microenvironment, such cellular communication is 
facilitated by the FF containing various paracrine factors 
important for cell–cell communication during follicular 
growth [16].

In the follicular microenvironment, one of the more 
recently discovered mechanisms that facilitate and mod-
ulate communicative measures between various cells and 
the oocyte is extracellular vesicles (EVs). EVs are nano-
sized, membrane-bound, and evolutionarily conserved 
structures secreted from almost all cell types into the 
surrounding extracellular space and are preferentially 
found among almost all body fluids [17]. EVs are broadly 
categorized as exosomes, microvesicles, and apoptotic 
bodies according to their size and mode of biogenesis 
[18]. Their capacity to modulate intercellular crosstalk 
is largely through their ability to transfer various bioac-
tive molecules, including mRNA, miRNAs, and proteins, 
between neighboring cells following secretion into body 
fluids [19]. We have recently shown that bovine GCs sub-
jected to in  vitro thermal stress release EVs harnessed 
with protective molecular signals that induce tolerance 
to recurrent thermal stress in naïve recipient cells [20]. 
In addition, those EVs were found to contain different 
miRNA profiles in response to HS. The emerging regu-
latory role of miRNAs in mediating the stress response 
in different species [21–24] sheds light on their use as 
potential biomarkers and/or tools to modulate the cellu-
lar stress response. Therefore, understanding the follicu-
lar responses, in terms of EV-coupled miRNAs, to HS in 
cows during the summer seasons will aid in determining 
the specific role of these miRNAs in mediating the HS 
response amid intrafollicular cellular communication. 
Here we aimed to investigate the follicular level response 
of beef cows to seasonal changes with regard to the 
FF-EV miRNA profiles. Moreover, miRNA motifs and the 
corresponding RNA binding proteins were identified and 
their potential involvement in the packaging and release 
of miRNAs into EVs as it relevantly correlates to cellular 
survival under HS conditions is elucidated.

Materials and methods
Animals and sample collection

The experiment was conducted at the UF/IFAS North 
Florida Research and Education Center (Marianna, Flora, 
USA). Eleven Bos taurus crossbreed open cows were 
included in the experiment after clinical and gynecologi-
cal examinations. Transrectal ultrasound was conducted 
to evaluate ovaries and it was determined that all cows 
were cycling (bearing at least one CL or preovulatory 
follicle in one of the ovaries) and without any ovarian 
abnormalities (cysts, tumors, etc.) before each OPU ses-
sion. The cows remain open, maintained in outdoor pens 
with bahia grass and fed bermudagrass hay to meet the 
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nutritional requirements of mature cows. Also, cows 
had ad libitum access to water and mineralized salt dur-
ing the whole study (from winter until summer). Body 
weight and Body condition score (scored from 1 (thin) 
to 9 (fat)) were not different between winter and sum-
mer (Winter: 580.2 ± 20.5 kg and BCS of 5.0 ± 0.0; Sum-
mer: 571.1 ± 18.1 kg and BCS of 5.0 ± 0.0; P > 0.05). Ovum 
pick-up (OPU) sessions were conducted by a single 
operator in two different seasons: Winter (January 2021) 
and Summer (August 2021). Before each OPU session 
cows were stimulated to increase the number of follicles. 
Briefly, on a random day of the estrus cycle (Day 0) a pro-
gesterone device (Eazi-Breed CIDR Cattle Insert; Pfizer 
Animal Health, New York, NY, USA) was inserted in the 
vagina and a single dose of a GnRH analog (Factrel, 2 mL, 
im, Pfizer Animal Health) was administrated. Follicu-
lar growth stimulation was conducted by giving 3 injec-
tions of FSH (Folltropin V, im, Vetoquinol, Bertinoro, 
Italy). On day 3, 3 ml (equivalent to 105 IU) of FSH were 
administrated in the morning and afternoon. On day 4, 
2 ml of FSH were administrated in the morning (equiva-
lent to 70 IU). Finally, on day 5, the CIDR was removed 
and OPU was conducted in the morning. Ultrasound 
examinations (Esaote ultrasound, MyLabDelta Vet, with 
10–5  MHz transducer) were conducted to evaluate the 
presence of a corpus luteum and the number of follicles 
at days 0 and 5.

OPU was performed using a real-time B-mode ultra-
sound scanner (Mindray 2200; Mindray Bio-Medical 
Electronics, Shenzhen, China) equipped with a 5-MHz 
micro-convex transducer (Mindray model 65C15EAV, 
Mindray Bio-Medical Electronics, Shenzhen, China) and 
coupled to a follicular aspiration guide (WTA, São Paulo, 
Brazil) and a stainless-steel guide. The follicular punc-
ture was performed using a disposable 18 G hypodermic 
needle connected to a 50-mL conical tube via a suitable 
silicon tubing system (WTA). The pressure for aspira-
tion was maintained using a vacuum pump (WTA model 
BV-003, WTA) with negative pressure adjusted between 
60 and 80  mmHg. After the OPU of both ovaries, the 
aspiration system was replaced with a new one before 
conducting OPU for the next cow. The complete experi-
mental design is presented in Fig. 1.

Summer vs. winter environmental conditions

As previously stated, OPU was conducted on the same 
animals in two different seasons. Environmental data 
(average minimum and maximum temperature and rela-
tive humidity) from the 3  weeks before each OPU ses-
sion was collected using the Florida Automated Weather 
Network (FAWN; https:// fawn. ifas. ufl. edu/ data/ repor 
ts/). For the winter OPU, data were collected from Feb-
ruary 2 to 23 of 2021, and for the summer OPU, data 

were collected from July 23 to August 13 of 2021. Next, 
the temperature humidity index (THI) was calculated 
using the following equation: THI = (1.8 × T + 32)—
[(0.55—0.0055 × RH) × (1.8 × T—26)], where T = air tem-
perature (°C) and RH = relative humidity (%) [25]. As 
expected, average temperature (summer: 27.48  °C; win-
ter: 11.46 °C), minimum temperature (summer: 23.14 °C; 
winter: 6.45  °C), maximum temperature (summer: 
33.66  °C; winter: 16.14  °C), and relative humidity (sum-
mer: 82%; winter: 83%) were contrasting in the summer 
compared with the winter. Also, when estimating the 
THI, the average THI in the summer was 79 while in the 
winter was 53. In Bos taurus beef cattle, a THI equivalent 
to 75 is an indicator of heat stress [26, 27]. Three weeks 
before the summer OPU session THI was always over 75, 
ranging from 75.47 to 82.45.

Isolation of extracellular vesicles from follicular fluid

Four different FF samples (pool of two animals in each) 
from each group were used for EV isolation. Follicular 
fluid samples were subjected to a series of centrifugations 
starting at 500 xg for 10 min to remove cells, followed by 
3000 xg for 10 min to remove the cellular debris, and at 
12,000 xg for 30  min to remove protein aggregates and 
large particles. All centrifugation steps were performed at 
4 °C. The supernatant of FF samples was filtered through 
a 0.22  μM sterile filter to remove particles larger than 
200  nm. For the EV isolation, 2  ml of pre-centrifuged 
follicular samples were subjected to an ultracentrifuga-
tion procedure at 120,000 xg for 70 min at 4 OC using the 
Beckman SWTi55 rotor. The EVs pellet was washed with 
sterile PBS and then centrifuged again at 120,000 xg for 
70 min. Finally, EVs were resuspended in 500 μL of PBS 
and stored at − 80  °C until further characterization and 
analysis.

Morphological and molecular characterization of EVs

The presence of EV-specific proteins (CD63, TSG101, 
FLOT1) in the isolated EVs and the absence of a cell-spe-
cific marker protein, cytochrome C (CYCS), were veri-
fied by the immunoblotting technique as we previously 
described [20]. Briefly, 100 μL of isolated EVs were lysed 
in 50 μL 1 × RIPA buffer and the protein extract samples 
were centrifuged at 12,000 × g for 30 min at 4 °C. Follow-
ing this, protein lysates were separated in 10–12% gradi-
ent SDS-PAGE gel (Bio-Rad Laboratories, USA) at 90 V 
for 15 min and 125 V for 60 min and transferred onto a 
nitrocellulose membrane (Bio-Rad Laboratories, USA) 
for 1 h at 100 V. Membranes were blocked in 5% non-fat 
dry milk dissolved in TBST for 1 h on a shaker at room 
temperature. Following blocking, membranes were incu-
bated with anti-CD63 rabbit polyclonal (1:250 System 
Biosciences, USA), Anti-TSG101 rabbit polyclonal (1:250 

https://fawn.ifas.ufl.edu/data/reports/
https://fawn.ifas.ufl.edu/data/reports/
https://fawn.ifas.ufl.edu/data/reports/
https://fawn.ifas.ufl.edu/data/reports/


Page 4 of 15Gad et al. Journal of Ovarian Research          (2023) 16:101 

System Biosciences, USA), Anti-FLOT1 rabbit polyclonal 
(1:250 System Biosciences, USA), and Anti-CYTc goat 
polyclonal (1:350 Santa Cruz Biotechnology, Germany) 
primary antibodies overnight at  40C. After washing the 
membranes with 1 × TBST, membranes were incubated 
with appropriate secondary antibodies conjugated with 
horseradish peroxidase for 1 h at room temperature pro-
tected from light. After washing the membranes, protein 
bands were visualized using an enhanced chemilumines-
cence substrate (Bio-Rad Laboratories, USA) and images 
were acquired using Chemi Doc XRS + chemilumines-
cence imaging system (Bio-Rad Laboratories, USA).

The morphology of the purified EVs were analyzed 
using a transmission electron microscope (TEM) accord-
ing to the methods previously reported [20]. Briefly, a 
drop of 30  μl purified EVs was placed on parafilm. The 
EVs drops were covered with Formvar/carbon-coated 

grids and allowed to stand for 5 min to absorb the EVs. 
The grids that contained the EVs were washed with drops 
of  ddH2O and fixed by placing them on a 30 μL drop of 
2% uranyl acetate. The presence of the EVs on the car-
bon-coated grids was examined under an electron micro-
scope. TEM imaging was done on a FEI/TFS Tecnai T12 
Spirit TEM (FEI Company; Hillsboro, OR, USA), operat-
ing at 100 kV, with an AMT CCD.

The concentration and size distribution of isolated 
EVs were determined using the Zetaview Particle Met-
rix (Particle Metrix, Germany). Briefly, 10 μl of purified 
EVs was diluted in 990  μl of sterile PBS and assembled 
into the Zetaview Laser scattering microscope (Parti-
cle Metrix, Germany) fitted with an LM14C laser. For 
each sample, 11 independent video measurements were 
recorded at 11 independent positions, and video files 
were analyzed with ZetaView software version 8.05.12. 

Fig. 1 Experimental Design. Dry beef cows (n = 11) were subjected to synchronization and stimulation for follicular dynamics. Ovum pick‑up (OPU) 
was conducted on all animals in the summer and winter seasons by ultrasound‑guided transvaginal follicle aspiration. The follicular fluids (FFs) 
were collected from each target group (4 biological replicates/group; 8 mL FF/replicate). EVs were then isolated from the FFs using high‑speed 
ultracentrifugation. Isolated EVs were characterized using NanoSight Tracking Analysis, western blot for EV and cellular marker proteins, and 
transmission electron microscopy. Total RNA was isolated from FF‑EVs and small‑RNA library preparation and RNAseq (NextSeq500; Illumina) were 
performed
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All experimental parameters related to EV isolation and 
characterization have been submitted to the EV-TRACK 
knowledgebase (https:// evtra ck. org) under the EV-
TRACK ID EV220402.

Total RNA extraction, library preparation, and sequencing

Total RNA including miRNAs was isolated from EVs 
using a Norgen Exosomal RNA Isolation kit (Norgen, 
Canada), according to the manufacturer’s instructions. 
On-column DNA digestion was performed to remove 
genomic DNA contaminants. The RNA concentration 
and size distribution were analyzed using an Agilent 
RNA 6000 Pico kit in an Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Santa Clara, CA, USA). Small-RNA 
libraries were prepared for next-generation sequenc-
ing (NGS) using a TruSeq Small RNA Library Prep Kit 
(Illumina) according to the manufacturer’s instructions. 
Library quantity and quality assessments were performed 
using a Qubit DNA HS Assay Kit in a Qubit 2.0 Fluorom-
eter (Thermo Fisher Scientific) and an Agilent DNA High 
Sensitivity kit in an Agilent 2100 Bioanalyzer (Agilent 
Technologies), respectively. The precise concentration 
of the libraries was calculated using a quantitative PCR. 
The libraries were pooled in equimolar ratios and then 
sequenced in a NovaSeq6000 sequencing instrument 
(Illumina, Inc., San Diego, CA, USA) as single-end reads 
(50 bases).

Sequencing data analysis

FASTQ files were generated for each sample using the 
software bcl2fastq (Illumina Inc., San Diego, CA), and 
their quality was checked using the FastQC tool ver-
sion 0.11.9. Data were analyzed using the software CLC 
Genomics Workbench, version 21. Raw sequence reads 
were trimmed based on quality score (Q-score > 30), 
ambiguous nucleotides (maximum two nucleotides 
allowed), read length (≥ 15 nucleotides), and adapter 
sequences were also removed. Reads were mapped to 
the bovine reference genome (ARS-UCD1.2) and anno-
tated against bovine precursor and mature miRNAs 
listed in the miRBase database (release 22) using the CLC 
Genomics Workbench RNA-Seq Analysis and Quantify 
miRNA tools, respectively, applying the default software 
parameters. Raw expression data were normalized using 
the trimmed mean of M-values normalization method 
(TMM normalization) [28] and presented as TMM-
adjusted Counts Per Million (CPM). The CLC Genom-
ics Workbench Differential Expression tool was used for 
the expression analysis comparison of the two groups. 
MiRNAs with fold change (FC) > 1.5, p-adjusted value 
(FDR < 0.1 [29]), and average CPM > 10 were considered 
differentially expressed (DE). The raw FASTQ files and 
processed CSV files have been deposited in the NCBI’s 

Gene Expression Omnibus (GEO) with the accession 
number GSE221198.

qRT‑PCR validation

To validate the miRNA sequencing data, five DE-miR-
NAs (three from SUM upregulated and two from down-
regulated), as representative candidates, were selected 
for expression validation using qRT-PCR. For this, three 
independent EV samples from three different animals 
were used for total RNA including miRNAs isolation as 
mentioned above, and selected miRNAs were quantified 
using specific TaqMan miRNA Assays (Applied Biosys-
tems, Foster City, CA, USA) using a real-time PCR (Bio-
Rad Inc.) according to the manufacturer’s instructions. In 
brief, for each miRNA, a total of 5 ng RNA was reverse 
transcribed (RT) using a TaqMan microRNA Reverse 
Transcription Kit (Thermo Fisher Scientific, Waltham, 
MA) and miRNA-specific stem-loop primer (Applied 
Biosystems). RT reaction mixtures were incubated at 
16 °C then 42 °C for 30 min each, followed by 85 °C for 
5 min. The qRT-PCR was conducted in a 20 μl reaction 
mixture containing 2 μl cDNA sample, 1 μl FAM-labeled 
TaqMan assay, 10  μl TaqMan Universal PCR Master 
Mix (Applied Biosystems), and 7 μl nuclease-free water. 
Reaction conditions were as follows: initial denaturation 
at 95  °C for 10  min, followed by 40 cycles consisting of 
denaturation at 95  °C for 15 s, annealing, and extension 
at 60  °C for 60  s. Expression values were normalized to 
the geometric mean of miR-125 and miR-191 expres-
sion levels, the most stably expressed miRNA across all 
samples based on the NormFinder analysis. Statistical 
analysis of miRNA expression data was performed using 
Student’s t-test and statistical significance was identified 
at P ≤ 0.05.

Target gene prediction and ontological classification

Genes targeted by the DE-miRNA were identified using 
the human homologous miRNAs in the miRWalk data-
base [30] to enhance the target prediction. Within the 
miRWalk, validated target genes from miRTarBase (ver-
sion 7.0) and commonly target genes predicted by Tar-
getScan (version 7.1) and miRDB (release 5.0) were 
selected for ontological classification analysis using the 
DAVID bioinformatics web tool (https:// david. abcc. ncifc 
rf. gov/). Pathways and biological processes (BP) were 
determined from the KEGG pathway database [31], and 
GOTERM_BP_DIRECT annotation set, respectively. 
Terms with low gene count (< 5 genes) were filtered out 
from the pathways and BP lists. The interaction networks 
of the targeted genes and the identified pathways were 
constructed with Cytoscape [32].

https://evtrack.org
https://evtrack.org
https://david.abcc.ncifcrf.gov/
https://david.abcc.ncifcrf.gov/
https://david.abcc.ncifcrf.gov/
https://david.abcc.ncifcrf.gov/
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Sequence motif analysis

Sequence-specific miRNA motifs (4–6 base) that are 
enriched in the up-regulated miRNAs compared to the 
down-regulated miRNAs (control sequences) were iden-
tified using Multiple Expectation Maximization for Motif 
Elicitation (MEME) suite v. 5.5.0 [33]. Motifs that com-
monly appeared in at least 50% of the submitted miR-
NAs were selected for further analysis. To determine 
the motif-associated RNA binding proteins (RBPs), the 
selected motifs were submitted to the TOMTOM motif 
comparison tool [34] using the RNA database.

Results
Identification and characterizations of isolated EVs

Follicular fluid-derived EVs from SUM and WIN groups 
were characterized morphologically and molecularly 
according to the recommendations set by the Interna-
tional Society of Extracellular Vesicles (ISEV) [35]. The 
western blot analysis showed that the FF-EVs from both 
groups are enriched with the transmembrane proteins 
FLOT1, CD63, and TSG101 protein. Moreover, the mito-
chondrial protein marker, Cytochrome C was absent 
in the EV samples, but present in bovine GCs (Fig. 2A), 
confirming the purity of the EVs and the absence of cel-
lular contaminants in the EV preparation. TEM imag-
ing showed the presence of EVs with visible bilipid 
membranes within the acceptable size ranges (Fig.  2B). 
The NTA analysis showed that the concentration of 

EV samples from both groups was within the range of 
3.5 ×  1011 to 1.75 ×  1012 particles/mL with no signifi-
cant differences between the groups. Similarly, the EVs 
median size was around 114 nm in both groups with no 
significant differences (Fig.  2C). The total RNA isolated 
from the EV samples were analyzed for their integrity 
and the electropherogram analysis showed a clear peak 
for the small RNA size ranges and the absence of rRNA 
subunit peaks (18 s and 28 s) which characterize the cel-
lular RNA, indicating no cellular contamination in the 
isolated EV samples (Fig. 2E).

MiRNA expression profiles and differential expression 

analysis

A total of eight small-RNA libraries were constructed 
with approximately 20 million reads per library that 
passed the QC parameters with an average of 85% 
mapped to the bovine reference genome. Out of the 
mapped reads, an average of 6.6% were annotated to 
the bovine miRNAs from the miRBase database (Sup-
plementary Table S1). Based on the miRNA expression 
profiles, principal component analysis (PCA) and heat-
map exhibited a clear clustering of the replicates of each 
group (Fig. 3). A total of 243 and 248 miRNAs were con-
sidered as expressed (> 10 CPM) in the SUM and WIN 
groups, respectively, with 232 miRNAs being expressed 
in common and a total of 11 and 16 miRNAs were found 
to be exclusively detected in SUM and WIN groups, 

Fig. 2 Morphological and molecular characterization of EVs. Western blot analysis of EVs marker proteins FLOT1, CD63, and TSG101 and cellular 
protein contamination indicator CYTc (A). Transmission electron microscope (TEM) imaging shows a clear morphology of EVs with a cross‑sectional 
size of the diameter, scale bar = 200 nm (B). The concentration and median size of the isolated EVs using the NTA analysis (C). The RNA size 
distribution of EVs shows the presence of the peak of small RNA and the absence of the 18 s and 28 s ribosomal RNA peaks (D) 
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respectively (Fig. 4A). The top 20 highly expressed miR-
NAs are presented in Table 1 and the complete list of all 
expressed miRNAs is presented in Supplementary Table 
S2. Among the top 20 expressed miRNAs, 18 miRNAs 
were commonly detected in both groups. Interestingly, 
miR-148a, miR-99a-5p, miR-10b, and miR-143 were the 
top four miRNAs in both groups and accounting for 
approximately 52 and 62% of the total miRNA sequence 
reads in the SUM and WIN groups, respectively (Table 1).

Differential expression analysis indicated a total of 24 
miRNAs as significantly differentially expressed between 
the two groups (FC > 1.5, FDR < 0.1, CPM > 10). A group 
of 16 miRNAs was up-regulated and 8 miRNAs were 
down-regulated in the SUM compared to the WIN group 
(Table  2 and Fig.  4B). MiR-184, miR-19b, and miR-452 
were up-regulated and miR-1246, miR-199b, and miR-
370 were downregulated with more than three folds in 
the SUM compared to the WIN group. Interestingly, five 

Fig. 3 Small‑RNA sequence data overview. Principal Component Analysis (A). Heatmap and hierarchical clustering of expressed miRNAs. Red and 
green colors represent high and low expressed miRNAs, respectively (B). SUM: summer group; WIN: winter group

Fig. 4 Differentially expressed miRNAs. Venn diagram for commonly and exclusively expressed miRNAs in the FF‑EVs of summer (SUM) and winter 
(WIN) groups (A). Volcano plot of expressed miRNAs. Up‑ and downregulated miRNAs in the SUM compared to the WIN FF‑EV groups are labeled 
with red and green points, respectively (B) 
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DE-miRNAs (miR-10a, miR-10b, miR-26a, let-7f, and 
miR-1246) were also among the top 20 expressed miRNA 
lists.

qRT‑PCR validation

To validate the sequencing data, a group of 5 DE-miR-
NAs was selected and quantified using qRT-PCR. All 
miRNAs exhibited the same expression pattern as in 
the miRNAseq data (P < 0.05) except for miR-222, which 
showed the same pattern but with no statistical signifi-
cance between the two groups (Fig. 5).

Target gene prediction and gene ontology

Target gene analysis revealed a total of 871 and 909 
genes as potential targets of up and downregulated 
miRNAs, in SUM group respectively, with 140 genes 
commonly targeted by both groups of miRNAs. Onto-
logical classification of these genes showed that EGFR 
tyrosine kinase inhibitor resistance, ErbB signaling, 
p53 signaling, and endocrine resistance were the top 
significant pathways targeted by the upregulated miR-
NAs in the SUM compared to the WIN group. On the 
other hand, cellular senescence, JAK-STAT signal-
ing, FoxO signaling, and hippo signaling were the top 
significant pathways targeted by the downregulated 

miRNAs (Fig. 6, Supplementary Table S3). Regulation 
of transcription and gene expression were the top sig-
nificant biological processes targeted by the elevated 
miRNAs in the SUM compared to the WIN group 
while regulation of cell proliferation and cell cycle 
were the top significant biological processes targeted 
by the downregulated miRNAs (Fig. 6, Supplementary 
Table S4). The interaction networks of the top 5 path-
ways and their corresponding genes targeted by the DE 
miRNAs are presented in Fig. 7.

miRNA sequence motif analysis

To identify potential sequence motifs and the corre-
sponding RNA binding proteins associated with the 
regulation of the packaging and release of the candi-
date miRNAs into EVs in response to thermal stress, we 
performed motif sequence analysis of the miRNAs that 
were enriched in SUM FF-EVs compared to the miRNAs 
that were enriched in WIN FF-EVs group. We identified 
four different motifs (4–5 bases). Two of them signifi-
cantly appeared on more than 80% (13 out of 16) of the 

Table 1 List of top 20 most abundant miRNAs in the 
extracellular vesicles obtained from follicular fluids from SUM and 
WIN groups

The expression values indicated as the mean of TMM-adjusted Counts Per 

Million (CPM)

Name SUM Name WIN

bta‑miR‑148a 335,249 bta‑miR‑148a 265,292.7

bta‑miR‑99a‑5p 146,729.6 bta‑miR‑99a‑5p 100,948.9

bta‑miR‑10b 131,675.5 bta‑miR‑10b 74,287.82

bta‑miR‑143 48,985.58 bta‑miR‑143 46,764.92

bta‑let‑7b 29,996.77 bta‑miR‑26a 43,106.6

bta‑miR‑10a 28,665.65 bta‑let‑7a‑5p 35,540.64

bta‑miR‑26a 23,293.75 bta‑miR‑1246 35,452.23

bta‑let‑7a‑5p 21,727.87 bta‑let‑7b 28,978.75

bta‑miR‑320a 20,767.93 bta‑let‑7i 23,237.47

bta‑miR‑21‑5p 15,787.62 bta‑miR‑320a 22,398.35

bta‑let‑7i 15,370.83 bta‑let‑7f 21,824.77

bta‑miR‑151‑3p 13,991.34 bta‑let‑7c 15,041.31

bta‑miR‑27b 12,268.99 bta‑miR‑21‑5p 14,597.74

bta‑miR‑128 11,920.15 bta‑miR‑10a 12,673.24

bta‑let‑7f 11,891.01 bta‑miR‑423‑5p 10,828.92

bta‑miR‑25 11,251.66 bta‑miR‑151‑3p 10,629.91

bta‑miR‑378 10,807.93 bta‑miR‑146b 10,133.07

bta‑let‑7c 10,641.53 bta‑miR‑128 9588.558

bta‑miR‑423‑5p 10,115.64 bta‑let‑7 g 9309.91

bta‑miR‑146b 9761.571 bta‑miR‑27b 9140.885

Table 2 Differentially expressed (DE) miRNAs in extracellular 
vesicles obtained from follicular fluids of SUM compared to WIN 
group

FC Fold Change, FDR False Discovery Rate

Name Sequence FC FDR

bta‑miR‑184 TGG ACG GAG AAC TGA TAA GGGT 3.81 0.017351

bta‑miR‑19b TGT GCA AAT CCA TGC AAA ACTGA 3.23 0.000205

bta‑miR‑452 TGT TTG CAG AGG AAA CTG AGAC 3.14 0.000351

bta‑miR‑200a TAA CAC TGT CTG GTA ACG ATGTT 2.69 0.000704

bta‑miR‑3431 CCT CAG TCA GCC TTG TGG ATGT 2.69 0.017329

bta‑miR‑2387 TGG AAG GCC TGG CTT TGC AGCG 2.40 0.036309

bta‑miR‑2408 CAC GTG TGT GAG CTC AGC CGG 2.35 0.091029

bta‑miR‑19a TGT GCA AAT CTA TGC AAA ACTGA 2.32 0.019879

bta‑miR‑95 TTC AAC GGG TAT TTA TTG AGCA 2.27 0.085596

bta‑miR‑10a TAC CCT GTA GAT CCG AAT TTGTG 2.26 0.0162

bta‑miR‑222 AGC TAC ATC TGG CTA CTG GGT 2.25 0.00262

bta‑miR‑142‑5p CAT AAA GTA GAA AGC ACT AC 2.23 0.041243

bta‑miR‑24‑3p TGG CTC AGT TCA GCA GGA ACAG 2.21 0.097153

bta‑miR‑2483‑3p AAA CAT CTG GTT GGT TGA GAGA 1.97 0.062057

bta‑miR‑30a‑5p TGT AAA CAT CCT CGA CTG GAA GCT 1.91 0.017351

bta‑miR‑10b TAC CCT GTA GAA CCG AAT TTGTG 1.77 0.049396

bta‑let‑7e TGA GGT AGG AGG TTG TAT AGT ‑1.81 0.041243

bta‑let‑7f TGA GGT AGT AGA TTG TAT AGTT ‑1.83 0.041243

bta‑miR‑26a TTC AAG TAA TCC AGG ATA GGCT ‑1.85 0.041243

bta‑miR‑126‑3p CGT ACC GTG AGT AAT AAT GCG ‑1.95 0.085596

bta‑miR‑181a AAC ATT CAA CGC TGT CGG TGA GTT ‑2.12 0.017351

bta‑miR‑370 GCC TGC TGG GGT GGA ACC TGGT ‑3.09 0.049396

bta‑miR‑199b CCC AGT GTT TAG ACT ATC TGTTC ‑3.53 0.000985

bta‑miR‑1246 AAT GGA TTT TTG GAG CAG G ‑4.33 3.54E‑05
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up-regulated miRNAs (Fig. 8A and B; Table 3). RBP-spe-
cific motif matching showed that the first motif (AACU) 
is potentially targeted by RBM42, YBX2, and YBX1 pro-
teins (Fig. 8C) while the second motif (CUGG) is poten-
tially targeted by SAMD4A, MBNL1, MATR3, and HuR 
proteins (Fig. 8D).

Discussion
Extracellular vesicles are known to shuttle ample bioac-
tive molecules (mRNA, miRNA, proteins, and lipids) 
reflecting the physiological status of the secreting cells, 
[36, 37] leading to alterations in gene expression and 
function in recipient cells [38]. Our previous studies 

Fig. 5 qRT‑PCR analysis. Expression validation of the selected DE‑miRNAs in comparison to the RNAseq (Seq) analysis. *Statistical significance 
between the summer and winter FF‑EV groups (P < 0.05)

Fig. 6 Ontological Classification. Top 10 pathways and biological processes targeted by the up‑ (A and C, respectively) and down‑regulated 
miRNAs (B and D, respectively) in the summer compared to the winter FF‑EV groups
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indicated that the bovine FF-EVs-miRNA profiles are 
associated with oocyte developmental competence [39] 
and the post-calving metabolic status of dairy cows [40]. 
We have also reported that, under in  vitro conditions, 
bovine granulosa cells subjected to thermal stress release 
EVs with different miRNA cargo have the potential to 

shuttle protective messages to recipient cells inducing 
thermotolerance against subsequent HS [20]. There-
fore, unveiling the ovarian FF-EV cargoes in response to 
environmental thermal stress conditions in vivo will aid 
to elucidate the EV-mediated molecular response and 
potential impact on follicular development and oocyte 

Fig. 7 Interaction networking. The top 5 pathways and their corresponding genes targeted by up (A) or downregulated (B) miRNAs in the summer 
compared to the winter group

Fig. 8 miRNA sequence motif analysis. Four identified motifs in different numbers of the up‑regulated miRNAs in the summer compared to the 
winter group (A). The locations and distribution of the identified motifs on the up‑regulated miRNAs (B). The alignments of the AACU (C) and CUGG 
(D) motifs with the known RNA binding protein motifs (P < 0.05)
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growth. Here we aimed to investigate the changes in FF-
EV-coupled miRNAs in beef cows when comparing win-
ter and summer seasons. The deviation in EV-miRNA 
profiles in summer compared to the winter season may 
in part explain the abnormal ovarian function, follicular 
development, and infertility-associated problems due to 
climate change-induced thermal stress in dairy and beef 
animals [41, 42].

Among the top 20 highly abundant miRNAs, 18 were 
commonly expressed in both groups including miR-148a 
and miR-99a, the top highly expressed miRNAs in the FF-
EVs with no significant differences between the groups. 
Similarly, miR-148 was reported as the top expressed 
miRNA in FF-EVs from large and small follicles in goats 
[43]. In human FFs, miR-99a was specifically enriched 
in the FF-EVs and considered as a regulator of the ovar-
ian follicle developmental process to include meiosis 
resumption [44]. In another study, the expression of miR-
148a and miR-99a in FF-EVs was highly correlated with 
IVF outcomes, specifically day-3 embryo quality [45]. The 
detection of these candidate miRNAs at a higher level in 
both seasons indicates their potential housekeeping role 
in ovarian function. In the same top 20 miRNAs list, miR-
10a and miR-10b were expressed amid both groups and 
were significantly upregulated in the SUM compared to 
the WIN group. Both miRNAs belong to the conserved 
mir-10 family and are known to play key roles in induc-
ing apoptosis and repressing cell proliferation in ovarian 
GCs through suppressing the brain-derived neurotrophic 
factor (BDNF) and TGF-β pathways [46]. Additionally, 
miR-10a has been reported to promote human GC tumor 
development by targeting PTEN-AKT/Wnt pathways 
[47] and regulating lipid metabolism and steroid hor-
mone synthesis in sheep GCs [48]. Previously, it has been 
validated that miR-10a directly recognizes and targets 
the BCL6 transcript and negatively regulates its expres-
sion leading to cellular apoptosis [49]. In correlation with 

HS, miR-10a was suggested to be involved in the stress 
response pathway regulation via its repression of a num-
ber of p53/Rb networks’ key genes [50]. Therefore, our 
results indicate the negative impact of seasonal HS on 
ovarian function is mediated by the enrichment of miR-
10a and miR-10b in EVs released in response to thermal 
stress. Another interesting miRNA from the same top 20 
miRNAs list was miR-26a which exhibited a significant 
downregulation in the SUM compared to the WIN group. 
A similar study in heat-stressed Holstein cows showed 
that the expression of miR-26a was downregulated in 
serum and found to be involved in stress and immune 
response-related processes [51]. Moreover, a HS-induced 
increase in corticosterone hormone is similarly found to 
be associated with the reduction in miR-26a in rat serum 
EVs [52]. In addition, it has been confirmed that miR-26a 
targets Exh2 and plays a critical role in regulating apop-
tosis in mouse ovarian GCs [53].

In the current study, we found a total of 24 DE-miR-
NAs in the FF-EVs between the SUM and WIN groups. 
Among the upregulated miRNAs, four (miR-19a, miR-
19b, miR-30a-5p, and miR-200a) were commonly iden-
tified as highly expressed in the serum of heat-stressed 
Holstein cows [51]. In another study, miR-19a and miR-
19b were identified among the circulatory miRNAs that 
were highly expressed in lactating Holstein cows under 
summer HS conditions and were correlated with func-
tions governing responses to stress and oxidative damage 
[54]. Moreover, heat shock during in vitro maturation of 
bovine oocytes was shown to increase the expression of 
miR-19b in embryos, indicating a carryover impact of 
HS on miRNAs in the cellular response [55]. In humans, 
miR-19b has been reported as an inhibitor of GC prolif-
eration by directly targeting IGF-1 and the reduction in 
its expression could reverse the results [56] suggesting 
the important regulatory and specific role of miR-19b 
in GCs and could explain the oocyte quality and fertility 

Table 3 The identified motif positions on the up‑regulated miRNAs in the SUM compared to the WIN group
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reduction during the summer season. The top-upreg-
ulated miRNA in the SUM group was miR-184. This 
miRNA is associated with an inhibitory effect on GC 
estradiol production [57] and was found to be increased 
in bovine GCs at day 7 compared to day 3 of the estrous 
cycle [58].

On the other hand, a cluster of eight miRNAs was 
downregulated in the SUM FF-EVs compared to the 
WIN group including miR-181a and miR-1246. Both 
miRNAs showed a clear reduction in buffalo GCs cul-
tured under thermal stress conditions [59] and are 
known to be involved in stress and immune responses 
[51, 60]. Inhibition of miR-181a expression suppresses 
apoptosis and ROS production in human chondrocyte 
cells [61] and reduces heat stress damage through the 
upregulation of antioxidant-related genes and the down-
regulation of apoptotic genes in bovine peripheral blood 
mononuclear cells [62]. Contrary to our findings, miR-
1246 was found to be highly enriched in the serum of 
dairy cows under environmental HS [51, 54], as well as, 
in the GC-released EVs under in vitro elevated culture 
temperature [20]. However, the expression of miR-1246 
in correlation with HS seems to be time-dependent, 
as in cattle and buffalo fibroblast cells, the expression 
of miR-1246 declined immediately after HS and then 
increased gradually during the recovery period post-
HS [60]. This discrepancy in the differential expression 
results of EV-miRNA-1246 might be associated with 
the timing of exposure and recovery to thermal stress. 
Taken together, our data revealed that seasonal HS can 
induce the enrichment of FF-EV-coupled miRNAs, with 
a potential negative impact on ovarian function (i.e. 
miR-10 family) and the depletion of candidate miRNAs 
(i.e. miR-26a) with the potential beneficial role in ovar-
ian physiology.

Although EV miRNA abundance is altered under sub-
optimal physiological conditions to include HS, little is 
known about the mechanism associated with their sort-
ing into EVs versus their cellular retention. Recently, the 
regulatory role of RBPs in the packaging of particular 
RNA molecules into EVs following the recognition and 
binding of specific sequence motifs is emerging among 
different models [63, 64]. Sequence motif analysis for 
EV-coupled miRNAs enriched in SUM samples revealed 
two specific motifs appearing on 13 out of the 16 upreg-
ulated miRNAs and recognized by specific RBPs. One of 
those motifs was found to be potentially recognized and 
bound by Y-box binding proteins (YBX1 and YBX2). 
These proteins are members of a large family of pro-
teins with the cold shock domain that play roles in sev-
eral cellular processes including proliferation and stress 

response [65, 66]. A study by Guarino et  al. reported 
that oxidative stress enhances the secretion of YBX1 
protein from stressed cells which significantly inhibits 
proliferation and leads to cell cycle arrest in receiving 
cells [67]. Y-box proteins have been identified as the 
main components in the formation of ribonucleopro-
tein particles with the different types of RNA including 
mRNA and miRNA [68] and play a role in sorting these 
RNA molecules into EVs [69]. Regarding miRNAs, it has 
been evidenced that YBX1 binds to and is required for 
the sorting of specific miRNAs into EVs released from 
the HEK293T human cell line [70]. Another interesting 
RBP that matched with the same sequence motif was 
RBM42, which together with the hnRNP K is part of the 
stress granules. Under stress conditions, both proteins 
co-localize and interact to form cytoplasmic foci in 
order to maintain cellular ATP levels [71]. The expres-
sion of these proteins in correlation to stress conditions, 
as well as, their matching of common sequence motifs 
among the upregulated miRNAs in the SUM group 
could explain a potential mechanism involved in sorting 
and releasing of these FF-EV-miRNAs under HS condi-
tions. However, further studies are required to specifi-
cally investigate the role of miRNA motifs and RBPs in 
regulating the sorting and packaging of stress associated 
miRNAs into EVs and the role that this interplay drives 
on follicular cells stress response and survival under 
various environmental and physiological suboptimal 
conditions.

Conclusions
Overall, the current study revealed that FF-EV-miRNA 
profiles can be explored to investigate the follicular 
level response of cows to seasonal changes and this 
might partially explain altered ovarian physiology, fol-
licular development, and infertility-associated issues 
resulting from climate change-induced seasonal ther-
mal stress in the dairy and beef industry. Based on the 
differentially expressed miRNAs, we suggest that the 
negative impact of HS on ovarian function is mediated 
by abnormal alterations in EV-coupled molecular sign-
aling within the follicular microenvironment, as shown 
by the contrasting finding when comparing summer 
and winter EV-miRNAs. However, further studies are 
needed to confirm and investigate the exact role of 
these EV-miRNAs concerning seasonal effects and fer-
tility. The current study also identified potential targets 
of future therapeutic and managerial intervention to 
tackle the negative impact of environmental thermal 
stress in cattle with potential translation to seasonal 
human infertility problems.
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Abstract 

Background The mammalian oviduct is a complex, fibromuscular organ known for its role in orchestrating a series 
of timely and dynamic changes to suitably support early embryogenesis. Climate change-induced heat stress (HS) 
is one of the largest single stressors compromising reproductive function in humans and farm animals via systemic 
changes in the redox status of the maternal environment, adversely affecting fertilization and early embryonic 
development. Oviductal organoids represent a unique 3-dimensional, biomimetic model to study the physiology 
of the oviduct and its subsequent impact on embryo development under various environmental conditions.

Results Our study is the first to demonstrate an innovative approach to understanding the cascade of molecu-
lar changes sustained by bovine oviductal organoids under HS and the subsequent maternal signals harnessed 
within their secreted extracellular vesicles (EVs). Transcriptomic analysis of oviductal organoids exposed to HS revealed 
2,570 differentially expressed genes (1,222 up‐ and 1,348 downregulated), while EV-coupled miRNome analysis dis-
closed 18 miRNAs with significant differential expression (12 up- and 6 downregulated) in EVs from thermally stressed 
organoids compared to EVs released from organoids cultured under thermoneutral conditions. Genes activated 
in oviductal organoids in response to thermal stress, include: COX1, ACTB, CST6, TPT1, and HSPB1, while miR-1246, miR-
148a, miR21-5p, miR-451, and miR-92a represent the top highly abundant EV-coupled miRNAs released in response 
to HS. Pathway analysis of genes enriched in organoids exposed to thermal stress showed the enrichment of endo-
crine resistance, cellular senescence, and notch signaling pathways. Similarly, EV-coupled miRNAs released from ther-
mally stressed organoids showed their potential regulation of genes involved in cellular senescence, p53 signaling, 
and TGF-beta signaling pathways.

Conclusions In conclusion, the cellular and extracellular response of bovine oviductal organoids to in vitro HS condi-
tions reveal the prospective impact of environmental HS on the physiology of the oviduct and the probable subse-
quent impacts on oocyte fertilization and early embryo development. Future studies elucidating the potential impact 
of HS-associated EVs from oviductal organoids on oocyte fertilization and preimplantation embryo development, 
would justify the use of an organoid model to optimally understand the oviduct-embryo communication under sub-
optimal environments.

Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Genomics

*Correspondence:
Dawit Tesfaye
Dawit.Tesfaye@colostate.edu
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-023-09746-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-023-09746-y&domain=pdf


Page 2 of 26Menjivar et al. BMC Genomics          (2023) 24:646 

Background
The mammalian  oviduct comprises an advantageous 

microenvironment with biochemical and biophysical 

support to sustain the formation of life as the ‘site’ of 

fertilization and preimplantation embryo development 

[1]. Effective measures of communication are cohe-

sively required from the embryo itself and the maternal 

environment to establish a periconceptional milieu to 

support conception and early embryonic development 

[2]. Tangible evidence exists demonstrating an une-

quivocal two-way signaling interaction at the embryo–

maternal interface [3, 4], suggesting reciprocal crosstalk 

leading to a successful pregnancy provides a significant 

basis for physiological implantation [3–5]. Classically, 

cell–cell communications’ paramount role in regulat-

ing physiological processes were commonly defined 

either via direct contact through membrane signaling 

(juxtracrine) or by secreting various molecules (growth 

factors, hormones, cytokines, metabolites, etc.) with 

ensuing signaling function (autocrine, paracrine, and 

endocrine). More recently, extracellular vesicles (EVs) 

which exist in almost all biological fluids, have been 

implicated as emerging bi-directional, putative mes-

sengers to nano-shuttle regulatory bioactive molecules 

(lipids, proteins, nucleic acids, etc.) with biologically 

plausible functions [6–9]. Irrespective of their origin, 

previous reports have shown that EVs released follow-

ing external stress stimuli induce bystander tolerance 

in naïve cells treated with ‘stressed EVs,’ [10–15] indi-

cating their potential to transfer ‘protective’ molecules 

(protectosomes).

The large-scale impacts of elevated ambient tempera-

tures resulting from climate change on animal produc-

tion and reproductive performance have been extensively 

studied [16, 17]. External heat acting on a homeothermic 

animal impede fertility, affecting the physiological and 

cellular function of several reproductive tissues [18, 19]. 

In vivo and in vitro studies have demonstrated the direct 

effects of heat stress (HS)-induced dysfunction through 

impairments to mammalian oocyte maturation, fertiliza-

tion, and early embryo development [20–23]. However, 

the complexity to investigate the impact of HS in regard 

to oviduct physiology and the embryo-oviduct dialog in 

later stage embryos have been largely stunted due to its 

inaccessible location without surgery or necropsy post-

slaughter. Therefore, novel approaches to recapitulate the 

in  vivo physiology and function of the oviduct in  vitro, 

would provide an innovative mechanism to validate the 

system’s functional response to HS.

Despite the extensive work carried out to understand 

the effects of HS on reproductive function, its under-

lying impacts on oviduct physiology remain largely 

unknown. Initial attempts to study the embryo-ovi-

duct dialogue via EVs from oviductal fluid [24] and 

monolayer-bovine oviductal epithelial cell (BOEC) 

conditioned culture medium [25], demonstrated prom-

ising improvements in embryo quality and cryotoler-

ance following their addition during embryo culture. 

Regardless of the beneficial roles of EVs, the potential 

transfer of identified embryotropic molecules elicit-

ing such positive responses in embryo development 

was not studied. However, Almiñana and colleagues 

have shown major discrepancies in the protein cargo 

signatures from in vivo vs. in vitro derived EVs of ovi-

ductal origin, revealing that in vitro monolayer-BOECs 

inadequately mimic the in vivo oviductal environment, 

likely resulting from a lack of paracrine signaling amid 

reduced cellular diversity [26].

Organoids represent biomimetic, three-dimensional, 

in vitro cell clusters that organizationally self-regener-

ate into complex structures to mirror the physiological 

function of their tissue of origin [27]. Generally, orga-

noid cell clusters are encapsulated within a jelly-like 

extracellular matrix and function similar to their native 

in  vivo organ in terms of gene and protein expres-

sion, metabolic function and microscale tissue archi-

tecture [28]. Studies in humans [29] and mice [30, 

31] have recently outlined advantages over existing 

traditional cell culture models through the establish-

ment and long-term stability of fallopian tube orga-

noids that faithfully recapitulate the phenotype of their 

in  vivo  tissue. Thus, in this study, we aimed to utilize 

bovine oviductal organoids to decrypt the oviducts’ 

differential response to HS in terms of cellular tran-

scriptome and secreted EV-miRNome, to elucidate the 

potential downstream impacts on fertilization and early 

embryo development. Furthermore, several studies 

have revealed the regulatory role of miRNA sequence 

motifs and their corresponding RNA binding proteins 

in EV-miRNA secretion versus cellular retention under 

specific environmental conditions [32–36]. Therefore, 

investigating the interplay between miRNA sequence 

motifs and RNA binding proteins in the packaging 

and release of specific miRNAs into EVs by subjecting 

organoids to thermal stress, would shine light upon the 

molecular mechanisms behind the oviductal response 

to HS via EV-coupled miRNA signaling.

Keywords Organoids, Extracellular vesicles, Oviduct, Heat stress, Transcriptome, miRNA
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Results
The experimental design outlining the different groups of 
organoid cultures and EVs used in the RNA-seq analyses 
are summarized in Fig. 1.

3‑D matrix supports dynamic oviductal organoid culture 

and EV production

Oviductal organoids generated from bovine oviducts 

resected from diestrus reproductive tracts (n = 10) were 

grown for 14  days (one passage, 7  days per passage; 

Fig.  2A), prior to suspension in a xeno-free, synthetic 

matrix for experiments with HS. Representative histolog-

ical and immunohistochemical (Fig. 2B) images of in tact 

oviduct and in vitro cultured oviductal organoids (P1D7) 

demonstrate the architectural morphology (hematoxylin 

and eosin; H&E) and presence of oviduct-specific glyco-

protein 1 (OVPG1), zonula occludens-1 (ZO1), and fork-

head box J1 (FOXJ1), respectively. H&E staining showed 

that crosssections of oviductal organoids contain a mon-

olayer of oviductal epithelial cells encircling a central-

ized lumen. Also, mature organoids maintained through 

extended culture persistently express hallmark protein 

OVGP1, as well as epithelial cell tight junctions (ZO1), 

and ciliated cells (FOXJ1). Comprehensively, the orga-

noid cellular morphology contain both partially differen-

tiated and polarized cuboidal cells, as well as columnar 

shaped cells, which precisely represent the established 

structure of functional organoids. Additionally, we used 

a gene panel to functionally characterize the expres-

sion patterns of in  vitro produced oviductal organoids 

(37 °C and 42 °C) compared to naïve in vivo BOECs. The 

panel was comprised of cell proliferation and adhesion 

(MKI67 and CDH1), ciliated cell function and differen-

tiation (LRRC6, TUBA1A, TUBA1B and TUBA1C), and 

hormonal prostaglandin function (PTGS2, PTGES and 

OXTR) gene expression signatures. Overall, minimal 

statistical differences presided between in  vitro pro-

duced organoids and in  vivo derived cells, strengthen-

ing the biomimicry of extended culture in a 3-D matrix 

(Fig.  3). In addition, a dual-targeted approach to isolate 

EVs using ultracentrifugation and size exclusion chro-

matography (SEC) was employed to isolate a relatively 

homogenous population of oviductal organoid-derived 

EVs. The molecular and morphological characterization 

of oviductal organoid-derived EVs validated the integrity 

of our procedure to isolate molecular analysis grade EVs 

from conditioned culture medium of in  vitro-cultured 

bovine oviductal organoids. Representative TEM images 

(Fig. 4A), indicate the presence of membrane-enveloped 

vesicles released from oviductal organoids. Moreover, 

nanoparticle tracking analysis revealed a higher particle 

concentration in the S-EVs (derived from organoids cul-

tured at 42 °C; 1.29E + 10 particles/mL), when compared 

to the N-EVs (derived from organoids cultured at 37 °C; 

1.01E + 10 particles/mL), with median sizes of 120.01 and 

133.99  nm, respectively (Fig.  4B). Western blot analysis 

(Fig.  4C) indicated the presence of EV marker proteins 

(TSG101, FLOT1, and CD63) in the EV samples derived 

from oviductal organoids, while CYCS, a cellular con-

taminant and negative marker of EVs, was absent. In 

addition, RNA quality control for integrity, prior to RNA 

sequencing, revealed the presence of 18S and 28S riboso-

mal RNA peaks in the oviductal organoid RNA and their 

absence in oviductal organoid-derived EV-RNA samples 

(Fig. 4D & E).

Decoding the transcriptome response of oviductal 

organoids to HS

To understand the changes in molecular physiology 

of the bovine oviduct under HS conditions, this study 

examines the first comprehensive transcriptome analy-

sis revealing the cellular response of oviductal organoids 

Fig. 1 Schematic Illustration of the Experimental Design. Oviductal cells were collected from abattoir-derived reproductive material 
for the establishment of bovine oviductal organoids. Organoids were subsequently grown and developed under thermoneutral conditions 
for 14 days prior to exposing to heat treatment. Following HS exposure, organoid cells and the corresponding EVs were collected, isolated 
and subjected to genome-wide transcriptomic and miRNomic profiling, respectively
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to elevated thermal stress. A total of ten RNA librar-
ies were prepared from the organoid cells cultured 
under HS (42 °C) and thermoneutral conditions (37 °C). 

Approximately 536 million raw reads were sequenced 

from both groups. After adapter trimming and qual-

ity filtering, approximately 53.6 million reads per library 

were retained with an average of 99% of the quality-

controlled (QC) reads mapped to the bovine reference 

genome (ARS-UCD1.2). A summary of the total number 

of reads and the mapping results for each group is pre-

sented in Additional file 1: Table S1. Principal component 

analysis (PCA) and the accompanied hierarchical heat-

map revealed that biological replicates for each group 

clustered together except for one replicate amid the HS 

groups (Fig. 5A & B), which has been excluded from fur-

ther analysis. A stringent criterion was set to avoid bias 

for low expression in which, expressed genes represent 

zFPKM >  − 3 amongst all replicates. In total, 11,935 and 

Fig. 2 Establishment of Oviductal Organoid Culture System. Representative morphology of cultured bovine oviductal organoids after 14 days 
in culture. Scale bar, 1 mm (A). Immunostaining of in vitro cultured bovine oviductal organoids at passage 1, day 7 (P1D7). Histological oviductal 
samples with H&E staining, and immunohistochemical (OVGP1, ZO1, and FOXJ1) at 20 × and 40 × magnification, respectively. Scale bar = 50 μm 
at 20 × magnification and 20 μm at 40 × magnification. Controls shown in insets represent a negative reagent control (OVGP1, ZO1 and FOXJ1)



Page 5 of 26Menjivar et al. BMC Genomics          (2023) 24:646 

12,564 genes were detected in the HS and thermoneutral 
cultured organoid groups, respectively, with 11,725 genes 
mutually expressed in both groups (Fig. 5C). Of the most 

highly expressed genes in both groups, the top 20 genes 

most abundantly expressed amongst all organoid sam-

ples include: COX1, ACTB, CST6, TPT1, RPLP1, RPLP0, 

FTH1, COX2, EEF1A1, UBA52, RPS15 (Table 1).

Considering a false discovery rate (FDR) < 0.05 and 

a fold change (FC) ≥ 2, a total of 2,570 differentially 

expressed genes (DEGs) (1,222 up‐ and 1,348 down-

regulated) were identified in the oviductal organoids 

subjected to HS compared to the thermoneutral groups, 

including 170 genes with unknown function (Additional 

file  2: Table  S2). The volcano plot (Fig.  5D) illustrates 

the distribution of DEGs, up- and downregulated, in the 

HS compared to the thermoneutral groups. The top 20 

known DEGs (upregulated include: CRISPLD2, HSPA6, 

SERPINE1; downregulated include: RBM3, MROH1, 

FAH) identified in the HS compared with the thermon-

eutral cultured groups are listed in Table 2. Gene ontol-

ogy (GO) enrichment analysis of the upregulated genes 

in the HS groups revealed that endocrine resistance, 

cellular senescence, and notch signaling pathway to be 

the top significant pathways (Fig. 6A; Additional file 3A: 

Table S3A). Alternatively, metabolic pathways, oxidative 

phosphorylation, nucleotide metabolism, carbon metab-

olism, and thermogenesis were the top significant path-

ways dominated by the downregulated genes (Fig.  6B; 

Additional file  3B: Table  S3B). Biological processes in 

which genes upregulated in thermally stressed orga-

noids involve cell migration, transcription regulation, 

and protein phosphorylation (Fig. 6C; Additional file 4A: 

Table  S4A), while cholesterol biosynthetic processes, 

mitochondrial electron transport and ATP synthesis 

were the processes in which involve downregulated genes 

(Fig. 6D; Additional file 4B: Table S4B). Interaction net-

works of DEGs commonly involved in highly enriched 

pathways are presented in Fig. 6E. The highlighted genes 

amid the interaction networks are involved in vari-

ous signaling pathways, gene expression regulation, and 

functions regulating cellular senescence and pregnancy 

homeostasis.

HS alters oviductal organoid‑derived EV‑coupled miRNAs

To understand the extracellular response of oviductal 

organoids to HS, organoid-secreted EVs were inves-

tigated for their miRNA content using small RNA 

sequencing technology. Three small RNA libraries were 

prepared from the EVs derived from each of the orga-

noid cultures under 37 °C and 42 °C. Approximately 135 

Fig. 3 In vitro Produced Organoid Retention of the In vivo Oviduct. Quantitative real time PCR analysis of selected genes outlining the mRNA 
expression of markers for cell proliferation and adhesion, ciliated cell function and differentiation, and hormonal prostaglandin function in in vitro 
produced organoids (37 °C and 42 °C) and naïve bovine oviductal epithelial cells (BOEC). Data are shown as the mean ± SEM and the differences 
between means were analyzed using one-way ANOVA followed by Tukey’s Multiple Comparisons Test in biologically independent samples (n = 3). 
Statistical significance (*) between groups were determined at (p < 0.05)
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million raw reads were sequenced from both EV groups. 
After adapter trimming and quality control, an average of 
21 million reads per library was retained. An average of 
87% and 89% of these reads from the HS and thermoneu-
tral EV groups, respectively, were mapped to the bovine 
reference genome (Additional file  5: Table  S5). Based 

on the miRNA expression patterns, the PCA (Fig.  7A) 

and hierarchical heatmap (Fig.  7B) exhibited a clear 

clustering of the replicates from each group. Sequenc-

ing data analysis revealed a total of 251 known miRNAs 

amongst both groups with at least 10 counts per mil-

lion (CPM) (Fig.  7C). While a complete list of all the 

expressed miRNAs detected is presented in Additional 

file  6: Table  S6, a list of the top 20 expressed miRNAs 

from each group are presented in Table  3. Among the 

top 20 expressed miRNAs, 15 were commonly detected 

amongst both groups.

Differential expression analysis of EV-miRNAs 

released from oviductal organoids subjected to diver-

gent ambient temperatures indicated a total of 18 miR-

NAs as significantly-differentially expressed between 

the two groups (FC > 2, FDR < 0.05). EVs from HS ovi-

ductal organoids exhibited the enrichment of 12 miR-

NAs (including: miR-150, miR-92a, miR-223, and 

Fig. 4 Characterization of Oviductal Organoid-derived EVs. Transmission Electron Microscopy (TEM) images depicting a clear bilipid enclosed 
complex in oviductal organoid-derived EVs. Scale bar, 100 nm (A). Size distribution and concentration of N-EVs (blue bars) and S-EVs (red bars) 
resulting from Nanoparticle Tracking Analysis (NTA) (B). Cropped blots for Western Blotting (WB) analysis in EVs shows traditionally expressed 
EV-associated protein markers (TSG101, FLOT1, CD63) and the absence of expression for non-EV, mitochondrial associated cellular marker 
protein (CYCS) in lanes indicated by N-EVs and S-EVs (C). Representative RNA quality control and size distribution from oviductal organoids (D) 
and the corresponding EVs indicating the absence of 18 s and 28 s cellular RNA components (E)
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miR-202) and 6 downregulated miRNAs (including: 
miR-221, miR-11980, miR-23a and miR-370) compared 
to the EVs released from thermoneutral cultured orga-
noids (Table 4 and Fig. 7D). Interestingly, two differen-

tially expressed (DE)-miRNAs (miR-10b and miR-92a) 

were also noted in the top 20 expressed miRNAs list. 

Pathway analysis revealed that genes potentially tar-

geted by the upregulated EV-miRNAs were involved 

in cellular senescence, p53, and TGF-beta signal-

ing pathways (Fig.  8A; Additional file  7A: Table  S7A), 

while those potentially targeted by the downregulated 

EV-miRNAs were involved in MAPK and FoxO sign-

aling pathways (Fig. 8B; Additional file 7B: Table S7B). 

Transcription and cell cycle regulation were among 

the top abundant biological processes targeted by 

the upregulated miRNAs (Fig.  8C; Additional file  8A: 

Table S8A), while protein phosphorylation and regula-

tion of cell cycle and proliferation were among the top 

biological processes targeted by the downregulated 

miRNAs in the HS compared to the thermoneutral 

groups (Fig.  8D; Additional file  8B: Table  S8B). Inter-

action networks between common experimentally 

validated target genes of the DE-EV-miRNAs and the 

organoids DEGs, are presented in Fig. 9A. Additionally, 

a focus on the DEGs involved in the cellular senescence 

pathway network and the DE-EV-miRNAs potentially 

targeting their function are represented in Fig. 9B.

Fig. 5 Impact of HS on Oviductal Organoids: Transcriptomic Cellular Response. Principal component analysis (PCA) (A) and heatmap/hierarchical 
clustering of oviductal organoid samples (B) cultured under HS (42 °C; A_42-D_42) or thermoneutral conditions (37 °C; A_37-D_37). Venn diagram 
indicating exclusively and commonly expressed genes in the 42 °C and 37 °C groups (C). Volcano plot displaying differentially expressed genes, 
up- and downregulated in oviductal organoids cultured under HS (42 °C) compared to those cultured under thermoneutral conditions (37 °C) (D)
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Quantitative real‑time PCR validation of candidate genes 

and miRNAs

To validate the sequencing data, 10 DE-genes (5 up- and 
5 downregulated in the HS compared to the thermoneu-
tral groups) and 4 upregulated miRNAs were selected for 
validation in 4 independent, biological replicates using 
quantitative real-time PCR. Selected candidate genes in 
oviductal organoids (Fig. 10A) and miRNAs in oviductal 

organoid-secreted EVs (Fig. 10B) show the same expres-

sion pattern consistent with the RNA-seq data.

MicroRNA sequence motif and RBP identification

To investigate the potential mechanism of miRNA sort-

ing and packaging into EVs by oviductal organoids in 

response to thermal stress, miRNA sequence motif analy-

sis was performed for the miRNAs significantly enriched 

in EVs released in response to thermal stress using low 

abundant miRNAs (enriched in EVs released from orga-

noids cultured under thermoneutral conditions) as con-

trols. Accordingly, we have identified two miRNA motifs 

[U/A][C/U][C/A][U/G/A/C]A and [C/U][U/A]GU to be 

shared by 69% (9 of the 13) and 62% (8 out of 13) of the 

upregulated miRNAs, respectively (Fig.  11A). Moreo-

ver, an additional two motifs UG[U/A][A/G] and ACCC 

were identified and shared by 46% (6 of the 13) and 23% 

(3 out of 13) of the upregulated miRNAs, respectively. 

The sequence position and distribution of the identi-

fied motifs among the candidate miRNAs is indicated in 

Table 1 Top 20 expressed genes in oviductal organoids from the 
HS (42 °C) and thermoneutral (37 °C) groups

TPM average Transcript Per Million mapped reads

a Percentage of the genes sequence reads

Genes 42 °C Group TPM %a Genes 37 °C Group TPM %a

COX1 12,134.48 10.36 COX1 18,703.53 14.63

ACTB 9851.64 8.41 COX3 12,044.18 9.42

CST6 7866.93 6.71 COX2 9073.11 7.10

TPT1 6996.46 5.97 FTH1 8633.91 6.76

HSPB1 6814.69 5.82 RPLP1 6970.11 5.45

RPLP1 6408.56 5.47 GAPDH 6133.64 4.80

RPLP0 6155.16 5.25 RPLP0 5702.06 4.46

CLU 5635.77 4.81 ATP6 5258.80 4.11

CRYAB 5519.48 4.71 KRT19 5247.57 4.11

FTL 5403.90 4.61 FTL 5217.36 4.08

ACTG1 5399.25 4.61 TPT1 5153.81 4.03

COX3 5017.02 4.28 ACTB 4863.59 3.81

FTH1 5004.65 4.27 ACTG1 4709.11 3.68

COX2 4958.39 4.23 EEF1A1 4561.17 3.57

EEF1A1 4524.72 3.86 RPS15 4490.25 3.51

UBA52 4411.87 3.77 CST6 4456.38 3.49

HSPA1A 4367.03 3.73 ND3 4434.30 3.47

ANXA2 3736.05 3.19 ND1 4104.32 3.21

HSPA8 3531.16 3.01 MSLN 4025.36 3.15

RPS15 3418.48 2.92 UBA52 4018.46 3.14

Table 2 Top 20 DEGs in HS (42 °C) oviductal organoids compared to the thermoneutral (37 °C) groups

FC Fold Change, FDR False Discovery Rate

Upregulated Genes FC FDR Downregulated Genes FC FDR

RAB39A 85.71 3.56E-03 MFAP4 -14.38 3.37E-11

ARC 75.04 1.91E-22 PPP1R32 -15.65 1.65E-09

CRISPLD2 64.85 1.25E-32 MROH1 -15.68 1.10E-51

NEFH 57.56 9.69E-29 ACSM1 -17.54 8.85E-19

PHLDA2 53.28 6.75E-47 FAH -17.80 4.22E-47

ENSBTAG00000001219 52.94 1.64E-08 RHBDD3 -18.01 2.75E-28

HSPA6 42.95 1.46E-23 NOS2 -18.02 1.52E-19

ENSBTAG00000052847 36.38 1.28E-07 S100A9 -18.97 2.65E-59

PURG 31.95 3.79E-09 ASB9 -19.67 1.96E-11

FAM71F1 26.14 2.53E-08 HERC3 -19.85 6.46E-60

NPB 22.86 8.62E-18 DIRAS3 -21.65 3.80E-10

GAS2 20.03 9.82E-10 HNMT -22.45 2.36E-10

ZFAND2A 19.72 6.73E-29 ETNPPL -24.09 5.00E-10

PEG3 18.76 5.88E-33 SERPINB13 -32.57 9.11E-15

CRYAB 15.90 2.22E-47 ENSBTAG00000003661 -32.99 1.55E-20

ENSBTAG00000049003 14.77 2.45E-16 CSF3 -34.72 2.48E-17

RSRP1 14.73 1.16E-93 LRCOL1 -36.95 1.50E-05

SERPINE1 14.29 5.61E-23 DAPL1 -60.38 1.61E-08

ENSBTAG00000050861 12.67 2.26E-06 RBM3 -73.40 3.10E-152

TEX49 12.64 9.61E-08 SERPINE3 -163.84 1.87E-63
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Fig. 6 Oviductal Organoids: Ontological Classification and Interactive Networking. Bubble plots, revealing the top 10 pathways and biological 
processes targeted by the up- (A and C) and downregulated genes (B and D) in the 42 °C compared to the 37 °C groups, respectively. The color 
and size of each bubble represent the P-value and number of gene counts. Interactive networking of the differentially expressed genes commonly 
involved in highly enriched pathways including the up- (red) and downregulated (green) genes in the 42 °C compared to the 37 °C groups (E)
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Table 5 and Fig. 11B, respectively. Submission of the ini-

tial two significantly conserved motifs to the TOMTOM 

RBP identification tool showed that sequence motif 

([U/A][C/U][C/A][U/G/A/C]A) is potentially targeted 

and bound by the RNA binding motif 6 (RBM6) pro-

tein (Fig.  11C), while sequence motif ([C/U][U/A]GU) 

is potentially targeted and bound by human antigen R 

(HuR) and zinc finger CysCysCysHis domain-containing 

protein 14 (ZC3H14) proteins (Fig. 11D).

Discussion
Oviductal fluid containing EVs have been identified as 

a major component safeguarding gametes from envi-

ronmental stress [37, 38] and is regarded as the opti-

mal milieu in which its composition reflects oviductal 

physiology [39]. Recent efforts have aimed to study 

the effects of HS on the oviduct both in vivo [40] and 

in vitro [41] through BOECs and EVs known to largely 

contribute and responsibly impact the composition 

Fig. 7 HS Alters Oviductal Organoid-derived EVs Molecular Cargo: miRNome Extracellular Response. Principal component analysis (PCA) (A) 
and heatmap/hierarchical clustering of oviductal organoid-derived EVs (B). Venn diagram indicating exclusively and commonly expressed miRNAs 
in the 42 °C and 37 °C groups (C), red and green miRNAs are significantly different (FDR < 0.05) between the two groups. Volcano plot displaying 
differentially expressed miRNAs, up- (red) and downregulated (green) in oviductal organoid-derived EVs from the 42 °C compared to 37 °C groups 
(D)
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of the oviductal fluid. In vivo, alterations in oviductal 

cells’ gene expression and EV concentrations have been 

reported, while similar significant alterations in HSP70 

and OVGP1 expression were reported in vitro. OVGP1 

is a hormonally-regulated, carbohydrate-rich and 

traditionally-expressed protein-coding  gene known 

to regulate receptivity and trophoblast adhesion. 

Alimiñana et al. [26], investigated the differential pro-

tein contents in BOECs and oviduct-derived EVs from 

in vivo and in vitro origin and revealed the absence of 

OVGP1 in in  vitro cultured BOECs and correspond-

ing EVs. Alternatively, in the present study oviductal 

organoids morphologically mirror their original tissue 

by forming round, cystic structures accompanied with 

Table 3 Top 20 expressed miRNAs in oviductal organoid-derived EVs from the HS (42 °C) and thermoneutral (37 °C) groups

CPM average Counts Per Million mapped reads

a Percentage of the miRNA sequence reads

miRNA 42 °C Group CPM %a miRNA 37 °C Group CPM %a

bta-miR-1246 714,796.52 52.39 bta-miR-1246 363,004.63 44.35

bta-miR-148a 91,700.77 6.72 bta-miR-148a 63,584.52 7.77

bta-miR-21-5p 66,565.11 4.88 bta-miR-21-5p 43,902.13 5.36

bta-miR-451 63,787.82 4.68 bta-let-7a-5p 38,199.05 4.67

bta-miR-92a 52,778.22 3.87 bta-miR-378 33,327.83 4.07

bta-miR-122 39,526.19 2.90 bta-miR-451 26,116.20 3.19

bta-let-7a-5p 35,926.19 2.63 bta-let-7i 22,986.77 2.81

bta-let-7i 25,351.78 1.86 bta-let-7f 20,881.75 2.55

bta-miR-378 23,826.87 1.75 bta-miR-122 19,106.09 2.33

bta-let-7f 19,848.71 1.45 bta-let-7b 17,898.58 2.19

bta-miR-26a 19,314.54 1.42 bta-miR-26a 16,336.63 2.00

bta-let-7b 17,836.14 1.31 bta-miR-151-3p 10,162.43 1.24

bta-miR-10b 12,289.04 0.90 bta-miR-200b 8044.04 0.98

bta-miR-151-3p 12,105.22 0.89 bta-miR-320a 6426.09 0.79

bta-miR-99a-5p 10,290.88 0.75 bta-miR-200c 5618.62 0.69

bta-miR-200b 9131.74 0.67 bta-let-7 g 5587.82 0.68

bta-miR-10a 7387.11 0.54 bta-miR-100 5124.45 0.63

bta-miR-143 6627.53 0.49 bta-miR-30d 5002.99 0.61

bta-miR-30d 6243.01 0.46 bta-miR-10b 4666.79 0.57

bta-miR-486 6147.07 0.45 bta-miR-192 4474.81 0.55

Table 4 DE-miRNAs in oviductal organoid-derived EVs from the HS (42 °C) compared to the thermoneutral (37 °C) groups

FC Fold Change, FDR False Discovery Rate

Upregulated miRNA FC FDR FC Fold Change, FDR False Discovery Rate 
Downregulated miRNA

FC FDR

bta-miR-150 127.29 1.56E-21 bta-miR-221 -2.35 3.27E-02

bta-miR-92a 21.28 1.24E-13 bta-miR-11980 -4.13 7.36E-03

bta-miR-223 15.82 1.61E-03 bta-miR-23a -4.26 1.04E-02

bta-miR-202 11.69 1.38E-05 bta-miR-370 -5.17 2.14E-04

bta-miR-16a 5.42 1.89E-02 bta-miR-6518 -10.17 5.05E-03

bta-miR-204 5.36 7.36E-03 bta-miR-197 -10.51 1.04E-02

bta-miR-181a 4.06 3.43E-03

bta-miR-22-3p 3.96 1.04E-02

bta-miR-9-5p 3.65 1.89E-02

bta-miR-206 3.16 2.27E-02

bta-miR-99a-5p 2.66 8.58E-04

bta-miR-10b 2.62 7.36E-03
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an apical polarity in regard to a central lumen exhib-
iting encircling microvilli, consistent with previous 
reports of fallopian/oviductal organoids in mice [30, 
31] and humans [29]. Moreover, our study revealed 
the detection of OVGP1, ZO1, and FOXJ1 in in  vitro 

cultured organoids after passaging, indicating the suit-

ability of our 3-D extended culture model to persist 

naïve-like identity, vital for the interpretation of the 

results in regard to oviductal physiology. Similarly, our 

gene panel revealed minimal differences amid in vitro 

cultured organoids in the mRNA expression of genes 

regulating cell proliferation and adhesion (MKI67 

and CDH1), ciliated cell function and differentiation 

(LRRC6, TUBA1A, TUBA1B and TUBA1C), and hor-

monal prostaglandin function (PTGS2, PTGES and 

OXTR) compared to naïve in vivo BOECs. Collectively, 

interspersed FOXJ1 + cells indicate ciliated cell pres-

ence, while stable MKI67 mRNA levels amid in  vitro 

cultured oviductal organoids and naïve in vivo BOECs 

reveal their active proliferation capacity. Similar to our 

previous work in endometrial organoids [42], in the 

present study ZO1 was found to be localized in both 

the nucleus and the cytoplasm. Such findings have 

been previously reported in monlayer cultures and 

several cell lines, and is posed to be correlated to the 

stage of cell growth and inversely connected to the 

extent and/or maturity of intercellular contacts [43]. 

Our study dually noted a significant increase in the 

transcript abundance for TUBA1C, which was also 

shown to be upregulated in oviductal fluid collected 

from the contra- versus ipsilateral bovine oviduct [44]. 

Additionally, in in  vitro cultured HS oviductal orga-

noids, the mRNA expression of PTGS2 was signifn-

catly lower than in naïve in  vivo BOECs, potentially 

indicating that the organoid cultures are not highly 

affected by in  vitro ‘culture shock,’ which formally 

leads to an overproduction of reactive oxygen spe-

cies (ROS) amidst cells [45], which has been shown 

in vivo [46] and in vitro [47] in regard to the oviduct. 

Additionally, in other studies the 3-D reproductive 

Fig. 8 Oviductal Organoid-derived EV-miRNAs: Ontological Classification. Bubble plots, revealing the top 10 pathways and biological processes 
targeted by the up- (A and C) and downregulated miRNAs (B and D), respectively in the 42 °C compared to the 37 °C groups. The color and size 
of each bubble represent the P-value and number of miRNA target genes, respectively
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Fig. 9 Oviductal Organoid DE-EV-miRNAs and DEGs Interaction Network. Interactive networking of common experimentally validated target 
genes of the DE-EV-miRNAs and the organoids DEGs in the 42 °C compared to the 37 °C groups (A). A network of the DEGs involved in the cellular 
senescence pathway and targeted by the DE-EV-miRNAs (B)
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structures (organoids) have been shown to tolerably 
respond to exogenous hormonal stimuli [29, 48–50], a 
hallmark feature of mimicking in vivo function. In sup-

port of this notion, it was previously shown that small 

RNA profiles from 3-D culture-derived EVs of cervi-

cal cancer HeLa cells also showed to exhibit striking 

similarity (~ 96%) to circulating EVs found in vivo [51]. 

In this study, we have demonstrated for the first time 

the potential of oviductal organoids to systematically 

study the physiological and dynamic response of the 

oviduct to seasonal heat stress.

HS‑induced transcriptomic changes in oviductal organoids

High-throughput transcriptomic analysis of oviductal 

organoids cultured in vitro under thermoneutral and HS 

conditions revealed clear temperature-dependent clus-

tering, indicative of a substantial physiological change 

governing oviductal organoids under HS conditions. In 

view of the oviduct and considering damaged cellular 

activity is prompted through HS (i.e. redox status and 

mitochondrial function, as well as protein folding), it is 

likely that the cellular response to the environment, act-

ing as a dynamic machine, continuously diversifies and 

Fig. 10 Quantitative Real Time PCR Validation. Expression validation of the selected DE-genes (A) and -miRNAs (B) compared against values 
calculated via RNA-seq analysis. Data are shown as the mean ± SEM and the differences between means were analyzed using one-way ANOVA 
followed by Tukey’s Multiple Comparisons Test in biologically independent samples (n = 4). Statistical significance (*) between the 42 °C compared 
to the 37 °C groups were determined at (p < 0.05)
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shifts an optimal milieu to a substandard microenviron-
ment. These findings are in consonance with a recent 

in vivo study showing alterations in oviductal cells’ (ipsi-

lateral and contralateral) gene expression from dairy 

cows under HS conditions [40]. Notably in our study, we 

found that of the 12,774 expressed genes, 11,725 genes 

were mutually expressed amongst both groups. Impor-

tantly, in terms of oviductal organoids long-term main-

tenance of naive-like physiology, in the present study, 

the RNA-sequencing dataset validated the presence of 

marker genes for BOEC function (OVGP1, GPX4 and 

HMGCR ) [52–55], which were stably expressed amid 

both groups of oviductal organoids following passaging 

during in  vitro culture. Hence, the presented long-term 

3-D organoid culture system functionally recapitulates 

certain validated aspects of the in vivo oviduct to satisfy 

novel descriptive studies, exemplified here, needed to 

address challenges in comprehending the early embryo–

maternal interactions to conduct further functional 

studies.

Comparative analysis revealed, among the top highly 

abundant genes in both groups, we found genes related 

to early embryonic development (ACTB and UBA52), 

prostaglandin biosynthesis and the establishment/main-

tenance of pregnancy (COX1, COX2 and CST6), as well 

as embryonic cellular senescence (RPLP1 and RPS15). 

Uniquely, COX1 is found to be upregulated as the tran-

sient embryo is present within the oviduct, suggesting 

synthesized prostaglandins interact with the embryo 

and facilitate embryo–maternal communication [56]. 

However, HS has been shown to largely disrupt the 

balance of vaginal prostaglandins (PGE2 and PGF2a), 

reducing oviductal smooth muscle motility, which is an 

important catalyst for the transportation of the gamete/

Fig. 11 miRNA sequence motif analysis. Four identified, over-represented miRNA sequence motifs located amongst the upregulated miRNAs 
in differing numbers in the 42 °C compared to the 37 °C groups (A). Table depicting the location and distribution of the over-represented miRNA 
sequence motifs positioning on the upregulated miRNAs (B). Alignments of the ([U/A][C/U][C/A][U/G/A/C]A(C) and the [C/U][U/A]GU (D) miRNA 
sequence motifs with known RNA-binding proteins. (p < 0.05)
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embryo [57]. Correspondingly, in high abundance, were 
genes encoding functions in the sperm-oviduct inter-
actions preceding early embryo development (HSPA8 
and HSPA1A), as well as genes reported to exert cryo-
protective and anti-apoptotic effects as a consequence 
of stress (HSPB1). It is widely known that environmen-
tal cellular stress is directly connected to an immediate 
rapid induction of various heat shock proteins (HSPs). 
Convincing reports suggest HSPs (especially HSPA1 and 
HSPB1), cohesively act as protective proteins through 
potentially downregulating signaling events leading to 
apoptosis [58]. Although, HSPs act as molecular chaper-
ones critical for the maintenance of cellular homeostasis, 
increased amounts of HSPs can facilitate the suppres-
sion of overexpressed/mutated genes resulting from a 
loss of p53 function [59].

Upregulated genes (CRISPLD2, HSPA6, SERPINE1) 
in the thermal stressed groups could serve as potential 
indicators of the response of oviductal organoids to envi-
ronmental heat stress. Higher expression of CRISPLD2, 
a secreted glycoprotein and target gene regulated by the 
P4-PR response, has been shown to potentially mediate 
the stromal-epithelial cross-talk during implantation and 
decidualization, largely dependent upon hormonal regu-
lation [60]. Similarly, the HSP family member, HSPA6, 
shown to be involved in cellular response to stress, has 
been reported to be highly expressed in the ipsilateral 
oviduct likely in preparation for the presence of gametes 
and to facilitate embryo development [44]. Notably in our 
study, SERPINE1, which encodes a proteinase inhibitor, 

is shown to be involved in functional pathways govern-
ing cellular senescence. Cellular senescence contributes 
to the age-related decline in reproductive function and is 
known as a cellular response to stress aimed at inhibit-
ing the proliferation of damaged cells, ultimately leading 
to a state of permanent growth arrest [61, 62]. Addition-
ally, reports using SERINE1 protease inhibitors to sup-
press oviductal protease activity  through  mediating the 

estrogen-epithelial ERa signaling, have been shown to be 

preeminent for fertilization and preimplantation embryo 

development [63].

In mammalian reproduction, it is widely known that 

mitochondria are inherited maternally  and  serve as 

energy factories, synthesizing the majority of the cells’ 

ATP predominantly through oxidative phosphorylation, 

in part, holding pertinent roles in metabolic functions 

governing embryonic development [64]. Results from 

the current study revealed the suppression of 1,348 genes 

in oviductal organoids following exposure to thermal 

stress, found to be involved in pathways related to oxida-

tive phosphorylation and metabolic processes. Among 

the genes downregulated in oviductal organoids as a 

result of exposure to HS, NDUFS8, NDUFS7, NDUFS6, 

NDUFS3, NDUFS2, COQ9, NDUFV2, ND3, NDUFV1, 

ND2 and ATP5F1A, ATP5PB, ATP8, ATP6, ATP5MC2, 

ATP5MC3, ATP5F1C, ATP5F1D, ATP5MC1 are found to 

be involved in biological processes associated with mito-

chondrial function and ATP synthesis. Previous reports 

indicate that NADPH, supplies an antioxidant defense, 

while NADH promotes an increase in the oxidant load, 

Table 5 Identified motif positioning on the upregulated miRNAs in the HS (42 °C) compared to the thermoneutral (37 °C) groups
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generating ROS and sustained oxidative stress [65]. 
Therefore, genes suppressing the metabolic activity of 
high-functioning pathways (TCA cycle, pyruvate metab-
olism, fatty acid metabolism, etc.), promote an imbalance 
in mitochondrial NADH and NADPH, effecting ATP 
production, which leads to impairments in mitochon-
drial function, partly due to suppressed oxidative phos-
phorylation function. Interestingly, highly downregulated 
(FC = -73.4) RBM3, a stress-responsive gene, was shown 
to potentially have a mechanistic function to counter-
act the regulatory role of miRNAs by increasing ineffi-

ciencies in global protein synthesis under conditions of 

stress [66]. On the other hand, in agreeance with Stam-

perna and colleagues, our study concurred among the 

DEGs, the downregulation of LOC512548 and HP (con-

tralateral), as well as SOCS3 (ipsilateral) in oviductal epi-

thelial cells from dairy cows during the summer versus 

spring season [40]. Antileukoproteinase’s (LOC512548) 

role in inhibiting serine proteases, have been found to 

have antibiotic and anti-inflammatory functions in the 

human endometrium [67], as well as a coincidental func-

tion amidst the sperm-oocyte interaction in the human 

oviduct [68]. Taken together, our results demonstrate 

that  the potential impact of seasonal heat stress on ovi-

ductal physiology is mediated by the dysregulation of 

genes responsible for mitochondrial function and energy 

metabolism, as well as reproductive and immune system 

responses.

Oviductal organoid‑derived EV‑miRNA profiles in response 

to HS

Previous studies from our lab demonstrated the divergent 

EV-mediated molecular response of bovine granulosa 

cells to HS through their encapsulated miRNA cargoes, 

revealing their subsequent protective capacity against 

recurrent HS following co-incubation among naïve 

granulosa cells [14], as well as oocytes and embryos [15]. 

Similarly, in the present study, we detected a total of 251 

EV-coupled miRNAs with 193 mutually expressed and 3 

miRNAs (bta-miR-1246, bta-miR-148a, bta-miR-21-5p) 

sequentially expressed as the first, second and third most 

abundant among both groups. In vitro functional analysis 

in a previously reported study demonstrated the antia-

poptotic measures of bta-miR-1246 by targeting PCBP2 

and CREBL2 in HEK293 cells [69]. In accordance with 

others [70, 71], our study revealed a high prevalence of 

bta-miR-148a, which is found to target DNMT1 and 

improve the developmental capacity of porcine somatic 

cell nuclear transfer embryos [72]. Furthermore, studies 

in mice showed that miR-21 targets PTEN [73], leading 

to the hypothesis that bta-miR-21-5p activity may acti-

vate AKT and ERK1/2 signaling pathways in the bovine 

corpus luteum to promote angiogenesis [74].

Specialized miRNAs packaged into EVs (23 exclusively 

expressed), reveal temperature-dependent variations in 

EV-encapsulated bioactive cargo resulting from oviductal 

organoids subjected to either HS or thermoneutral con-

ditions. Among the miRNAs enriched in EVs released in 

response to HS, bta-miR-150, bta-miR-92a, bta-miR223 

and bta-miR-202 were at minimum tenfold higher 

than in the thermoneutral groups. Pathway analysis of 

genes enriched by upregulated miRNAs include cellular 

senesce and p53 signaling pathways, which are critical in 

cell cycle processes involving proliferation and the main-

tenance of genomic and cellular integrity. Interestingly, 

in the present study, pathways related to cellular senes-

cence are also the most significant pathways enriched 

by the DEGs in the oviductal organoids in response to 

HS. To our knowledge, this is the first evidence indicat-

ing bovine oviductal organoids use cellular senescence as 

a stress response mechanism to prevent stress-induced 

damage including oxidative stress, genotoxic damages 

and inflammation [75]. Notably, previous reports show 

that increased expression of miR-150 downregulates 

pro-apoptotic P2X7 mRNA expression in human cervi-

cal epithelial cancer cells [76]. Furthermore, as indicated 

in zebrafish, miR-92a-3p [77] and miR-202-5P [78], are 

maternally-derived miRNAs with critical functions in 

gametogenesis. It was shown that miR-92a-3p targets 

wee2, a cyclin-dependent kinase 1 inhibitor, regulating 

the cell cycle prior to the maternal-zygotic transition in 

cleavage-stage zebrafish embryos [77]. Additionally, miR-

202-5P, which is enriched in EVs released in response 

to HS was also found to be highly abundant in early 

zebrafish embryos, suggesting its role in regulating pri-

mordial germ cell development throughout embryogen-

esis [78]. Therefore, although precautionary measures 

should be taken into account interpreting the species 

phylogenetic relationship, it is possible that oviductal 

organoids release EVs with the potential to shuttle spe-

cific miRNAs having a physiological role in early embryo 

development. Further functional studies to investigate 

the role of oviductal stress-associated EV-coupled miR-

NAs in regulating oviductal cells survival and potential to 

mediate early embryo development, is of great biological 

value.

In contrast to those miRNAs enriched in EVs released 

from oviductal organoids in response to HS, 35 miRNAs 

were found to be exclusively detected in EVs released 

from oviductal organoids cultured under thermoneu-

tral conditions. Among the miRNAs downregulated in 

EVs from the HS groups compared to the thermoneutral 

groups were: bta-miR-197, bta-miR-6518, bta-miR-370, 

bta-miR-23a, bta-miR-11980 and bta-miR-221; with bta-

miR-424-3P, bta-miR-654 and bta-miR-323 exclusively-

differentially expressed in the EVs from thermoneutral 
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cultured oviductal organoids. We found genes targeted by 
the downregulated miRNAs involve pathways regulating 
cellular senescence, as well as MAPK and FoxO signaling, 
with functions in cell-cycle arrest and intracellular sig-
nal transduction. Recent studies show miR-197-3p to be 
dramatically downregulated in ovarian tissues of patients 
with polycystic ovarian syndrome and in KGN human 
granulosa cell lines [79]. It was also confirmed that miR-

197-3p targets CUL3, and its overexpression induces 

apoptosis by modulating caspase 3 and Bax (apoptotic) 

and bcl-2 (anti-apoptotic) protein expressions [79]. Simi-

lar reports indicate miR-370-3p inhibits cell proliferation 

and induces apoptosis in endometriotic cyst stromal cells 

by suppressing SF-1 [80]. These findings along with ours 

suggests the dysregulation of the aforementioned miR-

NAs due to HS might lead to the development of novel 

therapeutic targets underlying reproductive anomalies, 

organismal aging and human diseases.

We have previously shown the relevance of EV-cou-

pled miRNA signaling in reproductive cells, in which 

certain miRNA species are selectively enriched in EVs 

in response to various stressors [14]. It seems clear that 

selective enrichment of EV-miRNAs stems in part from 

the physiological response of oviductal organoids to 

HS, with potential negative impacts on bystander cells 

and the gamete/embryo. However, detailed mechanisms 

underpinning how specific miRNAs are enriched in EVs 

released in response to HS are largely unknown. Recent 

reports indicated the involvement of specific RNA bind-

ing proteins (RBPs) and unique miRNA sequence motifs 

in EV-miRNA sorting versus cellular retention in a tis-

sue/cell dependent manner [33–36]. To this point, in 

order to shed light on the potential mechanisms involved 

in miRNA sorting into EVs by oviductal organoids in 

response to HS, we employed computational technolo-

gies to identify miRNA sequence motifs and their target 

RBPs for 12 miRNAs enriched in EVs released from ovi-

ductal organoids following exposure to HS. Accordingly, 

two miRNA sequence motifs shared by 9 out of the 12 

miRNAs were found in EV-coupled miRNAs released in 

response to HS. Further in silico analysis revealed that 

the identified motifs are recognized by RBPs, namely: 

RBM6, HuR and ZC3H14. Among these previous studies, 

it has been revealed that HuR, a regulator of cytoplasmic 

mRNA fate, alters the cellular response to proliferative, 

stress, apoptotic, differentiation, senescence, inflamma-

tory and immune stimuli [81]. Moreover, cellular oxida-

tive stress has implicated HuR to impair responses to 

oxidant damage that characterizes cellular senescence 

and advancing age [32]. Phosphorylated HuR using an 

ATP analog activated PKCα, promoted the export of HuR 

to the cytoplasm, where its target COX2, became more 

stable [32]. Notably, COX1 and COX2 play important 

roles in the smooth muscle layer and epithelial cells 

within the oviduct [56]. Regardless, further studies are 

required to investigate the interplay between miRNA 

motifs and RBPs in mediating the oviductal response to 

external stimuli, such as HS and their impacts on cellu-

lar survival and function during the maternal-embryo 

interaction.

Conclusions
Our study incorporates both an innovative approach and 

novel techniques pushing the threshold to: 1) generate a 

new viewpoint on the oviducts’ capacity to undergo criti-

cal changes to external stimuli to safeguard the result-

ing gamete/embryo; 2) establish multifaceted, functional 

studies focused on oviduct signaling (organoids/EVs) 

and signatures potentially regulating stress response; 3) 

a potential platform to generate physiologically relevant 

EVs for implementation in current assisted reproductive 

technologies systems, aiming to enhance embryo survival 

and viability under various environmental and patho-

physiological conditions (i.e. bystander effect). Finally, we 

have provided a comprehensive insight into the cellular 

and extracellular response of oviductal organoids to HS, 

yielding a structural footing to investigate the functional 

applicability and regulatory role of RNA cargoes (mRNA 

and miRNA) in modulating the fine-tuned oviductal 

microenvironment, essential for early stages of life. Fur-

ther studies stemming from this work are needed to 

focus on the functional analysis of genes and EV-coupled 

miRNAs and their involvement in mediating the impact 

of physiological changes amid the oviduct microenviron-

ment on the developing gamete/embryo and subsequent 

establishment of pregnancy. Taken together, oviductal 

organoids thusly provide a non-invasive approach to 

investigate normal and pathological reproductive pro-

cesses, from a traditionally inaccessible organ.

Methods
Collection of bovine oviductal epithelial cells (BOECs)

Complete reproductive tracts including oviducts and 

ovaries (n = 10; a pool of 2 animals per replicate) were 

obtained from a local slaughterhouse (JBS Foods, USA) 

at the discretion of BPO Parts LLC (La Salle, CO) and 

transported within 1  h following collection via an insu-

lated box containing physiological saline solution (0.9% 

NaCl) warmed to 37 °C to the Animal Reproduction and 

Biotechnology Laboratory for processing. Upon arrival, 

reproductive tracts were evaluated for the stage of the 

estrous cycle, dependent on the presence or absence of 

a fully formed, active corpus luteum with visible vas-

culature around its periphery. Resected ovaries con-

taining complete contra- and ipsilateral oviducts from 

assessed stage II, diestrus tracts were initially washed 
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through a physiological, warmed saline solution and 
subjected to a 70% ethanol rinse, followed by repetitive 
washings through a warmed saline solution. To offset 
the variability in abattoir-derived reproductive mate-
rial, the same oviducts were represented in samples sub-
jected to the differing ambient culture conditions (37 °C 

and 42  °C). Oviducts were trimmed from surrounding 

the  tissues,opened longitudinally and processed accord-

ing to previously defined measures [82, 83] by exposing 

the oviductal lumen, followed by scraping with a scalpel 

blade (Hill-Rom Holdings 371,120) in Handling Medium 

(HM) [HM; MEM Eagle with Earle’s Salts (Sigma-Aldrich 

M2279) containing 25  mM HEPES (Sigma-Aldrich 

H0887), 100 U/ml Penicillin-0.1  mg/ml Streptomycin 

(Sigma-Aldrich P4333), 0.1 mM Pyruvate (Gibco 11,360–

070), 2  mM Glutamax (Gibco 35,050–061) and Bovine 

Serum Albumin (5% v/v) (Sigma-Aldrich A9418)] to col-

lect epithelial cells from the entire length of the oviduct 

for dissociation by enzymatic digestion. Subsequently, 

the solutions were passed through a 40 µm cell strainer 

(Greiner 542,040) to remove residual stromal and inflam-

matory cells then backwashed with RPMI-1640 medium 

(Gibco 11,875–085). The ensuing suspensions were then 

pelletized through centrifugation at 1000 xg for 10 min, 

washed in 1  mL DMEM/F-12 (Gibco 21,041–025), 

and finally resuspended in 20x (v/v) phenol red-free, 

growth factor reduced UltiMatrix (Cultrex; Boitechne 

BME001-05).

Oviductal organoid culture

Parameters to establish organoid cultures were deter-

mined as we have  previously described [50]. Unless 

indicated otherwise, all chemicals were manufactured 

by Sigma-Aldrich. Briefly, the homogenized UltiMa-

trix suspension, as described above, was aliquoted in 

25 µL microdrops in a 48-well culture plate (Corning 

3548), and allowed to strengthen formation for 30  min 

at 37 °C. The 3-D suspensions were then overlayed with 

250 µL of Organoid Medium (OM) (OM; DMEM/F-12 

without phenol red (Gibco 21,041–025), 100 μg/mL pri-

mocin (Invivogen ant-pm-1), 2.5  mM L-glutamine, 2% 

B27 Plus (Gibco A35828-01), 1% N2 (Gibco 17,502–048), 

1% Insulin–transferrin–selenium (Gibco 41,400–045), 

1  mM nicotinamide (N0636), 50  ng/mL recombinant 

human EGF (R&D Systems 236-EG), 50  ng/mL recom-

binant human FGF-10 (PeproTech 100–26), 100  ng/mL 

recombinant human Noggin (R&D systems 6057-NG/

CF), 0.5  μM TGFβ/Alk inhibitor A83-01 (Tocris 2939), 

1.25  mM N-acetyl-L-cysteine (EMD Millipore 106,425), 

10  μM SB202190 (S7067), 10  μM Y27632 (EMD Mil-

lipore 688,000) as previously described [50, 82, 83]. For 

all experiments, organoid culture suspensions were  in 

a confined chamber regulated to 37  °C and 5%  CO2 in 

humidified air for growth and development prior to 

exposure to 42 °C to induce thermal stress. The OM was 

refreshed by half (v/v) every two to three days with pas-

saging occurring weekly every  7th day. For passaging, 

the UltiMatrix containing the organoids were collected 

and pelletized via centrifugation at 1,000 xg for 10 min, 

washed in 1  mL of DMEM/F-12 with agitation applied 

from vigorous pipetting to induce dissociation and yield 

mostly single cells, followed by replating according to 

the same procedure described above. Organoids of low 

passage number (P1D7) were used for the experiments 

described.

Histology

Histological preparation of intact oviduct and ovi-

ductal organoids was performed as we have previously 

described [82, 83]. Briefly, organoid  VitroGel® suspen-

sions were soaked in 250 µL of  VitroGel® Cell Recov-

ery Solution and washed with DMEM/F-12 followed by 

DPBS (1X) and centrifuged at 600 xg for 6  min. After 

centrifugation, organoid pellets were fixed in 4% para-

formaldehyde for 30  min and embedded in 2% agarose 

gel (Bio-Rad 1,613,101). Agarose-embedded organoids 

were stored in 70% ethanol until processing, then embed-

ded in paraffin wax, sectioned (6 μm), and stained using 

hematoxylin and eosin (H&E) and assessed for normal 

oviductal epithelial cell architecture.

Immunohistochemistry

Organoid preparation for immunohistochemistry was 

performed as we have previously described [50, 82, 83]. 

Briefly, paraffin wax embedded organoids were mounted 

on Superfrost Plus slides, deparaffinized then rehydrated 

through graded alcohols until distilled water. Antigen 

retrieval was then accomplished by subjection to citrate 

buffer (pH 6; 96 °C for 20 min) and blocked with hydro-

gen peroxide then washed in distilled water. Slides were 

then incubated with primary (4 °C overnight) and HRP-

conjugated and/or biotinylated secondary antibodies 

(OVGP1; Biotin Ms IgG, ZO1; Rb IgG HRP, and FOXJ1; 

Biotin Rb IgG), respectively. A list of the antibodies and 

dilutions is indicated in (Additional file 9: Table S9). Neg-

ative reagent controls provided utilized the same staining 

procedures in the absence of the primary antobody incu-

bation step. Prior to microscopy evaluation, slides were 

activated using the RTU Vectastain kit (Vector Labora-

tories) for 30 min and visualized using Vectastain ABC-

HRP and DAB substrate solution (Vector Laboratories) 

counterstained with hematoxylin. Incubations took place 

at a room temperature environment with TBS-T solu-

tion used as a washing buffer. Slides were assessed for 

localization and presence of OVGP1, ZO1, and FOXJ1 

staining.
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Exposure of oviductal organoids to heat stress

Following the culmination of the first passage (14  days 

from initial collection), organoids were removed from 

UltiMatrix using Organoid Harvesting Solution (Cultrex; 

Biotechne 3700–100-01) and transferred to  VitroGel® 

(TheWell Bioscience VHM04-K), a synthetic, xeno-free 

extracellular matrix. At this point, the 3-D matrices were 

incubated for 30  min at 37  °C to become less fluidic, 

according to the procedure described above. Finally, the 

OM was replenished followed by culturing for an initial 

24 h priming period at 37 °C and 5%  CO2 in humidified 

air. Thermoneutral organoids remained at 37  °C for an 

additional 24  h, while for experiments with heat stress 

organoids were transferred to a confined chamber regu-

lated to 42 °C in an atmosphere of 5%  CO2 in humidified 

air for the remaining 24 h. Experiments were replicated a 

total of eight times to gauge variability in abattoir-derived 

reproductive material for both culture environments.

Collection of cultured oviductal organoids and conditioned 

medium for downstream analysis

Following the collection of conditioned OM, the 3-D 

organoid suspensions were collected and suspended in 

 VitroGel® Cell Recovery Solution (TheWell Bioscience 

MS03-100), washed with DMEM/F-12 and pelletized 

by centrifugation at 600 xg for 6  min. Organoid pellets 

were snap frozen in liquid nitrogen and stored at -80 °C 

for downstream use. The EV-containing conditioned OM 

were then centrifuged in sequential order at 500 xg for 

10  min, 3,000 xg for 10  min and 17,200 xg for 30  min 

and filtered through a 0.22  µm sterile filter  (Millex® 

SLGPR33RB) to remove residual cellular contaminants, 

large particles and protein aggregates. All centrifugation 

steps were performed at 4 °C. Bovine oviductal organoid-

derived EVs were isolated from ~ 10  mL of conditioned 

OM (8 replicates/treatment group) using ultracentrifu-

gation followed by size exclusion chromatography (SEC). 

Briefly, OM were subjected to two consecutive rounds 

of ultracentrifugation at 120,000 xg for 70  min in the 

Optima XE-90 Ultracentrifuge using the SW 55Ti rotor 

(Beckman Coulter A94471). Isolated EVs were further 

standardized by elution in 180 µL of sterile DPBS (1X) 

(ThermoFisher Scientific 14,190–144) using the Exo-

spin™ mini columns (CELL guidance systems EX03-50) 

according to the manufacturer’s protocol. Isolated EVs 

were then  stored at -80  °C for further characterization 

and molecular analysis.

Characterization and quantification of oviductal 

organoid‑derived EVs

EV identification and characterization were carried out 

according to guidelines detailed by the International 

Society for Extracellular Vesicles [84], including EV 

marker protein validation, nanoparticle concentration/

size distribution and morphological visualization as 

described below. Detailed information regarding experi-

mental procedures has been submitted to the EV-TRACK 

knowledgebase (https:// evtra ck. org/) (EVTRACK ID: 

EV230000)[85].

Western blotting (WB)

Immunoblotting technique was performed for isolated 

EVs to detect EV and cellular protein markers. For this, 

proteins were extracted from oviductal organoid cells and 

the corresponding EVs using RIPA buffer (Marker Gene™ 

Technologies M2777). Protein lysates were then boiled 

with 4 × Laemmli Sample Buffer (Bio-Rad 1,610,747) 

and 2-Mercaptoethanol (Bio-Rad 1,610,710) at 95  °C 

for 5  min prior to loading on a 4–15% (w/v) Tris–Gly-

cine Stain Free Gel (Bio-Rad 4,568,084). Electrophoresis 

was performed for 15  min at 90  V followed by 30  min 

at 200 V with Precision Plus Protein Dual Color Stand-

ards as a molecular weight marker (Bio-Rad 1,610,374). 

Separated proteins were transferred (100 V for 60 min at 

4  °C) to a 0.20-µm pore nitrocellulose membrane (Bio-

Rad 1,620,112) and blocked for 1 h at room temperature 

in 5% (w/v) Non-Fat Dry Milk (Bio-Rad 1,706,404) and 

further incubated over night at 4 °C with a primary anti-

body against each marker protein (System Biosciences; 

rabbit polyclonal  TSG101 EXOAB-TSG101-1, rabbit 

polyclonal  FLOT1 EXOAB-FLOT1-1, rabbit polyclonal 

CD63 EXOAB-CD63A-1) (Sino Biological rabbit poly-

clonal  Cytochrome C 102139-T42). Afterwards, mem-

branes were washed 5 times with TBS-T solution and 

exposed to the secondary antibody (System Biosciences; 

Goat anti Rabbit HRP) for 1  h at room temperature. 

Bands and signals were enhanced using SuperSignal™ 

West Pico PLUS Chemiluminescent Substrate (Ther-

moFisher Scientific 34,579) and imaged using the Chemi-

Doc XRS + chemiluminescence system with Image Lab™ 

Software (version 6.0.1 build 34) (Bio-Rad). A list of the 

antibodies and dilutions is indicated in (Additional file 9: 

Table  S9) with full length blots provided (Additional 

file 10: Fig. S1).

Nanoparticle tracking analysis (NTA)

A  ZetaView®  QUATT 4 Nanosight Instrument (Particle 

Metrix) was used to determine the particle concentra-

tion and size distribution in all EV samples. Briefly, iso-

lated EVs were diluted in sterile DPBS (1X) and loaded 

into the device and analyzed. Measurements were taken 

at 11 positions via scatter mode using a 488 nm laser to 

determine the size distribution and concentration within 

a sample. Analysis of EV concentrations were calculated 

using the Zetaview Software (version 8.05.12 SP1) before 

and after sample dilution.

https://evtrack.org/
https://evtrack.org/
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Transmission electron microscopy (TEM)

For morphological evaluation of oviductal organoid-
derived EVs, we performed negative staining TEM of 
EVs by adsorption onto mesh copper grids with car-
bon-coated formvar film (Electron Microscopy Sci-

ences FCF 400-Cu). For this, grids were placed film side 

down on parafilm containing drops of 1% Alcinan Blue 

8GX (Sigma-Aldrich 33,864–99-2) for 5  min, followed 

by washing with  ddH2O for 15 s. Afterwards, the grids 

were floated on a 5 µL drop of isolated EVs for 10 min, 

prior to fixing in 2.4% uranyl acetate (Electron Micros-

copy Sciences 22,400) for 30  s. After fixing, samples 

were set to dry for imaging on a JEOL JEM-1200 EX 

transmission electron microscope.

RNA isolation

Total RNA was isolated from organoid cells (5 repli-

cates/treatment group, a pool of samples from 2 ani-

mals per replicate) using an  RNeasy® Plus Micro Kit 

(Qiagen 74,034). To remove genomic DNA contami-

nants, on-column DNA digestion was performed using 

RNase-free DNase (Qiagen; Hilden, Germany). Simi-

larly, an Exosomal RNA Isolation Kit (Norgen Biotek 

Corp. 58,000) was used to isolate total RNA enriched 

with small RNA from oviductal organoid-derived EVs 

(3 replicates/treatment group, a pool of 2 animals per 

replicate) according to the manufacturer’s protocol. 

In both cases, RNA quality control and concentra-

tion were assessed using an Agilent 2100 Bioanalyzer 

(Agilent Technologies G2939BA) and NanoDrop™ 

2000 Spectrophotometer (ThermoFisher Scientific 

ND-2000), respectively.

RNA library preparation and sequencing

RNA libraries and next-generation sequencing (NGS) 

were conducted by Novogene Co., LTD (California, 

USA). For mRNA transcriptome profiling, RNA libraries 

were generated using a  NEBNext® Ultra™ RNA Library 

Prep Kit for Illumina (NEB E7530L) and for miRNA pro-

filing, small-RNA libraries were prepared using a TruSeq 

Small RNA Library Prep Kit (Illumina RS-200) accord-

ing to the manufacturer’s instructions. Library quantity 

and quality assessments were performed using a  Qubit® 

DNA HS Assay Kit on a  Qubit® 2.0 Fluorometer and 

an Agilent DNA High Sensitivity Kit in an Agilent 2100 

Bioanalyzer, respectively. Library concentrations were 

calculated using quantitative PCR measures then pooled 

in equimolar ratios and sequenced in a NovaSeq6000 

sequencing instrument (Illumina) as paired (150 bases) 

or single-end (50 bases) reads for the transcriptome and 

miRNA sequencing, respectively.

RNA‑seq data analysis

FASTQ files were generated for each sample using the 

software bcl2fastq (Illumina) with FastQC tool ver-

sion 0.11.9 assessing their quality. Data were analyzed 

using the CLC Genomics Workbench software, ver-

sion 21 (www. qiage nbioi nform atics. com). Trimming 

of raw sequencing reads was based on quality score 

(Q‐score > 30), ambiguous nucleotides (maximum two 

nucleotides allowed), read length (≥ 15 nucleotides), 

and removal of adapter sequences. Reads were mapped 

to the bovine reference genome (ARS-UCD1.2) and 

small-RNA reads were annotated against bovine pre-

cursor and mature miRNAs listed in the mirBase data-

base (release 22) using the CLC Genomics Workbench 

RNA-seq Analysis and Quantify miRNA tools, respec-

tively, with default software parameters applied. Nor-

malization of raw expression data was performed using 

the trimmed mean of M-values (TMM) normalization 

method [86] and presented as either transcripts per 

million (TPM) or TMM-adjusted counts per million 

(CPM), for genes and miRNAs, respectively. For genes, 

the expression threshold was determined by the zFPKM 

method using the zFPKM R package v.1.16.0 [87]. The 

zFPKM transform/normalization method is used to 

determine, with high consistency, the threshold of 

expressed transcripts avoiding the low-abundance and 

biological noise transcripts due to sequencing errors, 

and/or off-target read mapping. zFPKM values are cal-

culated from the distribution of the log2 (TPM values) 

after fitting to the right side of the major peaks of each 

gene expression curve to a half-Gaussian curve, mir-

rored into a full Gaussian distribution, and then trans-

formed log2(TPM) into zFPKM from this fit. Based 

on the recommended zFPKM score that considers the 

expressed/active genes [79], genes with zFPKM >  − 3 in 

all replicates were considered as expressed. A miRNA 

with an average value of CPM ≥ 10 was considered to 

be expressed. The CLC Genomics Workbench Differen-

tial Expression tool was used for the expression analysis 

comparison of the two groups. Differential expression 

was considered based on a negative binomial Gener-

alized Linear Model (GLM) function. DEGs and DE-

miRNAs were filtered based on FC ≥ 2 and P-adjusted 

value FDR < 0.05 [88]. The raw FASTQ and processed 

CSV files for the transcriptome and miRNA sequencing 

data have been deposited in the NCBI’s Gene Expres-

sion Omnibus (GEO) (https:// www. ncbi. nlm. nih. gov/ 

geo/) with the accession numbers GSE221929 and 

GSE221895, respectively.

http://www.qiagenbioinformatics.com
http://www.qiagenbioinformatics.com
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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Target gene prediction, ontological classification 

and pathway analysis

Genes targeted by the DE-miRNAs were identified 

using the miRWalk database [89]. Within miRWalk, 

validated target genes from miRTarBase (version 7.0) 

and commonly targeted genes predicted by TargetS-

can (version 7.1) and miRDB (release 5.0) were selected 

for ontological classification and pathway analysis. 

Both targeted genes and DEG lists were submitted to 

the Database for Annotation, Visualization, and Inte-

grated Discovery (DAVID) Bioinformatics web tool v. 

2021 (http:// david. abcc. ncifc rf. gov/) for pathways and 

ontological classification enrichment analysis using 

the EASE Score (a modified Fisher Exact p-value) with 

a threshold of less than or equal to 0.05. Pathways and 

biological processes (BPs) were determined from the 

KEGG database [90], and GOTERM_BP_DIRECT 

annotation set, respectively. The interaction networks 

of the miRNAs, targeted genes, and DEGs were con-

structed with Cytoscape software [91].

Quantitative real time PCR validation of candidate mRNA 

and miRNA

In order to validate the in  vivo biomimicry of in  vitro 

produced organoids, as well as the NGS data for DEGs 

and DE-miRNAs, quantitative real-time PCR (qRT-

PCR) expression analysis was performed for selected 

transcripts and miRNAs in oviductal organoid cells and 

oviductal organoid-derived EVs, respectively. Addition-

ally, naïve BOEC samples were used as a control in the 

organoid characterization experiment. For the functional 

characterization of in vitro produced organoids and vali-

dation of candidate DEGs, equal amounts of total RNA 

(~ 638  ng/µL and ~ 1024  ng/µL, respectively) extracted 

from independent organoid samples was reverse tran-

scribed to generate cDNA, using the SuperScript™ 

III First-Strand Synthesis Super Mix Kit (Invitrogen 

18,080,400) with random hexamer and oligo d(T) 20 

primers, according to the manufacturer’s instructions. 

The gene panel were strategically constructed to char-

acterize the functionality of in vitro produced organoids 

(n = 3), while ten candidate genes for the validation of the 

DEGs (n = 4) were randomly selected, with gene-specific 

primers designed using the Primer-Blast tool (https:// 

www. ncbi. nlm. nih. gov/ tools/ primer- blast/). All primers 

are indicated in Additional file 11: Table S10. Quantifica-

tion of each candidate gene was performed in 20 µl reac-

tion volumes containing 0.5 μL of each primer (10 µM), 

10 μL of iQ SYBR Green Supermix (Bio-Rad 1,708,880), 

7 μL of  ddH2O and 2 μL of the cDNA template. The fol-

lowing thermocycling conditions were applied for ampli-

fication: initial denaturation at 95 °C for 3 min, followed 

by 40 cycles of amplification at 95  °C for 15  s., 60  °C 

for 30 s., 72 °C for 30 s. The specificity of the amplifica-

tion was determined from the melting curve analysis 

generated following each run. The geometric mean of 

expression levels of β-ACTIN and GAPDH was used to 

normalize the expression of the candidate genes.

Four DE-miRNAs (bta-miR-150, bta-miR-92a, bta-

miR-223 and bta-miR-202) were chosen for quantifica-

tion in the samples described above using TaqMan™ 

miRNA Assays (Applied Biosystems™) according to the 

manufacturer’s instructions. Briefly, 5  ng/µL of total 

RNA were reverse-transcribed using a TaqMan™ micro-

RNA Reverse Transcription Kit (Applied Biosystems™ 

4,366,596). The reaction mixture (7.5 μL) constituted 

0.75 μL dNTP mix w/dTTp (100  M total), 0.075 μL 10X 

RT buffer, 0.095 μL RNase inhibitor (20U/μL), 0.5 μL 

Multiscribe™ RT enzyme (50U/μL), 1.5 μL of the given 

miRNA-specific stem-loop primer, and 2.5 μL of RNA 

(5  ng/μL). The miRNA-specific cDNA reaction mixture 

was incubated at 16 °C for 30 min, 42 °C for 30 min then 

followed by 85  °C for 5  min For miRNA quantification, 

20 μL qRT-PCR mixtures were prepared in a 96-well PCR 

plate with 10 μL TaqMan™ Universal PCR Master Mix, 

no AmpErase™ UNG (Applied Biosystems™ 4,324,018), 

1 μL miRNA-specific TaqMan microRNA probe (FAM, 

250 nM), 7 μL  ddH2O and 2 μL of the RT product. The 

following thermocycling conditions were applied for 

amplification: initial denaturation at 95 °C for 10 min, fol-

lowed by 40 cycles of amplification at 95 °C for 15 s. and 

60 °C for 1 min Expression normalization was performed 

against small nuclear RNA (U6), as it stably resembled 

the mean expression values for all miRNAs. All qRT-PCR 

validation analyses were performed using the CFX96 

Touch Real-Time PCR Detection System (Bio-Rad) and 

expression data analysis was performed using a compara-

tive threshold cycle (CT) method [92]. All data are shown 

as the mean ± SEM and the differences between means 

were analyzed using one-way ANOVA followed by Tuk-

ey’s Multiple Comparisons Test in biologically independ-

ent samples (n = 4). Statistical significance (*) between 

the 42 °C compared to the 37 °C groups were determined 

at (p < 0.05).

MicroRNA sequence motif and RBP identification 

and analysis

Sequence-specific miRNA motifs (4–6 nucleotides), 

enriched in the upregulated miRNAs (including the 

significantly, exclusively expressed miRNAs; n = 13) 

versus the downregulated miRNAs (including the 

significantly, exclusively expressed miRNAs; n = 9 

as control sequences) in EVs derived from oviductal 

organoids exposed to HS, were identified using Mul-

tiple Expectation Maximization for Motif Elicitation 

(MEME) suite v. 5.5.0 https:// meme- suite. org [93]. 

http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://meme-suite.org
https://meme-suite.org
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Motifs commonly detected in at least 50% of the sub-
mitted miRNAs were selected for further analysis to 
determine the motif-associated RBPs using a TOM-
TOM motif comparison tool [94].

Abbreviations

HS  Heat stress
EV  Extracellular vesicle
BOEC  Bovine oviductal epithelial cell
HSP  Heat shock protein
ROS  Reactive oxygen species
RBP  RNA-binding protein
HM  Handling medium
OM  Organoid medium
SEC  Size exclusion chromatography
NTA  Nanoparticle tracking analysis
TEM  Transmission electron microscopy
FC  Fold change
QC  Quality control
NGS  Next-generation sequencing
PCA  Principal component analysis
GO  Gene ontology
TMM  Trimmed mean of M-values
TPM  Transcripts per million
CPM  Counts per million
GLM  Generalized linear model
DEG  Differentially expressed genes
DE-miRNAs  Differentially expressed miRNAs
GEO  Gene expression omnibus
DAVID  Database for annotation, visualization, and integrated discovery
BP  Biological processes
MEME  Multiple expectation maximization for motif elicitation
NCBI  National center for biotechnology information

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12864- 023- 09746-y.

Additional file 1: Table S1. Summary of sequence reads for oviductal 
organoids mapped to the bovine reference genome.

Additional file 2: Table S2. Differentially expressed genes in 42°C com-
pared to 37°C group.

Additional file 3: Table S3A. KEGG pathway analysis for differentially 
expressed genes enriched in 42°C compared to 37°C group. Table S3B. 

KEGG pathway analysisfor differentially expressed genes enriched in 42°C 
compared to 37°C group.

Additional file 4: Table S4A. Biological process (BP) analysis for dif-
ferentially expressed genes enriched in 42°C compared to 37°C group. 
Table S4B. Biological process (BP) analysis for differentially expressed 
genes enriched in 42°C compared to 37°C group.

Additional file 5: Table S5. Summary of sequence reads for oviductal 
organoid EVs mapped to the bovine reference genome and annotated 
against bovine miRNAs listed in the mirBase database. 

Additional file 6: Table S6. A complete list of all expressed miRNAs indi-
cated as the mean of TMM-adjusted Counts Per Million (CPM) value.

Additional file 7: Table S7A. KEGG pathway analysis for genes targted 
by the differentially expressed miRNAs in 42°C compared to 37°C group. 
Table S7B. KEGG pathway analysis for genes targted by the differentially 
expressed miRNAs in 42°C compared to 37°C group.

Additional file 8: Table S8A. Biological process (BP) analysis for genes 
targted by the differentially expressed miRNAs in 42°C compared to 37°C 
group. Table S8B. Biological process (BP) analysis for genes targted by the 
differentially expressed miRNAs in 42°C compared to 37°C group.

Additional file 9: Table S9. List of Antibodies used.

Additional file 10: Figure S1. Western blot analysis of extracellular vesicle 
and  cellular protein markers. 

Additional file 11: Table S10. Sequence specific primers used for qRT-
PCR analysis. 

Acknowledgements

We acknowledge D.N. Rao Veeramachaneni and Jennifer S. Palmer at Colorado 
State University for their excellent technical assistance with TEM imaging. The 
authors also thank the staff at BPO Parts LLC for their assistance in collection of 
reproductive materials.

Author’s contributions

Conceptualization: N.M., D.T., F.H., Experimental design: N.M., Data curation: 
N.M., A.G., R.T., M. M., Data analysis: N.M., A.G., Validation: N.M, Writing- original 
draft: N.M., Writing- review & editing: A.G., R.T., M.M., F.H., D.T., Supervision: F.H., 
D.T., Funding acquisition: F.H., D.T. All authors have read and approved the 
published version of this manuscript.

Funding

This study is supported by grant funds from the College Research Council 
(CRC), Office of the Vice President for Research (OVPR) at Colorado State 
University. NGM is financially supported by USDA National Needs Fellowship 
grant number 2021–38420-34040 and USDA-NIFA-AFRI Predoctoral Fellowship 
grant number 2022–11297.

Availability of data and materials

Datasets generated during the current study including the raw FASTQ files 
and processed CSV files for genes and miRNAs were deposited in the National 
Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) 
database (https:// www. ncbi. nlm. nih. gov/ geo/) and can be accessed with 
accession numbers GSE221929 and GSE221895, respectively. Experimental 
procedures related to EV experiments have been submitted to the EV-TRACK 
knowledgebase (https:// evtra ck. org/) (EVTRACK ID: EV230000).

Declarations

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Author details
1 Animal Reproduction and Biotechnology Laboratory (ARBL), Department 
of Biomedical Sciences, College of Veterinary Medicine and Biomedical Sci-
ences, Colorado State University, 3107 Rampart Rd, Fort Collins, CO 80521, 
USA. 2 Department of Animal Production, Faculty of Agriculture, Cairo Univer-
sity, Giza 12613, Egypt. 3 Animal Reproduction and Biotechnology Labora-
tory (ARBL), Department of Clinical Sciences, College of Veterinary Medicine 
and Biomedical Sciences, Colorado State University, Fort Collins, CO 80523, 
USA. 

Received: 13 January 2023   Accepted: 16 October 2023

References

 1. Pérez-Cerezales S, Ramos-Ibeas P, Acuña OS, Avilés M, Coy P, Rizos D, 
Gutiérrez-Adán A. The oviduct: from sperm selection to the epigenetic 
landscape of the embryo. Biol Reprod. 2018;98:262–76. https:// doi. org/ 
10. 1093/ biolre/ iox173.

https://doi.org/10.1186/s12864-023-09746-y
https://doi.org/10.1186/s12864-023-09746-y
https://doi.org/10.1186/s12864-023-09746-y
https://doi.org/10.1186/s12864-023-09746-y
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://evtrack.org/
https://evtrack.org/
https://doi.org/10.1093/biolre/iox173
https://doi.org/10.1093/biolre/iox173
https://doi.org/10.1093/biolre/iox173
https://doi.org/10.1093/biolre/iox173


Page 24 of 26Menjivar et al. BMC Genomics          (2023) 24:646 

 2. Fazeli A. Maternal Communication with Gametes and Embryo: A Personal 
Opinion. Reprod Domest Anim. 2011;46:75–8. https:// doi. org/ 10. 1111/j. 
1439- 0531. 2011. 01870.x.

 3. Almiñana C, Heath PR, Wilkinson S, Sanchez-Osorio J, Cuello C, Parrilla I, 
et al. Early developing pig embryos mediate their own environment in 
the maternal tract. PLoS ONE. 2012;7: e33625. https:// doi. org/ 10. 1371/ 
journ al. pone. 00336 25.

 4. Maillo V, Gaora PÓ, Forde N, Besenfelder U, Havlicek V, Burns GW, et al. 
Oviduct-Embryo Interactions in Cattle: Two-Way Traffic or a One-Way 
Street?1. Biol Reprod. 2015. https:// doi. org/ 10. 1095/ biolr eprod. 115. 
127969.

 5. Herrler A, von Rango U, Beier HM. Embryo-maternal signalling: how the 
embryo starts talking to its mother to accomplish implantation. Reprod 
Biomed Online. 2003;6:244–56. https:// doi. org/ 10. 1016/ s1472- 6483(10) 
61717-8.

 6. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of 
genetic exchange between cells. Nat Cell Biol. 2007;9:654–9. https:// doi. 
org/ 10. 1038/ ncb15 96.

 7. Sohel MMH, Hoelker M, Noferesti SS, Salilew-Wondim D, Tholen E, Looft C, 
et al. Exosomal and Non-Exosomal Transport of Extra-Cellular microRNAs 
in Follicular Fluid: Implications for Bovine Oocyte Developmental Com-
petence. PLoS ONE. 2013;8: e78505. https:// doi. org/ 10. 1371/ journ al. pone. 
00785 05.

 8. Pavani KC, Alminana C, Wydooghe E, Catteeuw M, Ramírez MA, Mermillod 
P, et al. Emerging role of extracellular vesicles in communication of preim-
plantation embryos in vitro. Reprod Fertil Dev. 2016;29:66–83. https:// doi. 
org/ 10. 1071/ RD163 18.

 9. Tesfaye D, Menjivar N, Gebremedhn S. Current knowledge and the future 
potential of extracellular vesicles in mammalian reproduction. Reprod 
Fertil Dev. 2021;34:174–89. https:// doi. org/ 10. 1071/ RD212 77.

 10. Eldh M, Ekström K, Valadi H, Sjöstrand M, Olsson B, Jernås M, Lötvall J. 
Exosomes communicate protective messages during oxidative stress; 
possible role of exosomal shuttle RNA. PLoS ONE. 2010;5: e15353. https:// 
doi. org/ 10. 1371/ journ al. pone. 00153 53.

 11. Bewicke-Copley F, Mulcahy LA, Jacobs LA, Samuel P, Akbar N, Pink 
RC, Carter DRF. Extracellular vesicles released following heat stress 
induce bystander effect in unstressed populations. J Extracell Vesicles. 
2017;6:1340746. https:// doi. org/ 10. 1080/ 20013 078. 2017. 13407 46.

 12. Saeed-Zidane M, Linden L, Salilew-Wondim D, Held E, Neuhoff C, Tholen 
E, et al. Cellular and exosome mediated molecular defense mechanism 
in bovine granulosa cells exposed to oxidative stress. PLoS ONE. 2017;12: 
e0187569. https:// doi. org/ 10. 1371/ journ al. pone. 01875 69.

 13. Rodrigues TA, Tuna KM, Alli AA, Tribulo P, Hansen PJ, Koh J, Paula-Lopes 
FF. Follicular fluid exosomes act on the bovine oocyte to improve oocyte 
competence to support development and survival to heat shock. Reprod 
Fertil Dev. 2019;31:888–97. https:// doi. org/ 10. 1071/ RD184 50.

 14. Gebremedhn S, Gad A, Aglan HS, Laurincik J, Prochazka R, Salilew-Won-
dim D, et al. Extracellular vesicles shuttle protective messages against 
heat stress in bovine granulosa cells. Sci Rep. 2020;10:15824. https:// doi. 
org/ 10. 1038/ s41598- 020- 72706-z.

 15. Menjivar NG, Gad A, Gebremedhn S, Ghosh S, Tesfaye D. Granulosa 
cell-derived extracellular vesicles mitigate the detrimental impact of 
thermal stress on bovine oocytes and embryos. Front Cell Dev Biol. 
2023;11:1142629. https:// doi. org/ 10. 3389/ fcell. 2023. 11426 29.

 16. Nardone A, Ronchi B, Lacetera N, Ranieri MS, Bernabucci U. Effects of 
climate changes on animal production and sustainability of livestock 
systems. Livest Sci. 2010;130:57–69. https:// doi. org/ 10. 1016/j. livsci. 2010. 
02. 011.

 17. Boni R. Heat stress, a serious threat to reproductive function in animals 
and humans. Mol Reprod Dev. 2019;86:1307–23. https:// doi. org/ 10. 1002/ 
mrd. 23123.

 18. Hansen PJ. Effects of heat stress on mammalian reproduction. Philos 
Trans R Soc Lond B Biol Sci. 2009;364:3341–50. https:// doi. org/ 10. 1098/ 
rstb. 2009. 0131.

 19. Takahashi M. Heat stress on reproductive function and fertility in 
mammals. Reprod Med Biol. 2011;11:37–47. https:// doi. org/ 10. 1007/ 
s12522- 011- 0105-6.

 20. Edwards JL, Hansen PJ. Differential responses of bovine oocytes and pre-
implantation embryos to heat shock. Mol Reprod Dev. 1997;46:138–45. 

https:// doi. org/ 10. 1002/ (SICI) 1098- 2795(199702) 46:2% 3c138:: AID- 
MRD4% 3e3.0. CO;2-R.

 21. Paula Lopes F, Lima RS, Risolia P, Ispada J, Assumpção ME, Visintin JA. 
Heat stress induced alteration in bovine oocytes: Functional and cellular 
aspects. Anim Reprod. 2012;9:395–403.

 22. Sartori R, Sartor-Bergfelt R, Mertens SA, Guenther JN, Parrish JJ, Wiltbank 
MC. Fertilization and early embryonic development in heifers and lactat-
ing cows in summer and lactating and dry cows in winter. J Dairy Sci. 
2002;85:2803–12. https:// doi. org/ 10. 3168/ jds. S0022- 0302(02) 74367-1.

 23. Pavani KC, Baron E, Correia P, Lourenço J, Bettencourt BF, Sousa M, Da 
Silva FM. Gene expression, oocyte nuclear maturation and developmen-
tal competence of bovine oocytes and embryos produced after in vivo 
and in vitro heat shock. Zygote. 2016;24:748–59. https:// doi. org/ 10. 1017/ 
S0967 19941 60000 71.

 24. Lopera-Vasquez R, Hamdi M, Maillo V, Gutierrez-Adan A, Bermejo-Alvarez 
P, Ramírez MÁ, et al. Effect of bovine oviductal extracellular vesicles on 
embryo development and quality in vitro. Reproduction. 2017;153:461–
70. https:// doi. org/ 10. 1530/ REP- 16- 0384.

 25. Lopera-Vásquez R, Hamdi M, Fernandez-Fuertes B, Maillo V, Beltrán-Breña 
P, Calle A, et al. Extracellular Vesicles from BOEC in In Vitro Embryo Devel-
opment and Quality. PLoS ONE. 2016;11: e0148083. https:// doi. org/ 10. 
1371/ journ al. pone. 01480 83.

 26. Almiñana C, Corbin E, Tsikis G, Alcântara-Neto AS, Labas V, Reynaud K, 
et al. Oviduct extracellular vesicles protein content and their role during 
oviduct-embryo cross-talk. Reproduction. 2017;154:153–68. https:// doi. 
org/ 10. 1530/ REP- 17- 0054.

 27. Clevers H. Modeling Development and Disease with Organoids. Cell. 
2016;165:1586–97. https:// doi. org/ 10. 1016/j. cell. 2016. 05. 082.

 28. Hofer M, Lutolf MP. Engineering organoids Nature Reviews Materials. 
2021;6:402–20. https:// doi. org/ 10. 1038/ s41578- 021- 00279-y.

 29. Kessler M, Hoffmann K, Brinkmann V, Thieck O, Jackisch S, Toelle B, et al. 
The Notch and Wnt pathways regulate stemness and differentiation in 
human fallopian tube organoids. Nat Commun. 2015;6:8989. https:// doi. 
org/ 10. 1038/ ncomm s9989.

 30. Xie Y, Park E-S, Xiang D, Li Z. Long-term organoid culture reveals enrich-
ment of organoid-forming epithelial cells in the fimbrial portion of 
mouse fallopian tube. Stem Cell Res. 2018;32:51–60. https:// doi. org/ 10. 
1016/j. scr. 2018. 08. 021.

 31. Lõhmussaar K, Kopper O, Korving J, Begthel H, Vreuls CPH, van Es JH, 
Clevers H. Assessing the origin of high-grade serous ovarian cancer using 
CRISPR-modification of mouse organoids. Nat Commun. 2020;11:2660. 
https:// doi. org/ 10. 1038/ s41467- 020- 16432-0.

 32. Abdelmohsen K, Kuwano Y, Kim HH, Gorospe M. Posttranscriptional gene 
regulation by RNA-binding proteins during oxidative stress: implications 
for cellular senescence. Biol Chem. 2008;389:243–55. https:// doi. org/ 10. 
1515/ BC. 2008. 022.

 33. Villarroya-Beltri C, Gutiérrez-Vázquez C, Sánchez-Cabo F, Pérez-Hernández 
D, Vázquez J, Martin-Cofreces N, et al. Sumoylated hnRNPA2B1 controls 
the sorting of miRNAs into exosomes through binding to specific motifs. 
Nat Commun. 2013;4:2980. https:// doi. org/ 10. 1038/ ncomm s3980.

 34. Shurtleff MJ, Temoche-Diaz MM, Karfilis KV, Ri S, Schekman R. Y-box 
protein 1 is required to sort microRNAs into exosomes in cells and in a 
cell-free reaction. Elife. 2016. https:// doi. org/ 10. 7554/ eLife. 19276.

 35. Teng Y, Ren Y, Hu X, Mu J, Samykutty A, Zhuang X, et al. MVP-mediated 
exosomal sorting of miR-193a promotes colon cancer progression. Nat 
Commun. 2017;8:14448. https:// doi. org/ 10. 1038/ ncomm s14448.

 36. Garcia-Martin R, Wang G, Brandão BB, Zanotto TM, Shah S, Kumar Patel 
S, et al. MicroRNA sequence codes for small extracellular vesicle release 
and cellular retention. Nature. 2022;601:446–51. https:// doi. org/ 10. 1038/ 
s41586- 021- 04234-3.

 37. Guérin P, El Mouatassim S, Ménézo Y. Oxidative stress and protection 
against reactive oxygen species in the pre-implantation embryo and its 
surroundings. Hum Reprod Update. 2001;7:175–89. https:// doi. org/ 10. 
1093/ humupd/ 7.2. 175.

 38. Li S, Winuthayanon W. Oviduct: roles in fertilization and early embryo 
development. J Endocrinol. 2017;232:R1–26. https:// doi. org/ 10. 1530/ 
JOE- 16- 0302.

 39. Saint-Dizier M, Schoen J, Chen S, Banliat C, Mermillod P. Composing the 
Early Embryonic Microenvironment: Physiology and Regulation of Ovi-
ductal Secretions. Int J Mol Sci. 2019. https:// doi. org/ 10. 3390/ ijms2 10102 
23.

https://doi.org/10.1111/j.1439-0531.2011.01870.x
https://doi.org/10.1111/j.1439-0531.2011.01870.x
https://doi.org/10.1111/j.1439-0531.2011.01870.x
https://doi.org/10.1111/j.1439-0531.2011.01870.x
https://doi.org/10.1371/journal.pone.0033625
https://doi.org/10.1371/journal.pone.0033625
https://doi.org/10.1371/journal.pone.0033625
https://doi.org/10.1371/journal.pone.0033625
https://doi.org/10.1095/biolreprod.115.127969
https://doi.org/10.1095/biolreprod.115.127969
https://doi.org/10.1095/biolreprod.115.127969
https://doi.org/10.1095/biolreprod.115.127969
https://doi.org/10.1016/s1472-6483(10)61717-8
https://doi.org/10.1016/s1472-6483(10)61717-8
https://doi.org/10.1016/s1472-6483(10)61717-8
https://doi.org/10.1016/s1472-6483(10)61717-8
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1371/journal.pone.0078505
https://doi.org/10.1371/journal.pone.0078505
https://doi.org/10.1371/journal.pone.0078505
https://doi.org/10.1371/journal.pone.0078505
https://doi.org/10.1071/RD16318
https://doi.org/10.1071/RD16318
https://doi.org/10.1071/RD16318
https://doi.org/10.1071/RD16318
https://doi.org/10.1071/RD21277
https://doi.org/10.1071/RD21277
https://doi.org/10.1371/journal.pone.0015353
https://doi.org/10.1371/journal.pone.0015353
https://doi.org/10.1371/journal.pone.0015353
https://doi.org/10.1371/journal.pone.0015353
https://doi.org/10.1080/20013078.2017.1340746
https://doi.org/10.1080/20013078.2017.1340746
https://doi.org/10.1371/journal.pone.0187569
https://doi.org/10.1371/journal.pone.0187569
https://doi.org/10.1071/RD18450
https://doi.org/10.1071/RD18450
https://doi.org/10.1038/s41598-020-72706-z
https://doi.org/10.1038/s41598-020-72706-z
https://doi.org/10.1038/s41598-020-72706-z
https://doi.org/10.1038/s41598-020-72706-z
https://doi.org/10.3389/fcell.2023.1142629
https://doi.org/10.3389/fcell.2023.1142629
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.1002/mrd.23123
https://doi.org/10.1002/mrd.23123
https://doi.org/10.1002/mrd.23123
https://doi.org/10.1002/mrd.23123
https://doi.org/10.1098/rstb.2009.0131
https://doi.org/10.1098/rstb.2009.0131
https://doi.org/10.1098/rstb.2009.0131
https://doi.org/10.1098/rstb.2009.0131
https://doi.org/10.1007/s12522-011-0105-6
https://doi.org/10.1007/s12522-011-0105-6
https://doi.org/10.1007/s12522-011-0105-6
https://doi.org/10.1007/s12522-011-0105-6
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2%3c138::AID-MRD4%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2%3c138::AID-MRD4%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2%3c138::AID-MRD4%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2%3c138::AID-MRD4%3e3.0.CO;2-R
https://doi.org/10.3168/jds.S0022-0302(02)74367-1
https://doi.org/10.3168/jds.S0022-0302(02)74367-1
https://doi.org/10.1017/S0967199416000071
https://doi.org/10.1017/S0967199416000071
https://doi.org/10.1017/S0967199416000071
https://doi.org/10.1017/S0967199416000071
https://doi.org/10.1530/REP-16-0384
https://doi.org/10.1530/REP-16-0384
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1530/REP-17-0054
https://doi.org/10.1530/REP-17-0054
https://doi.org/10.1530/REP-17-0054
https://doi.org/10.1530/REP-17-0054
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1038/s41578-021-00279-y
https://doi.org/10.1038/s41578-021-00279-y
https://doi.org/10.1038/ncomms9989
https://doi.org/10.1038/ncomms9989
https://doi.org/10.1038/ncomms9989
https://doi.org/10.1038/ncomms9989
https://doi.org/10.1016/j.scr.2018.08.021
https://doi.org/10.1016/j.scr.2018.08.021
https://doi.org/10.1016/j.scr.2018.08.021
https://doi.org/10.1016/j.scr.2018.08.021
https://doi.org/10.1038/s41467-020-16432-0
https://doi.org/10.1038/s41467-020-16432-0
https://doi.org/10.1515/BC.2008.022
https://doi.org/10.1515/BC.2008.022
https://doi.org/10.1515/BC.2008.022
https://doi.org/10.1515/BC.2008.022
https://doi.org/10.1038/ncomms3980
https://doi.org/10.1038/ncomms3980
https://doi.org/10.7554/eLife.19276
https://doi.org/10.7554/eLife.19276
https://doi.org/10.1038/ncomms14448
https://doi.org/10.1038/ncomms14448
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1038/s41586-021-04234-3
https://doi.org/10.1093/humupd/7.2.175
https://doi.org/10.1093/humupd/7.2.175
https://doi.org/10.1093/humupd/7.2.175
https://doi.org/10.1093/humupd/7.2.175
https://doi.org/10.1530/JOE-16-0302
https://doi.org/10.1530/JOE-16-0302
https://doi.org/10.1530/JOE-16-0302
https://doi.org/10.1530/JOE-16-0302
https://doi.org/10.3390/ijms21010223
https://doi.org/10.3390/ijms21010223
https://doi.org/10.3390/ijms21010223
https://doi.org/10.3390/ijms21010223


Page 25 of 26Menjivar et al. BMC Genomics          (2023) 24:646 

 40. Stamperna K, Giannoulis T, Cañon-Beltrán K, Dovolou E, Kalemkeridou M, 
Nanas I, et al. Oviductal epithelial cells transcriptome and extracellular 
vesicles characterization during thermoneutral and heat stress conditions 
in dairy cows. Theriogenology. 2022;187:152–63. https:// doi. org/ 10. 
1016/j. theri ogeno logy. 2022. 04. 011.

 41. Rąpała Ł, Starzyński RR, Trzeciak PZ, Dąbrowski S, Gajewska M, Jurka P, 
et al. Influence of elevated temperature on bovine oviduct epithelial cells 
(BOECs). PLoS ONE. 2018;13: e0198843. https:// doi. org/ 10. 1371/ journ al. 
pone. 01988 43.

 42. Thompson RE, Meyers MA, Pukazhenthi BS, Hollinshead FK. Evaluation of 
growth, viability, and structural integrity of equine endometrial organoids 
following cryopreservation. Cryobiology. 2022;104:56–62. https:// doi. org/ 
10. 1016/j. cryob iol. 2021. 11. 003.

 43. Gottardi CJ, Arpin M, Fanning AS, Louvard D. The junction-associated pro-
tein, zonula occludens-1, localizes to the nucleus before the maturation 
and during the remodeling of cell-cell contacts. Proc Natl Acad Sci U S A. 
1996;93:10779–84. https:// doi. org/ 10. 1073/ pnas. 93. 20. 10779.

 44. Lamy J, Labas V, Harichaux G, Tsikis G, Mermillod P, Saint-Dizier M. 
Regulation of the bovine oviductal fluid proteome. Reproduction. 
2016;152:629–44. https:// doi. org/ 10. 1530/ REP- 16- 0397.

 45. Sherr CJ, DePinho RA. Cellular Senescence: Minireview Mitotic Clock or 
Culture Shock? Cell. 2000;102:407–10. https:// doi. org/ 10. 1016/ S0092- 
8674(00) 00046-5.

 46. Gabler C, Odau S, Muller K, Schon J, Bondzio A, Einspanier R. Exploring 
cumulus-oocyte-complex-oviductal cell interactions: gene profiling in 
the bovine oviduct. J Physiol Pharmacol. 2008;59(Suppl 9):29–42.

 47. Danesh Mesgaran S, Sharbati J, Einspanier R, Gabler C. mRNA expression 
pattern of selected candidate genes differs in bovine oviductal epithelial 
cells in vitro compared with the in vivo state and during cell culture 
passages. Reprod Biol Endocrinol. 2016;14:44. https:// doi. org/ 10. 1186/ 
s12958- 016- 0176-7.

 48. Fitzgerald HC, Dhakal P, Behura SK, Schust DJ, Spencer TE. Self-renewing 
endometrial epithelial organoids of the human uterus. Proc Natl Acad Sci 
U S A. 2019;116:23132–42. https:// doi. org/ 10. 1073/ pnas. 19153 89116.

 49. Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez MJ, Farrell L, 
et al. Long-term, hormone-responsive organoid cultures of human endo-
metrium in a chemically defined medium. Nat Cell Biol. 2017;19:568–77. 
https:// doi. org/ 10. 1038/ ncb35 16.

 50. Thompson RE, Johnson AK, Dini P, Turco MY, Prado TM, Premanandan C, 
et al. Hormone-responsive organoids from domestic mare and endan-
gered Przewalski’s horse endometrium. Reproduction. 2020;160:819–31. 
https:// doi. org/ 10. 1530/ REP- 20- 0266.

 51. Thippabhotla S, Zhong C, He M. 3D cell culture stimulates the secretion 
of in vivo like extracellular vesicles. Sci Rep. 2019;9:13012. https:// doi. org/ 
10. 1038/ s41598- 019- 49671-3.

 52. Rottmayer R, Ulbrich SE, Kölle S, Prelle K, Neumueller C, Sinowatz F, et al. 
A bovine oviduct epithelial cell suspension culture system suitable for 
studying embryo-maternal interactions: morphological and functional 
characterization. Reproduction. 2006;132:637–48. https:// doi. org/ 10. 
1530/ rep.1. 01136.

 53. Bauersachs S, Blum H, Mallok S, Wenigerkind H, Rief S, Prelle K, Wolf E. 
Regulation of ipsilateral and contralateral bovine oviduct epithelial cell 
function in the postovulation period: a transcriptomics approach. Biol 
Reprod. 2003;68:1170–7. https:// doi. org/ 10. 1095/ biolr eprod. 102. 010660.

 54. Bauersachs S, Rehfeld S, Ulbrich SE, Mallok S, Prelle K, Wenigerkind H, et al. 
Monitoring gene expression changes in bovine oviduct epithelial cells 
during the oestrous cycle. J Mol Endocrinol. 2004;32:449–66. https:// doi. 
org/ 10. 1677/ jme.0. 03204 49.

 55. Ulbrich SE, Kettler A, Einspanier R. Expression and localization of estrogen 
receptor alpha, estrogen receptor beta and progesterone receptor 
in the bovine oviduct in vivo and in vitro. J Steroid Biochem Mol Biol. 
2003;84:279–89. https:// doi. org/ 10. 1016/ s0960- 0760(03) 00039-6.

 56. Odau S, Gabler C, Holder C, Einspanier R. Differential expression of 
cyclooxygenase 1 and cyclooxygenase 2 in the bovine oviduct. J Endo-
crinol. 2006;191:263–74. https:// doi. org/ 10. 1677/ joe.1. 06761.

 57. Kobayashi Y, Wakamiya K, Kohka M, Yamamoto Y, Okuda K. Summer heat 
stress affects prostaglandin synthesis in the bovine oviduct. Reproduc-
tion. 2013;146:103–10. https:// doi. org/ 10. 1530/ REP- 12- 0479.

 58. Huang L, Min J-N, Masters S, Mivechi NF, Moskophidis D. Insights into 
function and regulation of small heat shock protein 25 (HSPB1) in a 

mouse model with targeted gene disruption. Genesis. 2007;45:487–
501. https:// doi. org/ 10. 1002/ dvg. 20319.

 59. Calderwood SK, Khaleque MA, Sawyer DB, Ciocca DR. Heat shock 
proteins in cancer: chaperones of tumorigenesis. Trends Biochem Sci. 
2006;31:164–72. https:// doi. org/ 10. 1016/j. tibs. 2006. 01. 006.

 60. Yoo J-Y, Shin H, Kim TH, Choi W-S, Ferguson SD, Fazleabas AT, et al. 
CRISPLD2 is a target of progesterone receptor and its expression is 
decreased in women with endometriosis. PLoS ONE. 2014;9: e100481. 
https:// doi. org/ 10. 1371/ journ al. pone. 01004 81.

 61. Velarde MC, Menon R. Positive and negative effects of cellular senes-
cence during female reproductive aging and pregnancy. J Endocrinol. 
2016;230:R59-76. https:// doi. org/ 10. 1530/ JOE- 16- 0018.

 62. Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cel-
lular Senescence: Aging, Cancer, and Injury. Physiol Rev. 2019;99:1047–
78. https:// doi. org/ 10. 1152/ physr ev. 00020. 2018.

 63. Winuthayanon W, Bernhardt ML, Padilla-Banks E, Myers PH, Edin ML, Lih 
FB, et al. Oviductal estrogen receptor α signaling prevents protease-
mediated embryo death. Elife. 2015;4: e10453. https:// doi. org/ 10. 7554/ 
eLife. 10453.

 64. Dumollard R, Duchen M, Carroll J. The role of mitochondrial function in 
the oocyte and embryo. Curr Top Dev Biol. 2007;77:21–49. https:// doi. 
org/ 10. 1016/ S0070- 2153(06) 77002-8.

 65. Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 
2005;120:483–95. https:// doi. org/ 10. 1016/j. cell. 2005. 02. 001.

 66. Dresios J, Aschrafi A, Owens GC, Vanderklish PW, Edelman GM, Mauro 
VP. Cold stress-induced protein Rbm3 binds 60S ribosomal subunits, 
alters microRNA levels, and enhances global protein synthesis. Proc 
Natl Acad Sci U S A. 2005;102:1865–70. https:// doi. org/ 10. 1073/ pnas. 
04097 64102.

 67. King AE, Critchley HO, Kelly RW. Presence of secretory leukocyte pro-
tease inhibitor in human endometrium and first trimester decidua sug-
gests an antibacterial protective role. Mol Hum Reprod. 2000;6:191–6. 
https:// doi. org/ 10. 1093/ molehr/ 6.2. 191.

 68. Ota Y, Shimoya K, Zhang Q, Moriyama A, Chin R, Tenma K, et al. The 
expression of secretory leukocyte protease inhibitor (SLPI) in the fal-
lopian tube: SLPI protects the acrosome reaction of sperm from inhibi-
tory effects of elastase. Hum Reprod. 2002;17:2517–22. https:// doi. org/ 
10. 1093/ humrep/ 17. 10. 2517.

 69. Hu Y, Cai M-C, Wang L, Zhang T-H, Luo Z-G, Zhang G-W, Zuo F-Y. 
MiR-1246 is upregulated and regulates lung cell apoptosis during 
heat stress in feedlot cattle. Cell Stress Chaperones. 2018;23:1219–28. 
https:// doi. org/ 10. 1007/ s12192- 018- 0927-9.

 70. Burns G, Brooks K, Wildung M, Navakanitworakul R, Christenson LK, 
Spencer TE. Extracellular vesicles in luminal fluid of the ovine uterus. 
PLoS ONE. 2014;9: e90913. https:// doi. org/ 10. 1371/ journ al. pone. 00909 
13.

 71. Almiñana C, Tsikis G, Labas V, Uzbekov R, Da Silveira JC, Bauersachs S, Mer-
millod P. Deciphering the oviductal extracellular vesicles content across 
the estrous cycle: implications for the gametes-oviduct interactions and 
the environment of the potential embryo. BMC Genomics. 2018;19:622. 
https:// doi. org/ 10. 1186/ s12864- 018- 4982-5.

 72. Wang P, Li X, Cao L, Huang S, Li H, Zhang Y, et al. MicroRNA-148a overex-
pression improves the early development of porcine somatic cell nuclear 
transfer embryos. PLoS ONE. 2017;12: e0180535. https:// doi. org/ 10. 1371/ 
journ al. pone. 01805 35.

 73. Liu L-Z, Li C, Chen Q, Jing Y, Carpenter R, Jiang Y, et al. MiR-21 induced 
angiogenesis through AKT and ERK activation and HIF-1α expression. 
PLoS ONE. 2011;6: e19139. https:// doi. org/ 10. 1371/ journ al. pone. 00191 39.

 74. Gecaj RM, Schanzenbach CI, Kirchner B, Pfaffl MW, Riedmaier I, Tweedie-
Cullen RY, Berisha B. The Dynamics of microRNA Transcriptome in Bovine 
Corpus Luteum during Its Formation, Function, and Regression. Front 
Genet. 2017;8:213. https:// doi. org/ 10. 3389/ fgene. 2017. 00213.

 75. Pérez-Mancera PA, Young ARJ, Narita M. Inside and out: the activities of 
senescence in cancer. Nat Rev Cancer. 2014;14:547–58. https:// doi. org/ 10. 
1038/ nrc37 73.

 76. Zhou L, Qi X, Potashkin JA, Abdul-Karim FW, Gorodeski GI. MicroRNAs 
miR-186 and miR-150 down-regulate expression of the pro-apoptotic 
purinergic P2X7 receptor by activation of instability sites at the 
3’-untranslated region of the gene that decrease steady-state levels of 
the transcript. J Biol Chem. 2008;283:28274–86. https:// doi. org/ 10. 1074/ 
jbc. M8026 63200.

https://doi.org/10.1016/j.theriogenology.2022.04.011
https://doi.org/10.1016/j.theriogenology.2022.04.011
https://doi.org/10.1016/j.theriogenology.2022.04.011
https://doi.org/10.1016/j.theriogenology.2022.04.011
https://doi.org/10.1371/journal.pone.0198843
https://doi.org/10.1371/journal.pone.0198843
https://doi.org/10.1371/journal.pone.0198843
https://doi.org/10.1371/journal.pone.0198843
https://doi.org/10.1016/j.cryobiol.2021.11.003
https://doi.org/10.1016/j.cryobiol.2021.11.003
https://doi.org/10.1016/j.cryobiol.2021.11.003
https://doi.org/10.1016/j.cryobiol.2021.11.003
https://doi.org/10.1073/pnas.93.20.10779
https://doi.org/10.1073/pnas.93.20.10779
https://doi.org/10.1530/REP-16-0397
https://doi.org/10.1530/REP-16-0397
https://doi.org/10.1016/S0092-8674(00)00046-5
https://doi.org/10.1016/S0092-8674(00)00046-5
https://doi.org/10.1016/S0092-8674(00)00046-5
https://doi.org/10.1016/S0092-8674(00)00046-5
https://doi.org/10.1186/s12958-016-0176-7
https://doi.org/10.1186/s12958-016-0176-7
https://doi.org/10.1186/s12958-016-0176-7
https://doi.org/10.1186/s12958-016-0176-7
https://doi.org/10.1073/pnas.1915389116
https://doi.org/10.1073/pnas.1915389116
https://doi.org/10.1038/ncb3516
https://doi.org/10.1038/ncb3516
https://doi.org/10.1530/REP-20-0266
https://doi.org/10.1530/REP-20-0266
https://doi.org/10.1038/s41598-019-49671-3
https://doi.org/10.1038/s41598-019-49671-3
https://doi.org/10.1038/s41598-019-49671-3
https://doi.org/10.1038/s41598-019-49671-3
https://doi.org/10.1530/rep.1.01136
https://doi.org/10.1530/rep.1.01136
https://doi.org/10.1530/rep.1.01136
https://doi.org/10.1530/rep.1.01136
https://doi.org/10.1095/biolreprod.102.010660
https://doi.org/10.1095/biolreprod.102.010660
https://doi.org/10.1677/jme.0.0320449
https://doi.org/10.1677/jme.0.0320449
https://doi.org/10.1677/jme.0.0320449
https://doi.org/10.1677/jme.0.0320449
https://doi.org/10.1016/s0960-0760(03)00039-6
https://doi.org/10.1016/s0960-0760(03)00039-6
https://doi.org/10.1677/joe.1.06761
https://doi.org/10.1677/joe.1.06761
https://doi.org/10.1530/REP-12-0479
https://doi.org/10.1530/REP-12-0479
https://doi.org/10.1002/dvg.20319
https://doi.org/10.1002/dvg.20319
https://doi.org/10.1016/j.tibs.2006.01.006
https://doi.org/10.1016/j.tibs.2006.01.006
https://doi.org/10.1371/journal.pone.0100481
https://doi.org/10.1371/journal.pone.0100481
https://doi.org/10.1530/JOE-16-0018
https://doi.org/10.1530/JOE-16-0018
https://doi.org/10.1152/physrev.00020.2018
https://doi.org/10.1152/physrev.00020.2018
https://doi.org/10.7554/eLife.10453
https://doi.org/10.7554/eLife.10453
https://doi.org/10.7554/eLife.10453
https://doi.org/10.7554/eLife.10453
https://doi.org/10.1016/S0070-2153(06)77002-8
https://doi.org/10.1016/S0070-2153(06)77002-8
https://doi.org/10.1016/S0070-2153(06)77002-8
https://doi.org/10.1016/S0070-2153(06)77002-8
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1073/pnas.0409764102
https://doi.org/10.1073/pnas.0409764102
https://doi.org/10.1073/pnas.0409764102
https://doi.org/10.1073/pnas.0409764102
https://doi.org/10.1093/molehr/6.2.191
https://doi.org/10.1093/molehr/6.2.191
https://doi.org/10.1093/humrep/17.10.2517
https://doi.org/10.1093/humrep/17.10.2517
https://doi.org/10.1093/humrep/17.10.2517
https://doi.org/10.1093/humrep/17.10.2517
https://doi.org/10.1007/s12192-018-0927-9
https://doi.org/10.1007/s12192-018-0927-9
https://doi.org/10.1371/journal.pone.0090913
https://doi.org/10.1371/journal.pone.0090913
https://doi.org/10.1371/journal.pone.0090913
https://doi.org/10.1371/journal.pone.0090913
https://doi.org/10.1186/s12864-018-4982-5
https://doi.org/10.1186/s12864-018-4982-5
https://doi.org/10.1371/journal.pone.0180535
https://doi.org/10.1371/journal.pone.0180535
https://doi.org/10.1371/journal.pone.0180535
https://doi.org/10.1371/journal.pone.0180535
https://doi.org/10.1371/journal.pone.0019139
https://doi.org/10.1371/journal.pone.0019139
https://doi.org/10.3389/fgene.2017.00213
https://doi.org/10.3389/fgene.2017.00213
https://doi.org/10.1038/nrc3773
https://doi.org/10.1038/nrc3773
https://doi.org/10.1038/nrc3773
https://doi.org/10.1038/nrc3773
https://doi.org/10.1074/jbc.M802663200
https://doi.org/10.1074/jbc.M802663200
https://doi.org/10.1074/jbc.M802663200
https://doi.org/10.1074/jbc.M802663200


Page 26 of 26Menjivar et al. BMC Genomics          (2023) 24:646 

•

 

fast, convenient online submission

 
•

  

thorough peer review by experienced researchers in your field

• 

 

rapid publication on acceptance

• 

 

support for research data, including large and complex data types

•

  

gold Open Access which fosters wider collaboration and increased citations 

 

maximum visibility for your research: over 100M website views per year •

  
At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research   ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 77. Presslauer CE, Bizuayehu TT, Fernandes JM, Babiak IS. miR-92a-3p controls 
cell cycle progression in zebrafish. bioRxiv 2019. https:// doi. org/ 10. 1101/ 
680991.

 78. Zhang J, Liu W, Jin Y, Jia P, Jia K, Yi M. MiR-202-5p is a novel germ plasm-
specific microRNA in zebrafish. Sci Rep. 2017;7:7055. https:// doi. org/ 10. 
1038/ s41598- 017- 07675-x.

 79. Shen X, Gong A. The expression of microRNA-197-3p regulates the pro-
liferation of ovarian granulosa cells through CUL3 in polycystic ovarian 
syndrome. Acta Biochim Pol. 2022;69:599–604. https:// doi. org/ 10. 18388/ 
abp. 2020_ 5951.

 80. Hu Z, Mamillapalli R, Taylor HS. Increased circulating miR-370-3p regulates 
steroidogenic factor 1 in endometriosis. Am J Physiol Endocrinol Metab. 
2019;316:E373–82. https:// doi. org/ 10. 1152/ ajpen do. 00244. 2018.

 81. Srikantan S, Gorospe M. HuR function in disease. Front Biosci (Landmark 
Ed). 2012;17:189–205. https:// doi. org/ 10. 2741/ 3921.

 82. Thompson RE, Meyers MA, Veeramachaneni DNR, Pukazhenthi BS, Hollin-
shead FK. Equine Oviductal Organoid Generation and Cryopreservation. 
Methods Protoc. 2022. https:// doi. org/ 10. 3390/ mps50 30051.

 83. Thompson RE, Meyers MA, Premanandan C, Hollinshead FK. Generation 
and cryopreservation of feline oviductal organoids. Theriogenology. 
2023;196:167–73. https:// doi. org/ 10. 1016/j. theri ogeno logy. 2022. 11. 020.

 84. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles 
2018 (MISEV2018): a position statement of the International Society for 
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell 
Vesicles. 2018;7:1535750. https:// doi. org/ 10. 1080/ 20013 078. 2018. 15357 
50.

 85. van Deun J, Mestdagh P, Agostinis P, Akay Ö, Anand S, Anckaert J, et al. EV-
TRACK: transparent reporting and centralizing knowledge in extracellular 
vesicle research. Nat Methods. 2017;14:228–32. https:// doi. org/ 10. 1038/ 
nmeth. 4185.

 86. Robinson MD, Oshlack A. A scaling normalization method for differential 
expression analysis of RNA-seq data. Genome Biol. 2010;11:R25. https:// 
doi. org/ 10. 1186/ gb- 2010- 11-3- r25.

 87. Hart T, Komori HK, LaMere S, Podshivalova K, Salomon DR. Finding the 
active genes in deep RNA-seq gene expression studies. BMC Genomics. 
2013;14:778. https:// doi. org/ 10. 1186/ 1471- 2164- 14- 778.

 88. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical 
and Powerful Approach to Multiple Testing. J Roy Stat Soc: Ser B (Meth-
odol). 1995;57:289–300. https:// doi. org/ 10. 1111/j. 2517- 6161. 1995. tb020 
31.x.

 89. Sticht C, La Torre C, de, Parveen A, Gretz N. miRWalk: An online resource 
for prediction of microRNA binding sites. PLoS ONE. 2018;13: e0206239. 
https:// doi. org/ 10. 1371/ journ al. pone. 02062 39.

 90. Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG: Kyoto 
Encyclopedia of Genes and Genomes. Nucleic Acids Res. 1999;27:29–34. 
https:// doi. org/ 10. 1093/ nar/ 27.1. 29.

 91. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13:2498–504. https:// doi. org/ 
10. 1101/ gr. 12393 03.

 92. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive C(T) method. Nat Protoc. 2008;3:1101–8. https:// doi. org/ 10. 1038/ 
nprot. 2008. 73.

 93. Bailey TL, Johnson J, Grant CE, Noble WS. The MEME Suite. Nucleic Acids 
Res. 2015;43:W39-49. https:// doi. org/ 10. 1093/ nar/ gkv416.

 94. Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS. Quantifying simi-
larity between motifs. Genome Biol. 2007;8:R24. https:// doi. org/ 10. 1186/ 
gb- 2007-8- 2- r24.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1101/680991
https://doi.org/10.1101/680991
https://doi.org/10.1101/680991
https://doi.org/10.1101/680991
https://doi.org/10.1038/s41598-017-07675-x
https://doi.org/10.1038/s41598-017-07675-x
https://doi.org/10.1038/s41598-017-07675-x
https://doi.org/10.1038/s41598-017-07675-x
https://doi.org/10.18388/abp.2020_5951
https://doi.org/10.18388/abp.2020_5951
https://doi.org/10.18388/abp.2020_5951
https://doi.org/10.18388/abp.2020_5951
https://doi.org/10.1152/ajpendo.00244.2018
https://doi.org/10.1152/ajpendo.00244.2018
https://doi.org/10.2741/3921
https://doi.org/10.2741/3921
https://doi.org/10.3390/mps5030051
https://doi.org/10.3390/mps5030051
https://doi.org/10.1016/j.theriogenology.2022.11.020
https://doi.org/10.1016/j.theriogenology.2022.11.020
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/1471-2164-14-778
https://doi.org/10.1186/1471-2164-14-778
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1371/journal.pone.0206239
https://doi.org/10.1371/journal.pone.0206239
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1186/gb-2007-8-2-r24
https://doi.org/10.1186/gb-2007-8-2-r24
https://doi.org/10.1186/gb-2007-8-2-r24
https://doi.org/10.1186/gb-2007-8-2-r24


Received: 15 December 2023 Revised: 15 December 2023 Accepted: 19 December 2023

DOI: 10.1002/jev2.12404

POSIT ION PAPER

Minimal information for studies of extracellular vesicles
(MISEV): From basic to advanced approaches

Joshua A. Welsh,†,‡,§,∥ Deborah C. I. Goberdhan,†,‡,§,∥ Lorraine O’Driscoll,,,†,‡,∥

Edit I. Buzas,,,‡,§ Cherie Blenkiron,‡ Benedetta Bussolati,§ Houjian Cai,§

Dolores Di Vizio,‡ Tom A. P. Driedonks,§ Uta Erdbrügger,‡,∥

Juan M. Falcon-Perez,,,‡,∥ Qing-Ling Fu,,‡,§ Andrew F. Hill,‡

Metka Lenassi,‡,§ Sai Kiang Lim,,,§ Mỹ G. Mahoney,§ Sujata Mohanty,§
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Abstract
Extracellular vesicles (EVs), through their complex cargo, can reflect the state of their
cell of origin and change the functions and phenotypes of other cells. These features
indicate strong biomarker and therapeutic potential and have generated broad inter-
est, as evidenced by the steady year-on-year increase in the numbers of scientific
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publications about EVs. Important advances have been made in EV metrology and
in understanding and applying EV biology. However, hurdles remain to realising the
potential of EVs in domains ranging from basic biology to clinical applications due to
challenges in EVnomenclature, separation fromnon-vesicular extracellular particles,
characterisation and functional studies. To address the challenges and opportuni-
ties in this rapidly evolving field, the International Society for Extracellular Vesicles
(ISEV) updates its ‘Minimal Information for Studies of Extracellular Vesicles’, which
was first published in 2014 and then in 2018 as MISEV2014 and MISEV2018, respec-
tively. The goal of the current document, MISEV2023, is to provide researchers with
an updated snapshot of available approaches and their advantages and limitations for
production, separation and characterisation of EVs frommultiple sources, including
cell culture, body fluids and solid tissues. In addition to presenting the latest state
of the art in basic principles of EV research, this document also covers advanced
techniques and approaches that are currently expanding the boundaries of the field.
MISEV2023 also includes new sections on EV release and uptake and a brief discus-
sion of in vivo approaches to study EVs. Compiling feedback from ISEV expert task
forces and more than 1000 researchers, this document conveys the current state of
EV research to facilitate robust scientific discoveries and move the field forward even
more rapidly.

KEYWORDS
ectosomes, exosomes, extracellular vesicles, extracellular particles, guidelines, microparticles, microvesi-
cles, minimal information requirements, MISEV, reproducibility, rigor, standardisation

 AN INTRODUCTION TO ISEV ANDMISEV

. Extracellular vesicles and MISEV

Extracellular vesicles (EVs) serve diverse and important roles inmost biological systems, arising in part from their compositional
complexity. EVs are lipid bilayer membrane-delimited, nano- to micro-sized particles that appear to be released by all cell types.
The molecular and structural heterogeneity of EVs mean that many discoveries remain to be made in fundamental biology and
development of biomarker and therapeutic applications, yet this same complexity also poses challenges at every stage of EV
studies. From definition and categorisation to separation, characterisation, engineering and clinical applications, the ‘Minimum
Information for Studies of Extracellular Vesicles’ (MISEV) aims to help all practitioners of EV research and application to follow
best practices for each specific question and indication.
Now in its third iteration, MISEV2023, as a field consensus document seeks to provide recommendations and guidance on

EV-related studies that encourage enhanced research design and reporting of experimental details, building on the criteria and
guidelines set out in the previous two iterations.MISEV is produced by the International Society for Extracellular Vesicles (ISEV)
(https://www.isev.org). Founded in 2011 with themission to enhance EV research globally, ISEV is the leading professional society
for scientists and clinicians involved in the study and use of extracellular vesicles. ISEV engages a diverse group of researchers
across the world through its annual meeting, thematic workshops and other meetings (in-person and virtual), peer-reviewed
journals, online learning platforms, and partnerships with other societies. ISEV is thus uniquely positioned to shepherd the
development and dissemination of expert consensus on best-practice guidelines and scientific considerations.

MISEV2014 (Lotvall et al., 2014) was the first EV position paper produced by ISEV and designed to give robustness to EV
analysis. MISEV2018 (Thery et al., 2018) gave a more in-depth and critical assessment of the approaches and methods used to
move the field forward, much of which still holds today. MISEV2018 also includes suggested experimental approaches to address
some of the remaining challenges and to provide robust EV characterisation. The earlierMISEV recommendations remain largely
or entirely valid, and MISEV2023 should be read in the context of the previous documents.

Like the iterations before it,MISEV2023 provides succinct recommendations and guidance for EV researchers, with refinement
of points raised in MISEV2018 and addition of recommendations and guidance for newer areas of development. MISEV2023
broadly covers the nomenclature, pre-processing variables, separation and characterisation of EVs, as well as in vitro and in vivo
analysis of EV release, uptake and functions.
In addition to previous MISEV guidelines (Lotvall et al., 2014; Thery et al., 2018), ISEV has prompted and coordinated devel-

opment and dissemination of expert consensus on best-practice guidelines and scientific considerations including inter-society
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TABLE  Journal of Extracellular Vesicles: ISEV position papers and statements.

Title Year Ref.

Standardization of sample collection, isolation and analysis methods
in extracellular vesicle research

2013 (Witwer et al., 2013)

ISEV position paper: extracellular vesicle RNA analysis and
bioinformatics

2013 (Hill et al., 2013)

Minimal experimental requirements for definition of extracellular
vesicles and their functions: a position statement from the
International Society for Extracellular Vesicles

2014 (Lotvall et al., 2014)

Applying extracellular vesicles-based therapeutics in clinical
trials—an ISEV position paper

2015 (Lener et al., 2015)

Obstacles and opportunities in the functional analysis of
extracellular vesicle RNA—an ISEV position paper

2017 (Mateescu et al., 2017)

Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines

2018 (Thery et al., 2018)

Biological membranes in EV biogenesis, stability, uptake, and cargo
transfer: an ISEV position paper arising from the ISEV
membranes and EVs workshop

2019 (Russell et al., 2019)

MIFlowCyt-EV: a framework for standardized reporting of
extracellular vesicle flow cytometry experiments

2020 (Welsh, Van Der Pol,
Arkesteijn, et al., 2020)

Urinary extracellular vesicles: A position paper by the Urine Task
Force of the International Society for Extracellular Vesicles

2021 (Erdbrügger et al., 2021)

position papers (Welsh, Van Der Pol, Arkesteijn, et al., 2020), and focused recommendations of topic-specific experts (Erdbrüg-
ger et al., 2021; Hill et al., 2013; Lener et al., 2015; Mateescu et al., 2017; Russell et al., 2019; Verweij et al., 2021; Witwer et al., 2013)
(Table 1). More recently, the ISEV Rigor and Standardisation Subcommittee oversees appointment and activities of thematic task
forces and special interest groups on specific sources of EVs and other EV-related topics. ISEV also recommends adoption of
other reporting and atlas tools, such as the ‘Minimum Information for the Publication of Quantitative Real-Time PCR Experi-
ments’ (MIQE) for real-time reverse transcriptase-quantitative polymerase chain reaction (qPCR) analyses (Bustin et al., 2009)
and EV-TRACK (EV-TRACK Consortium et al., 2017; Roux et al., 2020). Overall, the activities and recommendations of ISEV
share the aim of increasing rigor, reproducibility and transparency in EV research. The goal of this MISEV document is to help
practitioners in all areas of EV research and application to implement or develop best practices for each individual EV source,
type, research question or application.

. What MISEV IS and IS NOT

Since MISEV2018 appeared, there has been much discussion of what the guidelines mean and how they should or should not be
applied. Informed by that discussion, what MISEV IS, and IS NOT, is summarised below.

MISEV IS:

1. An introduction to EV research.
2. A set of recommendations that are meant to increase rigor, reproducibility, and transparency during EV study design,

execution and reporting.
3. A tool to assist reviewers and editors, using their own expert knowledge, in assessing the strengths and weaknesses of EV-

related proposals, funding applications, abstracts and manuscripts.
4. A non-exhaustive set of examples of various useful EV techniques and platforms.
5. A rigor and standardisation framework that supports innovative EV research and applications and parties ranging from

product developers to regulators.
6. An indication of current, broad consensus in the EV field as well as some areas of uncertainty and growth.
7. Relevant to translational and clinical research and applications, including production and initial evaluation of therapeutic

EVs.
8. Applicable to all sorts of EV research and applications, not just those involvingmammalian EVs. Although examples provided

in MISEV may be specific to mammalian EVs, the basic principles are most likely applicable to all EV sources. These include
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informative nomenclature, definition of sources, description of separation/concentration techniques, and characterisation of
EVs, properly controlled functional studies, and comprehensive reporting.

By contrast, MISEV IS NOT:

1. A one-size-fits-all blueprint, a comprehensive checklist of ‘dos and don’ts’, or a substitute for careful expert judgement. There
is no technique or platform that is absolutely required or prohibited byMISEV. Similarly, MISEV does not mandate use of any
particular marker or markers, enriched or depleted. Chosen techniques and targets should be fit for purpose, appropriate for
the experimental system, contributing to overall MISEV compliance, and properly reported. Importantly, no research group
has access to all techniques and platforms.

2. A barrier to innovation. When introducing a new technique or new application of EVs, it is possible that some aspects of
the approach do not fit perfectly into the existing MISEV framework, or more likely, into a reviewer’s interpretation of it. See
above on absolute mandates and invoke the exceptions if you must. MISEV should not stifle innovation, but rather inform
how innovative or new techniques are presented and validated.

3. A means to prevent publication or funding of a particular project. Just as MISEV should not stifle innovation, it should not
be used to prevent research from being shared with the community. For example, an ‘exosome’ or ‘ectosome’ study that does
not prove biogenesis can be presented instead as about EVs, or an ‘EV’ report without full characterisation as a broader
extracellular particle study. Proper controls might be needed to prove the contribution of EVs to an effect, but if they cannot
be done, it might suffice to acknowledge the caveats.

4. A comprehensive collection of citations, each of which entirely embodies the recommendations of MISEV. TheMISEV docu-
ment is not a literature review or compendium. Only a small percentage of the EV literature is cited here, and each citation is
made for a specific purpose. Citation inMISEV does not imply endorsement of a report, author team, journal or publisher by
ISEV, nor does it suggest primacy or perfection of the cited study. Some cited studies may contain aspects that are inconsistent
with MISEV recommendations. Also, many excellent studies are not cited in this document.

In summary, the spirit of MISEV is embodied in just a handful of questions:

1. What terms do you use, and what do they mean?
2. From what/where did you obtain your EVs?
3. How did you separate, concentrate, characterise and store them?
4. How confidently can you attribute a function or biomarker to EVs versus other components?
5. Have you shared data and reported methods in sufficient detail to enable others to replicate or reproduce your results?

. How to use MISEV

MISEV2023 is intended to aid any and all EV researchers: from those just starting their EV journey to more established investi-
gators who wish to understand the current state of the art and/or cutting-edge problems faced by the EV community. However,
the result is a large document that may require some help to navigate.
Nomenclature (Section 2) is applicable to all EV studies. Clear and consistent language will help to ensure that results are

understandable and comparable.
For those who are newer to EV research, we consider Sections 3–5 to be vital, covering minimum considerations for sample

collection/processing, EV separation methods and EV characterisation, respectively.
Sections 6–9 provide further technique-specific guidance for EV characterisation, approaches to modulate EV release and

uptake, EV functional studies, and the EV analysis in vivo. These sections provide the reader with up-to-date information to
support informed decisions, but, for the most part, do not give specific recommendations.

The information and guidelines presented inMISEV2023 thus promote rigor, reproducibility and transparency in EV science,
with the goal to ensure that conclusions are supported by the experiments performed and the information reported.

Consensus: 89.3% (891) of MISEV2023 survey respondents agreed “completely,” and 10.7% (107) agreed “mostly”
with Section 1: An introduction to ISEV and MISEV. No respondents disagreed (“mostly” or “completely”), and no
respondents stated that they had no opinion and/or expertise.
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 NOMENCLATURE

. EV definition and EV subtypes

Definition: The term ‘extracellular vesicles’ (EVs) refers to particles that are released from cells, are delimited by a lipid bilayer,
and cannot replicate on their own (i.e., do not contain a functional nucleus). The current definition of EV is retained from
MISEV2018, except that the 2018 use of the word ‘naturally’ (as in ‘naturally released’) has been removed to avoid unintended
exclusion of engineered EVs or EVs produced under various cell culture conditions. In general, ISEV recommends use of the
generic term ‘EV’ and operational extensions of this term instead of inconsistently defined and sometimesmisleading terms such
as ‘exosomes’ and ‘ectosomes’ that are associated with biogenesis pathways that are difficult to establish.
Regarding ‘operational terms’ that can be added as a prefix to ‘EV’ (Table 2), their use continues to be encouragedwith caution

if one or more EV subtypes are separated on the basis of characteristics such as size, density, molecular composition or cellular
origin. We urge careful and clear definition of these operational terms. For example, terms such as ‘small’ and ‘large’ have been
commonly used to denote EVpopulations over the last few years, usually after presumed size-based populations of EVs have been
separated with methods such as filtration or differential ultracentrifugation (differential UC, dUC). However, although ‘small’
might generally refer to EVs <200 nm in diameter, there is no strict consensus on upper and lower size cut-offs, and it has also
become clear that many separation methods, such as dUC, yield EV populations with overlapping size profiles. Thus, while such
terminology may still be used, researchers should be aware of its limitations and strive to define terms as clearly as possible.

As mentioned above, terms related to presumed biogenesis pathways should be used only with caution and strong evidence.
The term ‘exosome’ refers to EVs from internal compartments of the cell that are released via the multivesicular body (MVB),
while the term ‘ectosome’ (a.k.a.,microvesicle,microparticle) refers to EVs from the cell surface.Numerous specialised termshave
also been used to denote EVs that arise during specific cellular processes such as cell migration (‘migrasomes’) or programmed
cell death (‘apoptotic bodies’). In some cases, biogenesis or release of specific EV subtypes may be inhibited or stimulated by
pharmacological or genetic intervention (see also 7.1). Unfortunately, most EV separation techniques do not enrich for EVs
produced by different mechanisms, and definitive characterisation of biogenesis-based subtypes is also difficult, with no univer-
sal molecular markers of ectosomes, exosomes or other EV subtypes. Therefore, ISEV discourages the use of biogenesis-based
terms unless such an EV population is specifically separated and characterised. Of note, ‘sEV’ (for small EV) and ‘exosome’ are
not synonymous: small EV populations include both small ectosomes and exosomes. For the reasons above, most of the existing
‘exosome’ and ‘ectosome/microvesicle’ literature refers to a broad population of EVs, and not to EVs that are released via specific
biogenesis pathways. Some EV-like particles may not fully meet the definition of EVs as given above. For example, if a cell is
extruded, the resulting particles have not been strictly ‘released’ from the cell.

. EVmimetics

A term such as ‘EV mimetics’ (EVMs) can be used to denote EV-like particles that are produced through direct disruption
of cells, by de novo synthesis from molecular components, or by fusion of native EVs with, for example, liposomes. Whatever
nomenclature is used for such particles, it will ideally indicate the general production process, differentiate the particles from
native EVs, and not claim resemblance to EVs from a specific biogenesis pathway. That is, avoid ‘exosome-like vesicles’ and
similar terms that incorrectly imply specific biogenesis-related properties. Some examples of possible terms, but without strict
endorsement, are artificial cell-derived vesicles (ACDVs) for vesicles from extruded cells and synthetic vesicles (SVs) for EV
mimetics that are synthesised de novo from molecular components or made as hybrid entities, for example, fusions between
liposomes and native EVs (Table 2).

. How to approach non-vesicular extracellular particles (NVEPs)

There is a growing awareness of a wide diversity of non-vesicular extracellular particles that often co-separate with EVs, and
the ISEV community specifically requested guidance in the run-up to MISEV2023 on how to handle and name these particles.
Since ISEV is a society of EV experts, we cannot presume to establish a nomenclature for other types of extracellular particles,
such as lipoprotein particles (LPPs), ribonucleoprotein particles (RNPs), viruses, or various newly proposed particle types like
exomeres and supermeres. Nevertheless, how EVs relate to other particles—and how they can be separated from them and
characterised along with them in complex mixtures—is of great relevance to the EV field. Therefore, MISEV2023 provides the
following nomenclature proposals while recognising that other terms may be required for increased clarity (Figure 1, Table 2).

Extracellular particles (EPs) is the preferred overarching term for cell-derived multimolecular assemblies in the nanometre
to micron size range, including both EVs and non-vesicular entities:
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TABLE  Quick-reference card on EV nomenclature and related terms.

Term Definition Usage

Extracellular vesicles
(EVs)

Particles that are released from cells, are delimited by a lipid bilayer,
and cannot replicate on their own.

Recommended

Non-vesicular
extracellular particles
(NVEPs)

Multimolecular assemblies that are released from cells and do not
have a lipid bilayer (non-vesicular extracellular particle fraction).

Recommended

Extracellular particles
(EPs)

Umbrella term for all particles outside the cell, including EVs and
NVEPs.

Recommended

EV mimetic EV-like particles that are produced through direct artificial
manipulation. This term is preferred over ‘exosome-like vesicles’
and similar terms that imply specific biogenesis-related properties.

Recommended

Artificial cell-derived
vesicles (ACDVs)

EV mimetics that are produced in the laboratory under conditions of
induced cell disruption, such as extrusion.

Recommended

Synthetic vesicles (SVs) EV mimetics that are synthesized de novo from molecular
components or made as hybrid entities, e.g., fusions between
liposomes and native EVs.

Recommended

Small EVs (operational
term)

Based on the diameter of the separated particles, small EVs are often
described as <200 nm in diameter. However, measured diameter
is related to the specific characterization method.

Recommended, but
caution required

Large EVs
(operational term)

Based on the diameter of the separated particles, large EVs are often
described as >200 nm in diameter. However, measured diameter
is related to the specific characterization method.

Recommended, but
caution required

Other ‘operational terms’ Physical characteristics: e.g., diameter: small extracellular vesicles
(sEVs), large EVs (lEVs), density: low, medium, high (defined
ranges). Biochemical composition: e.g., contains a specific
(macro)molecule, such as a protein. Cellular origin and/or
conditions under which EVs were generated: terms that highlight
specific aspects of biogenesis such as molecular mechanisms,
energy-dependence (or lack thereof) and functional state of the
parent cell related to stress or death.

Recommended, but
caution required

Exosome Biogenesis-related term indicating origin from the endosomal
system. Unless subcellular origin can be demonstrated, it is likely
that a broad population of EVs is being studied, not exosomes
specifically. Exosomes represent a subtype of small EVs: the
diameter of intraluminal vesicles of endosomes is generally
smaller than 200 nm.

Discouraged unless
subcellular origin can
be demonstrated

Ectosome Biogenesis-related term indicating origin from the plasma
membrane. Unless subcellular origin can be demonstrated it is
likely that a broad population of EVs is being studied, not
ectosomes specifically. Ectosomes can have a wide range of sizes,
including sizes similar to those of exosomes.

Discouraged unless
subcellular origin can
be demonstrated

Microvesicle Biogenesis-related term indicating origin from the plasma
membrane. However, historically, the term has often been used to
designate large EVs or all EVs, whatever their subcellular origin.
This term can therefore lead to confusion.

Discouraged

Exosome-like vesicles As ‘exosome’ is a biogenesis-related term indicating origin from the
endosomal system, this and similar terms are discouraged for
synthesized EV mimetics.

Discouraged

Non-vesicular extracellular particles (NVEPs) are all non-EV particles made from cell-derived components of one or more
molecular classes (e.g., proteins, nucleic acids); lipids, if present, do not form a delimiting bilayer membrane. NVEPs and EVs
may have overlapping physicochemical properties, and NVEPs may greatly outnumber EVs in biological matrices. As a result,
most EP separation methods result in NVEP/EV co-isolation. Similarly, many EP characterisation methods do not identify EVs
specifically. NVEPs that are smaller than EVs may not be detected by some EV characterisation methods, thus their quantity in
an EP preparation may remain unknown. Therefore, when EVs and NVEPs cannot be fully distinguished from each other, the
term ‘EP’ may be appropriate, or the use of ‘EV preparation’ or ‘EV-containing preparation’.

Table 2 is a quick-reference card of recommended nomenclature.
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F IGURE  Hierarchy of EP nomenclature. Extracellular particles include vesicular and non-vesicular particles. This figure presents several distinctions
that can be made between classes of EPs, as well as examples of possible nomenclature. EP: extracellular particle; EV: extracellular vesicle; SV: synthetic vesicle;
ACDV: artificial cell-derived vesicle; NVEP: non-vesicular extracellular particle. See also Section 2 and Table 2.

Recommendations:

∙ ‘Extracellular vesicles’ is the term for particles that are delimited by a lipid bilayer and cannot replicate on their own
(vesicular component of extracellular particles).

∙ Operational terms are encouraged, but with caution, as these can be influenced by separation methods.
∙ Biogenesis terms are discouraged unless subcellular origin can be demonstrated for the specific EV source and

condition. With few exceptions, a broad population of EVs is studied, not ectosomes or exosomes specifically.
∙ ‘Extracellular particles’ is the overarching term for cell-derived multimolecular assemblies in the nanometer to

micron size range, including both vesicular and non-vesicular entities.
∙ ‘Non-vesicular extracellular particles’ is an accurate term for cell-derived multimolecular assemblies that are non-

vesicular in nature (i.e., the non-vesicular fraction of extracellular particles).

Consensus: 79.5% (793) ofMISEV2023 survey respondents agreed “completely,” and 19.9% (199) agreed
“mostly” with Section 2: Nomenclature. 0.4% (4) “mostly” disagreed, and 0.2% (2) stated that they had
no opinion and/or expertise. No respondents disagreed “completely.”

 COLLECTION AND PRE-PROCESSING: PRE-ANALYTICAL VARIABLES THROUGH TO
STORAGE

An array of factors in sample collection, pre-processing (i.e., before specific EV separation/concentration steps), and storage
of EV-containing sources and their derivatives may affect EVs quantitatively and qualitatively. Some considerations related to
these factors are common between many EV source materials, such as how to maximise (and measure) the quality of starting
material; reporting all relevant donor characteristics for biofluid/solid tissue samples; measures of the quantity and quality of the
source material as the baseline for the data collected during EV characterisation; and standardising and reporting pre-processing
variables. In contrast, other recommendationsmay be specific to the starting source, such as approaches to remove source-specific
contaminants/co-isolates and to confirm their removal.

. Common recommendations

∙ Describe the source of EV-containing materials. For materials from human and non-human animal donors, report relevant
donor characteristics, including but not limited to age, biological sex, substance exposures (medications, substance use) and
disease.

∙ Report the quantity (e.g., sample volume, mass) and quality of source material.
∙ Provide all methodologic details of sample collection.
∙ Consider how pre-separation storage may influence the EVs that are eventually separated. Where relevant, avoid repeated
freeze-thaw cycles or assess effects of freeze-thaw.
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 of  WELSH et al.

∙ Report all storage parameters pre- and post-EV separation (including use of preservatives or cryoprotectants, temperature,
time, freezing procedure, storage vessel, number of freeze-thaw cycles and thawing method).

∙ Remove cells from all EV source materials as early as possible in pre-processing. Cell disruption can form particles resembling
native EVs, and post-collection cellular processes like activation and death can alter EV composition and function.

∙ Assess and report the degree of depletion of cells and source-specific, common EV co-isolates during pre-processing and, later,
after EV separation/concentration.

∙ Implement quality control measures throughout the sample collection, pre-processing and EV separation.
∙ If samples must be pooled to obtain sufficient EVs for study, report the number of individual samples in a pool, the donor
demographics contributing to the pool, the quantity (e.g., volume) of each individual sample andfinal quantity.Where possible,
follow up with individual samples.

∙ In studies that seek to determine if EVs or EV cargo can serve as biomarkers of a disease or condition, also test whether
non-enriched materials, for example, NVEPs or whole biofluid, may have similar associations.

∙ For those EV sources for which ISEV has a Task Force (isev.org/taskforces), we recommend that researchers keep themselves
updated and informed on outputs of that Task Force. See also the next sections with some specific recommendations.

. Cell culture-conditioned medium

All types of cells cultured in vitro release EVs and other factors into their culture medium, thus creating cell culture-conditioned
medium [CCM; Shekari et al., 2023]. This includes eukaryotic cells from multi- and unicellular organisms and prokaryotic cells
including gram-positive and -negative bacteria andMycobacteria. Most recommendations in this section apply to CCM from all
cell types; additional and more specific details on bacterial EVs are provided in Section 3.3.
Cell culture parameters for both eukaryotic and prokaryotic cells include the producing cells (e.g., name, viability, passage

number and seeding and harvest density); medium components (e.g., basal medium, complex additives such as serum, nutri-
ents, micronutrients, antibiotics/mycotics and any other additives); culture conditions, including 2D/3D/suspension culture,
temperature, pH, gas concentrations and any physical stimuli; duration of conditioning; harvesting approaches; and any detected
contaminations or infections. Cell culture conditions directly and indirectly affect EV yield, composition, and function. Culture
media components can contain EVs or may be taken up by cells and repackaged into EVs (Lehrich et al., 2021; Palviainen et al.,
2019). Complex supplements such as blood serum [e.g., foetal bovine/calf serum (FBS/FCS)] and platelet lysate (PL) are often
used in mammalian cell culture, but they are rich in EVs, NVEPs, and various, often undefined entities, including DNA frag-
ments and micronutrients (Arigony et al., 2013; Lehrich et al., 2021). Depleting EVs from these supplements can be difficult to
accomplish and verify (Erdbrügger et al., 2021; Lehrich et al., 2018), and depletion of complex supplements, for example, by ultra-
centrifugation, may depend on degree of dilution. Commercial ‘EV-free’ products should also not be assumed to be devoid of
EVs without verification. Use of both EV-depleted medium and ‘defined’ (serum/PL-free) media may alter cell physiology and
EV production (Lehrich et al., 2021). Since viable and dying cells may release different subtypes of EVs (Crescitelli et al., 2013;
Shlomovitz et al., 2021), and since EVs produced by only a few percent of dying cells may outnumber EVs generated by healthy
cells, the proportion of live and dying cells in a culture affects proportions of EV subtypes and EV quantity. Unwanted microbial
contamination (common:Mycoplasma), should be checked and reported. These microbes affect many characteristics of produc-
ing cells (Zhang et al., 2000); they or their constituents may be repackaged into EVs of the host culture (Yang et al., 2012); and
some may also release their own EVs (Gaurivaud et al., 2018).

Recommendations:

∙ CCM recommendations made in MISEV2018 (Thery et al., 2018) are still relevant. These include, but are not limited
to, reportingmedium composition and preparation; characteristics of producing cells including identity, seeding and
harvest density and viability at harvest; culture conditions including vessel/system, surface coating (if any), temper-
ature, and gas concentrations; physical or chemical stimulants/treatments, if any; frequency, intervals and method
of CCM harvest; and any CCM storage before EV separation. If cells are from a primary source, rather than an
established cell line, report harvesting and pre-culturing conditions such as enzymatic digestion.

∙ If serum, PL or other complex additives are used, report the source and the percent of the total medium. If EV deple-
tion of such additives is done, report method and degree of depletion (including dilution, which may be necessary
prior to depletion methods involving centrifugation) using the same methods used to characterise released EVs.
Vendors of EV-depleted supplements are also encouraged to report method and degree of EV depletion.

∙ Non-conditioned medium controls should be processed and characterised to assess the contribution of the medium
itself to putative EV measurements.
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. Bacteria

The diversity of bacteria, bacterial EVs and source material characteristics makes it difficult to issue universal recommendations
on sample type, pre-processing, separation, collection and characterisation. Bacterial EVs arise from outer and innermembranes
of gram-negative bacteria and cytoplasmicmembranes of gram-positive bacteria through blebbing and lytic biogenesis pathways
(Toyofuku et al., 2023). Different species, strains (Bitto, Cheng, et al., 2021; Bitto, Zavan, et al. 2021; McMillan & Kuehn, 2023;
Zavan et al., 2023), and growth conditions (Hong et al., 2019; Keenan & Allardyce, 2000) affect EV heterogeneity on multiple
levels, including function (Turner et al., 2018). Bacterial EVs can be harvested from mono- or polymicrobial culture in vitro, in
vivo/ex vivo sources such as body fluids or faeces, and environmental samples ranging from soil to seawater. Despite this diversity,
some recommendations are possible.
For most bacterial species, studies of the influence of culture conditions on the yield and composition of bacterial EVs are in

their infancy, but most considerations for culture-derived eukaryotic EVs also apply to bacterial EVs (Bose et al., 2020; Brown
et al., 2015). These include effects ofmedia composition, oxygenation/aeration and culture format (for bacteria: standing, shaking,
roller bottle, bioreactor, planktonic cell or biofilm) and growth phase (Bitto, Cheng, et al., 2021; Bitto, Zavan, et al. 2021; Kuehn
& Kesty, 2005; Mehanny et al., 2022; Zavan et al., 2019). Thus, culture details should be reported.

Following sample collection, as for eukaryotic EVs, all methodologic details of separation/concentration should be reported.
Non-specific methods like precipitation and ultracentrifugation may co-isolate and/or aggregate unwanted non-EV materials.
For bacteria, these may include pili, flagellae, phage, and protein, lipoprotein, and nucleoprotein complexes. Filtration and chro-
matography methods are gentler alternatives (Bitto & Kaparakis-Liaskos, 2022; Liangsupree et al., 2021). In density gradient
ultracentrifugation, densities of EV-rich fractions should be determined for each bacterium and growth condition, with clear
reporting of fractions (Bitto & Kaparakis-Liaskos, 2022; Singorenko et al., 2017). Consider that different separationmethods may
enrich or deplete subtypes of bacterial EVs.
Detailed characterisation of bacterial EV preparations beyond core measurements of size distribution and macromolecular

content is limited by the availability of validated, commercially available affinity reagents to bacterial markers for only a limited
number of species. In many cases, markers of co-isolating materials require further definition. Lipopolysaccharide [LPS, gram-
negative bacteria, Tulkens et al., 2020], lipotechoic acid [LTA, gram-positive bacteria, Champagne-Jorgensen et al., 2021] and
mycobacterial lipids (Prados-Rosales et al., 2011) are universal markers for these broad classes of bacterial EVs. LPS and LTA
have the advantage of commercially available antibodies. However, LPS can be present in NVEPs including LPS micelles and
complexes with LPS binding protein that may be present in in vivo samples (Page et al., 2022), so appropriate controls should
be included. Finally, for functional assays, normalisation methods for bacterial EV input should be accurately reported, e.g.,
different protein assay types can return different values (Bitto, Zavan, et al., 2021).

Recommendations:

∙ In addition to other culture parameters, report bacterial growth phase at harvest.
∙ Limit storage prior to EV separation/concentration, especially if samples are left unfiltered.
∙ When obtaining bacterial EVs from in vivo and environmental sources, consider that host EVs or EVs from non-

target species are likely present.
∙ LPS and LTA are broad markers of gram-negative and -positive bacteria, respectively, with well-characterised,

commercially-available affinity reagents. In many species, specific markers of EVs and non-EV materials remain
unavailable.

∙ Non-vesicular co-isolates of bacterial EVs may include pili, flagellae, phage and protein, lipoprotein and
nucleoprotein complexes.

. Blood

Blood is the most studied biofluid in EV research, and most studies involve human blood. Previous MISEV guidelines, ISEV
position papers and other publications (Clayton et al., 2019; Coumans et al., 2017; Thery et al., 2018;Witwer et al., 2013) highlighted
the importance of standardisation and reporting of (i) donor variables, for example, age, biological sex, circadian rhythm, diet,
exercise level andmedication, and (ii) pre-analytical processing variables such as blood collection, preparation, handling, storage,
anticoagulants, centrifugation protocols and handling time (Buntsma et al., 2022; Dhondt et al., 2020, 2023; Lacroix et al., 2012;
López-Guerrero et al., 2023; Gyorgy et al., 2014; Palviainen et al., 2020), which remain valid. Here, we focus on the complexity
of blood, which contains cells, lipoproteins, proteins and other factors that may be retained in EV preparations and confound
downstream analysis. The degree to which blood samples are processed and EVs are separated from common co-isolates depends
on the study aim and the downstream analysis. TheMIBlood-EVwas developed by the ISEVBlood Task Force to enable scientists

 20013078, 2024, 2, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12404 by C

olorado S
tate U

niversity, W
iley O

nline L
ibrary on [09/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 of  WELSH et al.

to report the traceability of blood-derived samples used for EV studies (Lucien et al., 2023). The MIBlood-EV is divided into
categories of: (a) general study information, (b) blood collection, processing, storage, (c) qualitative and quantitative evaluation
of haemolysis, platelets and lipoproteins, three major confounding factors in blood EV research.

Blood cells account for about 45% of the blood volume, so removal of cells before any cell-disruptive processing such as
freeze/thawing (which forms EV-like cell fragments) and avoidance of cell activation (and thus release of EVs post-collection)
is particularly important. Red blood cells are dense and thus relatively easy to separate from EVs by low-speed centrifugation.
However, red blood cells may lyse (‘haemolysis’) during blood collection and processing, releasing internal contents such as
haemoglobin, which turns the plasma or serum a reddish instead of yellow colour. Most other blood cells can also be efficiently
removed by centrifugation. In contrast, 1–3 µmplatelets are derived frommegakaryocytes, highly abundant in blood, and overlap
in size range and/or density with EVs. The presence of even a few platelets may affect downstream EV analysis, and activated
platelets will release large numbers of EVs. Although various centrifugation protocols are used to deplete platelets from plasma
and serum (Bracht et al., 2023; Karimi et al., 2022), these protocols incompletely separate platelets fromEVs, and extent of platelet
depletion is typically unreported. Additional depletion of residual platelets from plasma and serum can be achieved by filtration
(Bettin et al., 2022; Bracht et al., 2023).

Lipoproteins are another main confounding class of NVEPs, including high-density, low-density, intermediate-density, and
very low-density lipoproteins (HDL, LDL, IDL, VLDL) as well as larger chylomicrons. They overlap in size (all but HDL), density
(HDL), and/or molecular composition with blood EVs, and some lipoprotein subtypes outnumber blood EVs by orders of mag-
nitude (Johnsen et al., 2019; Simonsen, 2017). Because neither density- nor size-based separation can separate all lipoproteins
from EVs, a combination of methods that exploit different physical and biochemical properties (here reported in Chapter 4) is
recommended when more pure EV populations are required (Karimi et al., 2018; Ter-Ovanesyan et al., 2023; Van Deun et al.,
2020; Vergauwen et al., 2021; Zhang, Borg, et al., 2020).
Blood also contains high concentrations of free, ‘soluble’ proteins such as serum albumin, immunoglobulins and fibrinogen,

as well as protein and ribonucleoprotein (RNP) aggregates, that may co-isolate with EVs and affect downstream analysis. These
proteins are generally smaller and denser than EVs, allowing separation from EVs by size exclusion chromatography (SEC),
density gradient centrifugation, or combinations thereof.

Of note, the surface of EVs, especially in complex environments such as blood, is coveredwith a biomolecular corona of various
molecules and particles [(Palviainen et al., 2020; Tóth et al., 2021; Wolf et al., 2022; Yerneni et al., 2022) and see also Section 4.7].
Hence, some blood proteins and lipoproteins, previously defined as contaminants of the EV preparation, may be truly associated
with EVs and remain even after the EVs have been rigorously but gently separated from blood.
Recommendations:

∙ Effects of donor characteristics on blood and EVproperties are better studied for blood than formany other EV sources and are
thus especially important to consider and report. For example, large lipoprotein particles such as chylomicrons have elevated
concentrations after dietary intake, so to minimise their influence, collect blood from overnight-fasted donors.

∙ When blood is collected by venipuncture, use the largest feasible needle gauge to minimise platelet activation and haemolysis.
Tominimise bacterial and skin cell contamination and to avoid tissue factor-mediated platelet activation, it may also be a good
practice to discard a small volume of the blood draw (e.g., for human blood draws, the first 2–3 mL).

∙ Select blood collection tubes/anticoagulants that are compatible with downstream analyses.
∙ Following collection, minimise platelet activation and EV release by avoiding excessive agitation and low temperatures and
processing to plasma or serum as quickly as possible.

∙ Use a plasma or serum preparation protocol that efficiently removes platelets but not EVs. If centrifugation is used, draw
supernatant from the top down with a pipette, leaving a specified amount of plasma or serum on top of the pellet to avoid
disturbing the pellet and releasing platelets.

∙ Major contaminants/co-isolates of blood EVs are platelets, lipoproteins, haemolysis products, and a host of soluble/aggregated
proteins including RNPs. Determine and report relative enrichment of EVs over whichever of these materials is important in
a given study.

∙ Complete the MIBlood-EV reporting tool and attach it as supplementary material for any manuscript with research using
blood specimens. The completed document should also be added to the MIBlood-EV shared folder (details at: https://www.
isev.org/rigor-standardization)

. Urine

Urine is the secondmost-analysed biofluid after blood and can be obtainednon-invasively, serially and in large quantities.Urinary
EV (uEVs) and their contents are promising biomarkers and bio-regulators in health and disease of the kidney, the urogenital
tract and possibly other organs and systems (Burger et al., 2014; Carreras-Planella et al., 2021; Erdbrügger et al., 2021; Morikawa
et al., 2019; Ramirez-Garrastacho et al., 2022). Challenges in uEV studies arise from the diverse cellular origin of uEVs and the
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dynamic composition of urine, which varies by fluid intake, time of collection, diet, exercise, age, biological sex, medication and
health and disease status. Please refer to previous, specific recommendations of the Urine Task Force of ISEV for all stages of
uEV research: a position paper (Erdbrügger et al., 2021) and a ‘Quick Reference Card’ (van Royen et al., 2023).

Here, we focus on considerations specific for urine as an EV source. For urine collection and storage, many biobanked urine
samples have not been processed to remove cells prior to storage, so uEV-specific biobanks or new collections may be needed.
For any urine sample, urine proteins are the most common co-isolates/contaminants of uEV preparations (Dhondt et al., 2020).
Protein abundance in urine spans five orders of magnitude. Amongst the highest-abundance urinary proteins (Tamm-Horsfall
protein (THP), albumin and 20 other serum-filtered proteins) THP can not only co-isolate with uEVs, reducing uEV purity,
but also polymerise into lattice-like networks that trap uEVs, reducing uEV yield. THP can be depolymerised and reduced by
changing urine ionic strength or pH or by treating with reducing reagents (Correll et al., 2022; Liu, Cauvi, et al., 2018; Pisitkun
et al., 2004). Removal of THP may be needed for downstream characterisation procedures such as mass spectrometry, but it is
less necessary for other approaches (e.g., single-EV analysis by immunolabelling).
uEV studies in particular require careful normalisation approaches because of the magnitude of inter- and intra-individual

variation in urine concentrations (i.e., of solutes in the urine; specific gravity), resulting fromchanges in the external environment,
water and salt homeostasis, and circadian patterns. Because uEV levelsmay varywith urine concentration, normalisation between
samples is necessary to counterbalance data variance. Unfortunately, there is no consensus method or marker(s) accounting for
excretion rate and uEV processing that can be used for the robust normalisation of uEV quantity and/or content. Currently, nor-
malisation for excretion rate is done based on absolute (total protein, uEV number, uEV biomarker) or relative (time collection,
relative to urinary creatinine, osmolality) measures. In studies of organ-specific uEVs, organ-specific markers can be used; for
example, prostate-specific antigen (PSA) concentrations can account for the proportion of prostate fluid in urine.

Recommendations:

∙ Follow previously published ISEV recommendations (Erdbrügger et al., 2021; van Royen et al., 2023).
∙ Perform uEV research using cell-free urine and cell-free urine biobanks.
∙ Where appropriate, report methodology and outcome of uEV co-isolate/contaminant depletion (THP, albumin and

other serum-filtered proteins).
∙ For normalisation, collect data both on uEVs and non-EV urine parameters (e.g., creatinine, PSA or others as

applicable) to estimate absolute or relative excretion rates.

. Cerebrospinal fluid

Cerebrospinal fluid (CSF) bathes the central nervous system (CNS) and contains biomarkers of CNS health and disease (Gaetani
et al., 2019; Hühmer et al., 2006; Jack et al., 2018; Rao et al., 2013). Several CSF- specific factors must be considered in CSF EV
studies. CSF is produced in the brain ventricles and circulates through the brain and spinal cord in a continuous flow (Czar-
niak et al., 2023). This flow establishes a rostro-caudal gradient, with lower levels of some brain proteins (e.g., S-100β, total or
phosphorylated Tau), but higher levels of others (e.g., neurofilament, amyloid-β40 or β42) in the lumbar region relative to the
brain (Jingami et al., 2019; Rostgaard et al., 2023). Hence, collection site (e.g., lumbar/spinal canal vs. brain) and volume may
affect CSF composition (Cameron et al., 2019; Teunissen et al., 2009). Common confounders of CSF studies include residual cells
and blood contamination, since protein concentrations in blood are 200−400 times greater than in CSF (You et al., 2005). Useful
measurements of contaminants include cell counts (e.g., CSF samples that contain>500 erythrocytes/µLmight be excluded (Teu-
nissen et al., 2009) and protein assays for hemoglobin, catalase, peroxiredoxin, carbonic anhydrase I, apolipoprotein B-100, IgM,
apolipoprotein B-100, fibrinogen or haptoglobin (Aasebø et al., 2014; You et al., 2005). Human donor characteristics reported
to affect CSF biomarkers (Klener et al., 2014; Lewczuk et al., 2006; Mattsson et al., 2011) include sex (Li et al., 2017), ethnicity
(Howell et al., 2017), disease-relevant genotypes (Li et al., 2017), medications (Riekse et al., 2006; Wong, 2007) and substance
use (Liu et al., 2020; Wang et al., 2021). Age (Shah et al., 2011; Wong et al., 2000; Zhang et al., 2005) may be particularly impor-
tant for cohort design and normalisation considerations, since human CSF protein concentrations are high in neonates, decline
through childhood and increase from adolescence through adulthood (Howell et al., 2017; Shah et al., 2011; Zhang et al., 2005).
For biomarkers that cycle with circadian rhythm, the time of day for collection is important (Lucey et al., 2017). However, these
effects of pre-analytical variables may or may not affect EVs.
CSF EV studies are also challenged by very low concentration of EVs in CSF and the precious nature of CSF samples. Since CSF

collection is relatively invasive, total CSF volume is limited formost patients, and sampling is usually done only for specific disease
indications, the total number of samples and their volumes are small. For example, most established human CSF biorepositories
are able to share 1.0 mL or less of each sample. As a result, high-yield separation approaches and high-sensitivity characterisation
assays are especially needed for CSF EV studies (Krušić Alić et al., 2022; Sandau et al., 2020; Ter-Ovanesyan et al., 2021). Pooling
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samples frommultiple donors may be an option to optimise new protocols or to perform omics characterisation, with or without
follow-up with higher-sensitivity specific molecular assays for individual samples.

Recommendations:

∙ Report anatomic collection site and volume of CSF drawn because of possible influence of the rostral-caudal CSF
gradient.

∙ Measure levels of specific co-isolates/contaminants, such as blood cells and blood proteins, and establish exclusion
criteria where appropriate, for example, >500 erythrocytes/µL from biomarker studies.

∙ High-yield separations and high-sensitivity characterisationmethods are especially important for studying CSF EVs,
and sample pooling may be needed.

. Saliva

Healthy adult humans produce 500–1500 mL saliva per day, varying with pathological and physiological conditions (Chiappin
et al., 2007). Saliva is non-invasively accessed, making it an attractive source of biomarkers, EV-associated or not, especially for
oral and periodontal conditions (Nonaka & Wong, 2022; Ogawa et al., 2008). In saliva EV studies, common co-isolates include
salivary components such as eukaryotic cells and subcellular structures, proteins such as enzymes and antibodies, electrolytes,
food debris, bacterial cells and bacterial EVs (Aps & Martens, 2005; Chiappin et al., 2007; Han, Bartold, et al., 2021; Kaczor-
Urbanowicz et al., 2019; Ngamchuea et al., 2017; Ogawa et al., 2008). The overall composition of saliva depends on the relative
activity and contributions of the three major pairs of salivary glands—parotid, submandibular and sublingual—as well as 300–
750minor salivary glands (Aps &Martens, 2005; Khurshid et al., 2016), whichmay secrete different amounts of salivary enzymes
and mucins.

Parameters to report in saliva studies are whether whole saliva or saliva from one type of gland only is collected; the method of
saliva collection (Beale et al., 2016; Khurshid et al., 2016; Navazesh, 1993); salivation stimulus, if any (Gomar-Vercher et al., 2018).
Recency of food and drink intake may have outsized effects on saliva quantity and quality and should be standardised if possible
or assessed at collection. From studies of whole saliva, age (Xu et al., 2019), biological sex (Li-Hui et al., 2016), smoking (Rad
et al., 2010), stress (Keremi et al., 2017), exercise (Ligtenberg et al., 2016), oral hygiene, medical conditions and medications, and
mental health status (Aps & Martens, 2005; Bhattarai et al., 2018) may be associated with differences in one or more of viscosity,
pH, concentrations of different proteins, and saliva flow rate. However, it is not known if these factors affect or are associated
with the concentration and composition of saliva EVs, so additional studies are needed.

Recommendations:

∙ Report the source of saliva clearly (whole or from a specific gland), the method used for collection, and any stimulus
used.

∙ Standardise allowed food and drink intake prior to collection or, at minimum, assess these factors at collection.

. Synovial fluid

Synovial fluid (SF) is a viscous fluid within the spaces of joints. SF EVs have potential as biomarkers and therapeutic agents
for joint disorders (Boere et al., 2019) since SF is in direct contact with affected tissues (Michael et al., 2019). The viscosity of
SF is due to large amounts of protein and the glycosaminoglycan hyaluronic acid (HA). This viscosity poses several hurdles to
reproducible SF EV studies, for example,making it challenging to pellet cells/debris prior to freezing and hampering EV recovery.
Indeed, most reported samples have been frozen and thawed before EV separation and characterisation, with inconsistent pre-
freezing removal of cells and debris (Gao et al., 2020; Rüwald et al., 2020). Hyaluronidase treatment of SF is required for accurate
detection of inflammatory cells and soluble mediators (Boere et al., 2019). Most research groups use hyaluronidase to decrease SF
viscosity before EV separation, but others do not (Mustonen et al., 2021). SECmay outperformUC in removal of proteins such as
albumin, fibronectin and apolipoprotein A-I (Foers et al., 2018). Donor characteristics that may associate with differences in SF
variables and possibly EVs include biological sex (Kolhe et al., 2020) and disease identity and stage (Foers et al., 2020; Schioppo
et al., 2021).

Recommendations:

∙ Consider the use of hyaluronidase to reduce viscosity and obtain homogenised synovial fluid before EV separation
and characterisation.
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. Milk

Milk is a rich and complex source of nutritional and immunological components, which include cells, milk fat globules (MFGs),
casein micelles, soluble molecules and EVs (Ballard & Morrow, 2013). EVs separated from milk of at least 16 different species
have thus far been reported, chiefly human and bovine. To allow separation of relatively pure EVs, milk components that share
EV characteristics such as density and size [MFGs and cellular debris (Busatto et al., 2019)] should be removed, for example, by
centrifugation), and milk should be kept at body temperature for short-term storage (Zonneveld et al., 2014). Casein micelles,
which overlap in size with EVs, are the biggest challenge, especially for milk of ruminant species. Casein micelles can be pre-
cipitated by pelleting after acidifying milk to pH 4.6 (Mukhopadhya, Santoro, Moran, et al., 2021; Rahman et al., 2019; Santoro
et al., 2023; Somiya et al., 2018), aggregated by enzymatic treatment (Gao et al., 2019), or dissociated by sequestering calcium
with EDTA (Gao et al., 2019) or sodium citrate (Benmoussa et al., 2020). Currently, there is no preferred method, but acidifi-
cation and EDTA are used most often. Following pre-processing, cleared milk supernatant can be stored until EV separation.
Methods such as UC, dgUC and SEC may be combined for higher purity, since single-step approaches will yield a low purity.
Colloidal properties and acceptable storage times until processingmay be different for raw, homogenised, pasteurised, ultra-high
temperature-treated, and dried/powdered milk (Mukhopadhya, Santoro, & O’Driscoll, 2021). Furthermore, the effects of storage
length and temperatures have yet to be comprehensively determined.

Recommendations:

∙ Keep milk at body temperature for short-term storage prior to storage or EV separation.
∙ Common EV co-isolates include cells/components, milk fat globules, and casein micelles. These should be removed

(and/or, in the case of micelles, disrupted), and their presence tracked through the EV separation process.

. Solid tissue

Cell-EV interactions in solid tissues may primarily involve EVs that are released near the site of action. It is thus important
to study EVs in tissue. However, greatly complicating the study of tissue EVs is the interrelated diversity of tissue harvesting
and storage methods, cellular and extracellular matrix composition, and physical properties. Despite these challenges, two basic
approaches to tissue EV studies have been developed and applied mostly to brain or tumor tissues.

Tissues can be used for EV studies by keeping tissues/cells ‘alive’ in culture after harvesting or by harvesting EVs directly
from tissue before or after storage. Some tissues can be cultured ex vivo over several days and culture medium harvested for EV
separation (Lunavat et al., 2017; Jeurissen et al., 2017; Jingushi et al., 2018). EV preparations may include tissue EVs present in the
original tissue, EVs released during culture (perhaps with different properties from the native EVs), and products of cell death
in culture like apoptotic bodies (Carrel & Burrows, 1911). Keeping tissue under conditions as close to their in situ environment as
possible may be very important, such asmaintaining tissue hydrated prior to culturing and avoiding high oxygen concentrations,
although limited evidence has been gathered for the influence of these factors on collected EVs. Alternatively, tissue is processed
immediately after resection (Cianciaruso et al., 2019; Crescitelli et al., 2020; Crescitelli et al., 2021; Gallart-Palau et al., 2016; Huang
et al., 2020; Jang et al., 2019; Jeppesen et al., 2019; Perez-Gonzalez et al., 2012; Steenbeek et al., 2018) or after prior storage, usually
freezing (Hurwitz et al., 2018; Hurwitz et al., 2019; Huang et al., 2020; Perez-Gonzalez et al., 2012; Vella et al., 2017; Yelamanchili
et al., 2015). A preliminary study found no major differences in EV composition in fresh versus frozen tissues (Shen et al., 2023).
Tissues are typically divided into small pieces [using tissue homogenizers (Gallart-Palau et al., 2016; Hurwitz et al., 2018; Hurwitz
et al., 2019; Yelamanchili et al., 2015), vortexing (Banigan et al., 2013) or slicing (Huang et al., 2020; Jeppesen et al., 2019; Polanco
et al., 2016; Vella et al., 2017)], followed by enzymatic treatment to disrupt the extracellular matrix (ECM) (Jingushi et al., 2018).
These methods result in different degrees of cell damage, potentially introducing EV-like artefacts.

Recommendations:

∙ For ex vivo culturing approaches, keep the tissue as close as possible to its ‘native’ conditions, including maintaining
hydration and nutrition. Consider also the influence of cell death processes on the EV preparation.

∙ For separating EVs directly from tissue (without ex vivo culturing), establish or follow best practices for the
specific tissue in harvesting (e.g., perfusion or not of an animal model to minimise effects of blood); storage
(does freezing affect outcome?); physical and enzymatic tissue separation (if done) and influence of specific EV
separation/concentration methods.
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 of  WELSH et al.

∙ Tissue EV characterisation should focus in particular on tracing the presence of cellular components that may
be expected to be depleted in EVs, since cells and cellular artefacts may be the key contaminants of tissue EV
preparations.

. Other sources

Not all sources of EVs are covered above; only those for which ISEV recently had or currently has a Task Force. ISEV members
are welcome to propose formation of new task forces where no ISEV task force yet exists. These, in turn, may help to inform best
practice.

. Pre-separation and post-separation storage

Storage conditions of both pre-separation sources and post-separation EVsmay also affect EV yields, contents, functionality, and
the ratio of single particles and aggregates. For most EV sources, pre-processing is advisable prior to pre-separation storage to
remove potentially interfering entities such as cells. However, stringent pre-processing is not always possible. Details of whatever
steps are performed should be reported, and an explanation given if pre-processing cannot be done. Acceptable storage prior to
EV separation varies by source. Storage conditions, including any additives [e.g., bactericidal agents (Lucas et al., 2021)], should
be fully reported and the influence on EV quantity and quality investigated if not already known.

Following separation of EVs, EVs should be studied in as native a form as possible. However, for most studies, stored EVs
are used. Here, several considerations apply. All storage vessels and their materials should be reported, as EVs can be lost by
attaching to surfaces (Evtushenko et al., 2020). Separated EVs may be stable without freezing for some time, but this may vary
by EV composition and source and of course information on storage of EVs from some matrices is more comprehensive to date
compared to information on EVs fromothermatrices. Long-term storage is typically at−80◦C, although other temperatures have
been examined. For example, saliva EVs were reportedly stable at 4◦C for up to 20 months, retaining membrane integrity and
protein content (Kumeda et al., 2017).Urinary EVs have reportedly been stored at−20◦C for up to four years (Barreiro et al., 2021).
Lyophilisation of EVs is also possible (Trenkenschuh et al., 2022). There is conflicting evidence on the effects of freeze-thaw cycles
on EV properties. A study of saliva EVs found minimal effects of freeze-thawing on membrane integrity (defined as dipeptidyl
peptidase IV activity) (Kumeda et al., 2017). However, studies of various sources of EVs have reported particle concentration
and other changes with freeze-thawing (Gelibter et al., 2022; Görgens et al., 2022). Cryoprotectants may reduce effects of freeze-
thaw (Le Saux et al., 2020; Lőrincz Á et al., 2014); for example, supplementing phosphate buffered saline (PBS) with human
albumin and trehalose (PBS-HAT) reportedly improved short- and long-term stability for EVs stored at −80◦C and through
several freeze-thaw cycles (Görgens et al., 2022). Since optimal storage conditions may vary by EV composition and source, the
freezingmethod (e.g., snap-freezing in liquid nitrogen, gradual freezing), suspension buffer (including cryoprotectants and other
additives), temperature, duration of storage until use, thawing method (speed, temperature) and number of freeze-thaw cycles
should be reported. Freeze-thaw cycles should be minimised, for example, by a careful aliquoting strategy, and samples with
different numbers of freeze cycles may not be directly comparable.

Consensus: 70.4% (703) of MISEV2023 survey respondents agreed “completely,” and 28.5% (284) agreed “mostly”
with Section 3: Collection and pre-processing: pre-analytical variables through to storage. 0.1% (1) “mostly”
disagreed, and 1.0% (10) stated that they had no opinion and/or expertise. No respondents disagreed “completely.”

 EV SEPARATION AND CONCENTRATION

EVs are typically characterised and used after one or more separation or concentration procedures. Trends in these approaches
have been previously assessed by ISEV (Gardiner et al., 2016; Royo et al., 2020). Separation/concentration can be performed
according to the EV biophysical characteristics of size, density, charge and surface composition (specific surface molecules).
Other terms that are sometimes used for these procedures include ‘enrichment’, ‘purification’ and ‘isolation’. Thematerial captured
after separation/concentration is an ‘EV-containing preparation’ or ‘EV preparation’ that may require storage prior to analysis
or use. Any separation method should be chosen based on the known properties of the specific EV sources and the desired
EV yield and specificity. When separating complex biofluids, quantification of yield and specificity for total EVs will likely be
estimates, since particle number quantification is not always EV-specific and/or typically relies on surrogates of EV abundance
such as spike-in populations or measurement of detectable subpopulations. Figure 2 shows the position of some commonly used
methods for EV preparation on a yield (recovery) versus specificity grid. This section provides information and suggestions on
some of these methods. More detailed information can be found in the literature (Hendrix et al., 2023).
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WELSH et al.  of 

F IGURE  Position of some EV separation and concentration methods on a recovery (yield) versus specificity grid. Dashed blue arrows indicate
combinations of methods resulting in increased specificity. Specificity can be of different types: Size exclusion chromatography (SEC) separates EVs by size
from many (but not all) NVEPs, but all EV types are recovered together, while differential ultracentrifugation (dUC) separates EV subtypes based on their
size/weight, but also co-isolates NVEPs at high speeds. Note that many ‘exosome purification’ kits use precipitation (P), thus do not isolate pure exosomes or
even EVs but a mixture of EPs, while some use affinity precipitation (AP), which may be more specific to EVs but not exosomes. Those who develop new
methods should consider positioning their EV outcomes on such a graph.

EVs can sometimes be studied or used directly and immediately in the source matrix. In biomarker studies, for example, there
may be no need to separate or concentrate EVs from a biological matrix if sufficient specificity and sensitivity are reached with
the unfractionated sample. In some cases, EVs can also be analysed specifically and directly in a biological fluid (Duijvesz et al.,
2015; Woud et al., 2022). However, to show exclusive EV association of a proposed biomarker or function, separation may be
required in the first instance, and further guidance on this is provided here.

. EV concentration

Concentration in EV studies is the act of increasing the particle number:sample volume ratio. Concentration may be needed in
various settings. Large volumes of sourcematerials like CCM, urine, milkmay require concentration before EVs can be separated
from other EPs. For example, chromatography columns may have a maximum loading volume, while some separation methods
may bemore efficient if material is first concentrated (e.g., some immunoisolation procedures). Concentrationmethodsmay, but
do not necessarily, also achieve some degree of separation of particle types.

Concentration can be done by several approaches. Polymer-based methods of precipitation reduce the availability of
biomolecules to solvent, ‘crowding out’ water molecules. This allows suspended/dissolved materials including EPs to be pelleted
by low-speed centrifugation. Some commercial kits that are described as ‘exosome isolation’ kits in fact rely on such polymer
precipitation and do not strictly ‘isolate’ EVs, much less subtypes of EVs. Precipitation methods may not achieve any appreciable
separation of EPs (Gámez-Valero et al., 2016; Karttunen et al., 2019; Lobb et al., 2015; Paolini et al., 2016).

In filtration, a suspension passes through a filter by, for example, gravity, centrifugation or vacuum:water andmolecules smaller
than the molecular weight cut-off of the filter pass through, while EPs larger than the cut-off are recovered in the concentrated
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 of  WELSH et al.

fluid compartment of the filter. A variety of filter cut-offs are available, including 3, 10, 100 and 1000 kDa, allowing filtration to
achieve some degree of size separation, not just concentration. A cut-off of 100 kDa retains EVs while removing many proteins,
while a cut-off of 1000 kDa may allow passage of some smaller EVs. However, another consideration is recovery, since different
filters/tubes may allow different levels of EV ‘sticking’ and thus recovery (Vergauwen et al., 2017). Please note that filtration may
also be performed to retain microbes (‘sterilization’) or large EVs/EPs in the pre-filter compartment; although care should be
taken to avoid extrusion. Tangential flow filtration (TFF, also called cross-flow filtration) is a filter-based concentration method
in which liquid and molecules smaller than the pores pass through the filter perpendicularly to the flow applied to the EV-
containing fluid. This allows continuous flow and repeated passages of the fluid unless and until the filter is clogged, and thus
allows processing of large volumes of fluid. As for other filtration methods, size-based separation can be achieved based on
the molecular weight cut-off of the filter. TFF has been successfully and reproducibly used for large-scale EV production, for
example, for therapeutic applications (Busatto et al., 2018; Lamparski et al., 2002). Finally, concentration can also be obtained by
(ultra)centrifugation, for which parameters are described in the next section.

Summary: Concentration

∙ Can be done by polymer-based precipitation, filtration including tangential flow filtration, and (ultra)centrifugation.
∙ Leads to EV-containing preparations containing variable amounts of NVEPs and proteins, depending on the exact method
and variables such as filter cut-off (size or molecular weight).

Reporting recommendations: for concentration, report the following:

∙ nature of the material used for concentration;
∙ initial and final volumes of biofluid;
∙ time of processing (incubation with polymer, centrifugation through filters or directly);
∙ flow rate (for TFF);
∙ size or molecular weight cut-off (for filtration/concentration);
∙ temperature during concentration.

. Differential (ultra)centrifugation

The principle of differential ultracentrifugation (dUC) is to apply increasing relative centrifugal forces (RCF= g-force) to the EV-
containing fluid, from which intact donor cells or tissues have first been eliminated by one or more low speed centrifugations.
The aim is to pellet sequentially EPs of decreasing sedimentation coefficients. Since the sedimentation velocity of a sphere is
proportional to its diameter squared and to the density contrast between the particle and the medium (Stokes’ law equation),
the largest and/or densest EPs tend to be pelleted in the first (medium speed/short time) steps, while the smallest and/or least
dense are recovered predominantly after higher speed/longer centrifugation. However, in practice, perfect EV separations are not
achieved by this method, and pellets from different centrifugation speed have overlapping properties and variable biochemical
and physical parameters.

Whatever the centrifugation steps used, as detailed in MISEV2018, report speed in rpm and rotor type (to allow calculation
of adjusted k-factor), time of centrifugation (to allow calculation of the sedimentation coefficient of the pelleted particles), and
temperature. Instrument acceleration and deceleration settings should also be reported. In typical dUCworkflows reported in the
literature, a maximal force of around 10,000 to 20,000 × g is applied for between 10 and 90 min to enrich putatively larger/denser
EVs, while a maximal force of around 100,000 to 200,000 × g is applied for 45 to 150 min to pellet putatively smaller/lighter EVs.
These figures can be used to calculate the sedimentation coefficient (S) of the particles recovered by these different protocols:
S = adjusted K factor of the rotor/Time of centrifugation. Theoretically, particles with S coefficients in the range of 15–150 are
recovered by the ‘larger EV’ centrifugation conditions, and those in the range of 2 to 5 by the ‘smaller EV’ conditions. Particles
with smaller S can be recovered by extending the speed and time of centrifugation, at the cost of increasing NVEP/free protein
co-isolation. Depending on the centrifugation parameters, the resulting pellets may be enriched for large/dense or for small/light
EVs, but complete separation of these populations is not achieved. Yield of smaller EVs may also be low, especially when sus-
pended in protein-rich fluids such as blood products and complex culture medium components, and this problem may not be
resolved by simply increasing centrifugation time or speed (Driedonks et al., 2019; Zhang, Borg, et al., 2020). Examples of dUC
protocols (with or without density gradient, see next section) and downstream comparison of EVs include (Jeppesen et al., 2019;
Kowal et al., 2016; Lischnig et al., 2022; Martin-Jaular et al., 2021).
The majority of published studies have focused on smaller EVs and thus discard and/or do not analyse the pellet(s) obtained

with lower-speed centrifugation. To allow comparison between studies and to avoid pelleting larger particles and potentially
introducing artefacts, however, it is recommended to perform these first centrifugations. The strong g-force of high-speed UC
has also been shown to induce aggregation of EVs (Linares et al., 2015), but this may not be observed for all sources of EVs.When
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analysing a new source of EVs, retain the intermediate centrifugation pellets and analyse them side-by-side at least once with the
final, highest-speed pellet to determine whether the molecules or activity of interest are specifically enriched in small EVs or are
also present in other subtypes.

Summary: dUC

∙ Enriches for EV subtypes that are separated according to their sedimentation coefficient, proportional to their diameter and
density.

∙ Co-isolates NVEPs that have the same sedimentation coefficient as EVs, especially after high-speed and lengthy ultracentrifu-
gation.

∙ May induce aggregation of EVs.

Reporting recommendations: for differential (ultra)centrifugation, report the following:

∙ speed, rotor type, and time of centrifugation, to allow calculation of the adjusted k-factor (to apply to other rotors) and the
sedimentation coefficient of the pelleted EPs;

∙ tube type and sample volume in the tube;
∙ temperature during centrifugation;
∙ acceleration and deceleration (brake) settings.

. Density gradient/cushion

Density gradients or cushions can be used to separate certain NVEPs and proteins from EVs based on the characteristic densities
of different classes of EPs (Raposo et al., 1996). Gradients are prepared of layers consisting of different ratios of a selected dense
medium (like sucrose, iodixanol or iohexol) and aqueous buffers, with density decreasing from bottom to top of the gradient,
whereas cushions consist of a homogeneous layer of dense material below an aqueous column. EV-containing materials can be
loaded beneath a gradient (‘bottom-up’) or onto the top of a gradient or cushion (‘top-down’) and then ultracentrifuged. In the
bottom-up approach, the EV-containing preparation is mixed with high-density medium, loaded at the bottom of a centrifuge
tube, and overlayed with layers of decreasing density; the preparation may also be underlaid under a prepared gradient. As
ultracentrifugation proceeds, particles that are less dense than the surrounding medium float upwards. With sufficient time,
particles will ultimately reach a density fraction corresponding to their buoyant density. Since smaller EVs travel at a relatively
slower rate than larger EVs, especially in viscous media, the bottom-up approach in velocity sucrose density gradient UC can
also be used to separate EVs according to size (Aalberts et al., 2012). In top-down settings, the EV-containing preparation in
a low-density medium is loaded onto the top of a gradient or cushion: for gradients, particles travel into the gradient at a rate
corresponding to their density and size until their equilibrium buoyant density is reached; for cushions, particles that reach the
cushion remain at the interface if less dense than the cushion material but continue into and through the cushion if they are
denser. The cushion approach is thus easier to implement but separates EPs by a threshold of density. Importantly, for gradients,
lengthy ultracentrifugationmay be needed for optimal separation [e.g., longer than 48 h (Aalberts et al., 2012; Palma et al., 2012)],
but shorter spins may suffice for some applications [e.g., 1–2 h (Kowal et al., 2016), 16 h (Aalberts et al., 2012; Liao et al., 2019)].

Following separation by gradient, fractions must be collected carefully to avoid disrupting the gradient. It is good practice
to confirm density of final fractions, for example, by weighing given volumes or measuring refractive index. Before performing
most downstream assays, the density medium must be removed. This can be done, for example, by diluting the fractions with
buffer and ultracentrifuging, or by using SEC. Recovery after density gradient and fraction washing is relatively low.

Summary: density gradients and cushions

∙ Can be implemented in different settings (top-down, bottom-up) depending on the aim, that is, to separate EVs from proteins,
or from NVEPs, or to separate EV subtypes.

∙ Leads to low recovery of high-purity material (based on density).

Reporting recommendations. For density gradients and cushions, report the following:

∙ density material, buffer composition, and exact method of gradient/cushion preparation;
∙ volume and concentration of material loaded, as well as method of loading onto or at the bottom of the column;
∙ exhaustive description of centrifugation parameters (same as for dUC);
∙ details of collection procedure, final densities of fractions (where relevant), and washing.
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. Size exclusion chromatography

SEC separates nanoparticles including EVs based on size (Boing et al., 2014; Karimi et al., 2018). In SEC, a sample is placed onto
the top of a column loaded with a matrix that contains passages with defined pore size. Driven by gravity or by pressure from a
pump, larger particles pass through the matrix quickly, without entering the pores, and can be collected as early fractions, while
smaller particles (smaller than the matrix pore size) are retained longer and elute predominantly in later fractions. Certain SEC
matrices allow separation of EV-sized particles (EVs, viruses, larger lipoprotein particles) from small NVEPs and free proteins.

Variables that affect the degree of separation by SEC include the matrix composition and pore size, column packing method,
the ratio of column length to diameter (or volume), flow rate (gravity vs. defined pressure), and applied sample concentration
and volume. Size exclusion columns can be home-made or purchased. Commercial columns are often packed under strictly
controlled conditions and may allow more reproducible results than home-made columns. Abundance and purity of EVs and
other NVEPs in collected fractions must be established through careful characterisation, as for all other methods. SEC dilutes
the sample, increasing volume compared with the input material, so concentration of a sample before or after SEC may thus
be needed. SEC size separation can be combined with affinity methods by modifying the matrix. The related method of bind-
elute chromatography combines size-based separation with selection by charge or molecular affinity and permits a single elution
(with retention of unwanted materials) that may be amenable to high-throughput separations, for example, in multi-well plates.
In some cases, SEC matrices can be reused after thorough cleaning.

Summary: SEC

∙ SEC is an easily accessible technique for size-based separation of particles.
∙ Columns can be packed with a variety of matrices and at different scales, depending on desired capacity and resolution of
separation.

Reporting recommendations. For SEC, report the following:

∙ type of matrix and pore size; height and diameter (or volume) of matrix-containing column;
∙ method of column packing (or source of commercially-available columns);
∙ source, volume and particle concentration of pre-SEC sample, including any prior separation/concentration steps;
∙ buffer composition;
∙ specify gravity flow or pressure. If pressure, indicate pump system and pressure parameters;
∙ void volume and numbers and volume of fractions collected;
∙ any post-SEC concentration methods;
∙ if columns are re-used, method of column regeneration and number of times the column has been used.

. Fluid flow-based separation

Fluid flow-based techniques separate EVs and other particles based on one or more particle properties, but without relying
on a ‘matrix’ or stationary phase. The two main categories of flow-based techniques currently used in EV studies are field-flow
fractionation (FFF,Giddings et al., 1976) and free-flow electrophoresis (FFE, Preußer et al., 2022). These techniques can be applied
to highly heterogeneous input materials, and the absence of a solid phase allows high particle recovery. They are also among the
gentlest of separation methods and may thus be used to study molecules that are loosely associated with EVs.
The most prevalent FFF approach in EV studies is asymmetric flow FFF (AF4, Sitar et al., 2015), in which particles in a sample

are transported by fluid flow with a parabolic pattern through a long, thin channel, while a field perpendicular to the direction
of transport tends to concentrate particles against the bottom of the channel. Smaller particles, diffusing more rapidly, are more
likely to enter the higher-velocity flow regions in themiddle of the channel, and particles are thus separated by hydrodynamic size.
Some degree of purification may also be achieved by a channel bottom consisting of a molecular weight cut-off filter. Although
AF4 can precisely separate particle populationswith small differences in size (Hood et al., 2014; Zhang et al., 2018), it is not specific
to EVs in its standard configuration. AF4 is also not a preparative technique. In contrast, FFE combines flowwith electrophoresis,
adding separation by, for example, isoelectric point (Preußer et al., 2022). Introducing separation buffers with different pH or
other characteristics across the separation channel allows high-resolution separation of different EV and other EP populations.
FFE can be done at various scales.

Summary:

∙ Fluid flow-based separations such as AF4 can achieve size-based separations with high resolution.
∙ Lacking a solid phase and with limited applied forces, flow is gentler than most EV separation techniques.
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∙ Size-based separation can be combined with separation by other principles by applying different types of fields.
∙ Preparative scales can be reached with flow techniques such as free-flow electrophoresis.

Reporting recommendations. For flow-based separations, report the following:

∙ all instrumentation, including pumps and collection devices;
∙ composition of all buffers and their filtration. Especially in FFE: how properties of the buffers were confirmed;
∙ all field characteristics such as flow rates and pressures, pH gradients, electric field;
∙ dimensions and composition of separation chambers, including any molecular weight cutoff plates;
∙ all relevant details of fraction collection.

. Charge and molecular recognition-based separations

The common principle of all affinity methods is to capture EVs based on their surface charge or molecular composition. Ion-
exchange chromatography takes advantage of a very simple affinity of particles/surfaces of opposite charge: EVs and/or NVEPs
have affinity for a matrix based on negative (anion-exchange) or positive (cation-exchange) surface charge (Saari et al., 2023).
In contrast, the term ‘affinity separation’ as commonly used in molecular biology refers to methods that harness the specific
recognition of one macromolecular complex for another. In this context, affinity probes include heparin and various lectins
(which bind glycans, Balaj et al., 2015); specific full-length proteins with affinity for a particular lipid or protein (e.g., Tim4 for
phosphatidylserine, (Nakai et al., 2016); peptides that bind specific EV surface proteins (Bai et al., 2014; Gao et al., 2018; Gobbo
et al., 2016; Joy et al., 2018; Liu et al., 2019; Pham et al., 2021; Suwatthanarak et al., 2021) or the membrane more generally (Gori
et al., 2020; Ishida et al., 2020; Yang et al., 2022), including curvature-sensing peptides that select for EVs in certain size ranges
(Saludes et al., 2012); aptamers [short single-stranded DNA or RNAmolecules that are developed to bind specific targets (Zhang,
Yue et al., 2019)]. Antibodies that are raised to recognise specific EV surface molecules are the most commonly used affinity
reagents, and their most-used targets are the tetraspanins (Kowal et al., 2016; Mathieu et al., 2021).

In molecular recognition-based affinity approaches, the EV-containing fluid (which may have first been concentrated accord-
ing to Section 4.1) is introduced to affinity probes before or after the latter are bound to a matrix, such as a membrane or beads.
Beads, in turn, can be placed in a column or tube to facilitate binding and washing. Molecular target-displaying materials are
boundby affinity probes to thematrix (‘pull-down’), while unboundmaterial flows away (‘flow-through’).Non-specifically bound
materials may be removed by one or more washes. If EVs are the intended target, detergent should not be present in the dilu-
tion and washing buffers unless at very small concentrations (0.001% or less) to minimise non-specific binding to the capturing
matrix or between EVs. To evaluate the efficiency and specificity of recovery of the targeted EVs, it is recommended, at least
during protocol development, to compare side-by-side the flow-through and the pull-down by biochemical analyses, measuring
the affinity motif and a few EV markers (see Section 5).
Bound EVs can be dissociated from thematrix and recovered by a variety of techniques, ranging from changing the properties

of the buffer, to adding an excess of target molecules (e.g., sugars or lipids), to eliminating factors required for efficient binding
(e.g., using EDTA to chelate calcium). However, some affinity reagentsmay bind tightly to their EV target and require removal by,
for example proteases. In some cases, the EV-binding molecule and/or the matrix may be recovered together with the EVs. This
may not be an issue if downstream analyses are not affected by these materials (e.g., nucleic acid analysis of EVs contaminated
with a protein-based affinity probe), but it may be in other cases, (e.g., in functional uses, since the EV surface is modified by an
EV-binding molecule). Antibodies are particularly difficult to separate from EVs. Low pH treatment classically used to separate
antibodies and antigens will likely affect the structure of EVs, and protease treatments may also digest proteins on the surface of
the EVs.

In any molecular affinity approach, it is important to understand the degree to which the target molecule is associated with
EVs versus NVEPs, or with one EV subtype versus others, and to assess the specificity of the capture reagent. For example, the use
of CD9 or CD63 affinity capture for urinary EVs (uEVs) excludes uEVs from cells of the proximal nephron (Blijdorp et al., 2021;
Limbutara et al., 2020). In another example, the literature on L1CAM affinity (a putative neuronal EV marker) has developed
substantially since MISEV2018. Although L1CAM has been investigated as a membrane-associated antigen to separate putative
neuronal EVs from peripheral blood samples, it has more recently been described as being in a cleaved, mostly soluble form in
certain EV sources (Norman et al., 2021). It is also found on EVs from a variety of sources, not just neurons, and a widely-used
anti-L1CAM antibody might also recognise other targets (Gomes &Witwer, 2022; Norman et al., 2021).
Summary: charge and molecular recognition affinity-based methods

∙ Separate components of EV preparations according to surface charge or exposure of a specific molecular determinant.
∙ Will co-isolate all EV subtypes or NVEPs which expose a given charge or molecular determinant: specificity and recovery
depend on the specificity versus universality of exposure of the chosen molecular determinant.
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 of  WELSH et al.

∙ Antibody-based affinity separation leads to co-isolation of the determinant-exposing EPs with the antibody and/or isolation
beads.

∙ Efficiency and selectivity must be quantified when establishing the protocol by quantifying material recovered in pull-down
versus flow-through.

Reporting recommendations: for affinity-based separation, report the following:

∙ molecule used as affinity probe (nature, source);
∙ matrix (beads, gel, column);
∙ incubation times;
∙ buffer and number of washes;
∙ elution process (such as elution buffer composition, time).

. General considerations and caution on kit-based approaches

Due to overlapping biophysical characteristics of EPs (Geeurickx et al., 2019; Karimi et al., 2018) and the abundance of many
NVEPs in various EV sources, complementary separation techniques are increasingly applied sequentially (Benedikter et al.,
2017; Stam et al., 2021; Zhang, Borg, et al., 2020) (arrows in Figure 2), which allows increased specificity. Examples of methods
used to separate EVs from protein aggregates and other NVEPs include size exclusion chromatography, density gradient ultra-
centrifugation (Jeppesen et al., 2019), asymmetric flow field-flow fractionation (AF4) (Zhang et al., 2018) and ultra-high-speed
ultracentrifugation (Zhang, Higginbotham, et al., 2019; Zhang et al., 2021). However, some of these studies suggest that several
proteins previously proposed to be sEV markers are equally, if not more, abundant in NVEPs, thus calling for re-evaluation of
the achieved EV selectivity.
Conversely, a growing realization sinceMISEV2018 is that somemolecules that co-isolate with EVs, including proteins, nucleic

acids, sugars, and lipids, could be viewed not as ‘contaminants’, but rather as a part of a dynamic EV ‘corona’ (Buzas, 2022;
Palviainen et al., 2020; Tóth et al., 2021). Molecules and even biological nanoparticles such as lipoproteins (Busatto et al., 2022;
Sódar et al., 2016) may adsorb to the EV surface where they may serve as biomarkers or contribute to EV function (Musicò et al.,
2023; Radeghieri et al., 2022). The EV corona may be removed in part or in full by separation processes including dUC and SEC
(Singh et al., 2020;Wolf et al., 2022). Ongoing studies of the EV coronamay change howwe view contaminants and the perceived
need for highly pure EVs; this point is also relevant for the next MISEV section, on EV characterization.

Only methods using readily (i.e., commercially) available devices and instruments are described in this section. However,
new developments of separation methods, including those involving equipment built in individual laboratories, are occurring
constantly and are strongly encouraged by ISEV. When establishing a new separation/concentration workflow, a good practice
is to assess the extent of EV separation/concentration with methods discussed in Sections 5 and 6 and with careful and complete
book-keeping. Comparing the results with those of another already established method is also recommended. For example, EV
marker proteins can be tracked and related to total isolated protein to determine fold enrichment over total protein reported
and account for EV marker losses (Geeurickx et al., 2019; Zhang, Borg, et al., 2020). Results will indicate recovery and degree
of enrichment and will also show whether the separated EV population is representative of the original population or has been
selectively obtained.
Finally, some cautionary notes on commercial kits. Numerous kits are advertised as obtaining specific types of EVs (usually

‘exosomes’) or EVs from specific types of sources. These kits may or may not achieve EV separation or concentration based on
a variety of principles, including polymer precipitation, membrane affinity, antibody capture and filtration. These kits may be
helpful under certain circumstances, but EV researchers should be aware of several major caveats. Kits that do not disclose details
of the principles of EV separation/concentration may produce results that are difficult to interpret, not least because they may
introduce unknown contaminants (e.g., polyethylene glycol for some polymer precipitation kits). Extra work may be needed to
compare these methods with results from other techniques and to place the results on the recovery/specificity grid (Figure 2)
for better interpretation. Precipitation-based kits in particular will concentrate all EPs in a mixture, even many free proteins,
resulting in a highly impure preparation, especially from complex, NVEP-rich sources such as blood plasma and serum. Use of
such kits is strongly discouraged unless for volume reduction alone (Gámez-Valero et al., 2016; Karttunen et al., 2019; Lobb et al.,
2015; Paolini et al., 2016). In contrast, affinity-based methods may isolate only subtypes of EVs, and the specificity of the affinity
reagents may be difficult to assess if the exact reagents are not disclosed. Generally, kits that disclose contents and principles
should be preferred over kits that make unsubstantiated claims (e.g., ‘exosome’ isolation) and do not provide details.
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Recommendations

∙ If separation/concentration is not done, indicate why. Otherwise, justify why each separation/concentration method
was selected in terms of yield and specificity.

∙ Provide sufficient methodologic detail to allow replication of each separation and concentration step.
∙ Report any measurements that are used to assess the separation/concentration process(es). Where applicable and

feasible, and especially when establishing a new workflow, check EVs before and after each step. For example, track
EV marker protein levels relative to total protein to estimate fold enrichment and yield for each step.

∙ For affinity-based EV separation approaches, establish molecular specificity of reagents and EV/EV subtype-
specificity of all targeted markers.

Consensus: 74.4% (743) ofMISEV2023 survey respondents agreed “completely,” and 24.8% (248) agreed
“mostly” with Section 4: EV separation and concentration. 0.1% (1) “mostly” disagreed, and 0.6% (6)
stated that they had no opinion and/or expertise. No respondents disagreed “completely.”

 EV CHARACTERIZATION

EV characterization is needed for estimation of EV quantity, to establish the presence of EVs, and to assess the contributions
of non-EV components to an EV preparation. Characterization is challenged by small particle size, heterogeneity of EV size
and molecular heterogeneity, a lack of universal EV identification methods, and the non-EV-specificity of many measurement
techniques. As a result, no single measurement or method is able to satisfy all EV characterization requirements, and use of
orthogonal methods (those that do not have the same measurement limitations) is recommended.
If making claims about an EV preparation, the extent to which a sample will need to be characterised to justify the claims

may depend upon the source of the material (see Section 4). This may mean additional characterization steps are needed with
different samples andmay alsomean that additional reporting information is required to allow the influence of other preanalytical
variables on EVs to be assessed.
Overall EV composition (contribution to total mass of proteins, lipids, nucleic acids and other biomolecules) varies by EV

source. While measurement of these individual molecular classes can be used to estimate EV abundance, these values do not
necessarily perfectly correlate with EV concentration, nor is there universality across source materials; thus, they should not be
used as a sole measure of EV concentration.
Just as no singlemolecular classmeasurement can quantify all EVs, there are also no universal molecularmarkers of EVs or EV

subtypes.Markersmust be chosen based on source- and type-specific evidence. Currently, no genericmarker is known to identify
all EVs irrespective of source. Although several proteins have been proposed as putativemarkers of EV biogenesis pathways (e.g.,
Annexin A1 (Jeppesen et al., 2019), SLC3A2, and BSG (Mathieu et al., 2019) for purported ectosomes, and Lamp1 (Mathieu et al.,
2021)) for purported exosomes, the universality of these markers is not yet clear or accepted. Note that affinity-based protocols
involving the tetraspanins CD9, CD63 and CD81 are not specific for exosomes as an EV subtype; using antibodies to each of these
tetraspanins enriches EV populations that do not completely overlap inmolecular composition (Kowal et al., 2016;Mathieu et al.,
2021). Additionally, not all EVs display these tetraspanins, therefore tetraspanin enrichment does not capture all EVs.
Orthogonal methods measurements of the same parameter are unlikely to have the same biases; for example, the derivation

of diameter from optical versus non-optical methods. Characterization of EV samples using orthogonal methods is critical to
provide evidence that co-isolates are not responsible for biomarker or functional findings. Due to many EV characterization
methods being either not EV specific or unable to detect all EVs, transparent reporting of methods and results is needed for
reproducibility of EV data. A framework for reporting EV data has been previously developed and updated in the form of EV-
TRACK (EV-TRACK Consortium et al., 2017; Roux et al., 2020). Standardization of EV characterization has been supported by
ISEV workshops, the ISEV Rigor and Standardization Task Forces, and ISEV position papers (Clayton et al., 2018; Nieuwland
et al., 2020; Welsh, Van Der Pol, Arkesteijn, et al., 2020).

In the following sections different approaches to EV characterization are discussed, with each section providing recommen-
dations if that characterization approach is taken. Overall recommendations for characterization, regardless of the method, are
summarised below.

Recommendations

∙ Each EV preparation should be defined by quantitative measures of the source of EVs (e.g., number of secreting cells,
volume of biofluid, mass of tissue).

∙ Approximations of the abundance of EVs should be made (particle number, protein, and/or lipid content).

 20013078, 2024, 2, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12404 by C

olorado S
tate U

niversity, W
iley O

nline L
ibrary on [09/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 of  WELSH et al.

∙ EV preparations should be tested for the presence of components associated with EV subtypes or EVs generically,
depending on desired specificity one wishes to achieve.

∙ Establish the degree to which non-vesicular, co-isolated components are present.
∙ Provide an indication of the instrument/method limit of detection (LOD) when EVs are characterised with

quantitative metrics.

. Quantification of particle number concentration

EV number can be used along with volume measurement to define the number concentration (in particles/mL), a metric that is
widely reported and used for assay input standardization, assay output measurements, and in vivo dosing. However, it is often
unreliable, since many techniques lack specificity for EVs and sensitivity for all EVs.
The ISEV Rigor and Standardization EV Reference Material Task Force recently outlined the considerations in measurement

techniques, along with the challenges faced by the field in moving towards traceable measurements, for the development and
reporting of well-characterised EV reference materials (Welsh, van der Pol, Bettin, et al., 2020). A key highlight of this work is
the need to report assay LOD, allowing others to validate findings irrespective of the sensitivity limit. Note that reported EV
concentration in blood plasma spans six orders of magnitude depending on the measurement method (Johnsen et al., 2019).
Greater confidence in EV concentration measurements may be achieved by using orthogonal methods, each with defined LODs,
for example, detecting light scattering intensity, fluorescence intensity and physical size, since orthogonal methods do not share
the same measurement limitations (Arab et al., 2021; Silva et al., 2021). For example, for resistive pulse sensing (RPS) techniques
that are calibrated with size-standards, a LOD can be reported in diameter. The lower LOD for RPS will most likely be due to
sensitivity limitations, while the upper LODwill be influenced by the pore size. For optical techniques such as flow cytometry, the
LOD may be reported in diameter, derived from light-scattering optical models, or molecules of equivalent soluble fluorophore
(MESF), derived from fluorescence intensities. These approaches result in concordant data across instruments and sensitivities
(Welsh, Van Der Pol, Arkesteijn, et al., 2020; Welsh, Jones, et al., 2020; van der Pol, Sturk, et al., 2018). Currently, there is no
method to derive a traceable LOD for nanoparticle tracking analysis (NTA), DLS, or imaging flow cytometry, due to the num-
ber of variables involved in particle detectability. Techniques that output concentration measurements without any phenotypic
characterization, such as the use of membrane dyes, can lead to overestimation of EV concentration due to dye self-aggregation
and an inability to differentiate between EVs and other co-isolates (Takov et al., 2017). A membrane dye lacking these problems
could lead to underestimation unless it universally stained all EVs, irrespective of composition and derivation, and such a dye
has not yet been reported. Further instrument and assay-specific recommendations can be found in Section 6.
For techniques that cannot differentiate EVs from other potential co-isolates or suspension contaminates, it is recommended

that concentration be reported as ‘particle or EP concentration’ and not ‘EV concentration’, regardless of upstream separation
steps.

Recommendations

∙ Report the LOD of each assay, or state that it is not quantifiable or known.
∙ Where possible, report data from dilution series to demonstrate that concentration derivations were in the linear

region of system measurement.
∙ Where possible, use orthogonal methods to determine particle number.
∙ Unless methods are highly specific for EVs, the output of these measures should be described as pertaining to

‘particles’ or ‘EPs’.

. Quantification of particle size

Measurements of EV size (in nm radius or diameter) rely on assumptions, such as of sphericity or mobility, and output can be
influenced by upstream variables (Tian et al., 2020). Common high-throughput methods assume that EVs are spherical. These
include flow cytometry, NTA, RPS, multi-angle light scattering and dynamic light scattering (DLS). While ‘size’ and ‘diameter’
are often used interchangeably betweenmeasurementmethodologies, the way in which they are derived can also result in consis-
tent differences in measurement techniques. For example, techniques relying on the mobility of particles, such as NTA or DLS,
measure hydrodynamic diameter, resulting in an overestimation of size compared with an imaging method such as cryo-EM
(Chernyshev et al., 2015; Skliar et al., 2018). Few if any methods are able to measure EV size accurately throughout the entire
possible EV diameter range, from tens of nanometres to microns. For example, while high-resolution imaging by cryo-EM is one
of the most accurate methods (Yuana et al., 2013), it is relatively low-throughput, and many larger EVs that tend to be orders of
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magnitude less abundant may not be quantified. The ability to quantify low contrast EVs below 100 nm may also be a limiting
factor.
As more researchers use dedicated single-particle techniques with increased sensitivity, it is becoming increasingly clear that

many EV preparations display an asymmetric right-skewed distribution, for example, a log-normal distribution, with the major-
ity of EVs <100 nm in diameter (Bachurski et al., 2019; Dong et al., 2020; Lennon et al., 2019; Tian et al., 2018, 2020; van der
Pol, Coumans, Grootemaat, et al., 2014). Most single-particle analysis techniques cannot resolve the full population of EVs, so
the detected EV diameter distribution should be shared, not just a summary metric such as mean, mode, or median size, which
can be easily skewed depending on the LOD and the asymmetric size distribution (Welsh, van der Pol, Bettin, et al., 2020). Be
aware that the modal size statistic, as measured, for example, by NTA for low refractive index particles, may better approximate
the instrument LOD than the true modal diameter of the EV population (Bachurski et al., 2019). Techniques using software
with proprietary algorithms to determine particle diameter may also result in variation between software versions or software
platforms (van der Pol, Coumans, Grootemaat, et al., 2014); software and version should therefore be reported. Techniques deriv-
ing size from refractive index assumptions may result in variation due to differing compositions and cargo. Derivation of size
from fluorescent probes, such as membrane intercalating dyes, may result in variation due to different dye intercalation based
on different membrane lipid compositions. For techniques that cannot differentiate EVs from co-isolates/contaminants, it is
recommended that diameter be reported as ‘particle’ or ‘EP’ diameter and not ‘EV diameter’, regardless of upstream separation
steps.

Recommendations

∙ Where possible, make orthogonal measurements to increase confidence in size distribution.
∙ EV diameter distribution of a population should be shared, not just mean, mode, or median.
∙ Consider the LOD of the method chosen and how this may influence the data.
∙ Report instrument settings, software platforms and versions and possible influence of measurement reagents,

especially intercalating dye.

. Quantification of total protein

Total protein (in µg, or µg/mL for concentration) in an EV preparation can be approximated by colorimetric assays, fluorometric
assays, global protein stain on SDS-PAGE, or absorbance readings, each with differing sensitivities and accuracies (Vergauwen
et al., 2017). As a bulk analysis technique, total protein quantification often overestimates EV concentration due to co-isolated
protein, especially for less specific methods of EV separation or complex biofluids. Conversely, highly purified, low-yield EV
preparations may challenge assay sensitivity. Since measured protein concentration may vary depending upon whether intact or
disrupted EVs aremeasured, details of physical disruption and the nature and concentration of any detergent should be indicated.

Protein concentration as a surrogate of EV concentration should be used with caution and is generally not recommended, as
enrichment of some proteins per EV may occur with different cellular phenotypes or stimulations. Since protein:particle ratios
also depend on the LODs lower concentration limit of detection or lower size limit of detection of each assay/instrument, it is
recommended to provide absolute protein and particle concentrations separately if ratios are reported.

Recommendations

∙ Report output by ‘particles’ or ‘EPs’ unless evidence of upstream processing is highly specific for EVs.
∙ Report the lower concentration limit of detection of each assay to facilitate interpretation.
∙ For ratios, report the original constituent measurements, not just the ratio.
∙ Protein concentration should be within the linear range of the reference curve, which should also be reported.
∙ Report whether intact or disrupted preparations are used.

. Quantification of total lipids

Total lipid quantification of EV samples can be achieved by colorimetric assays (Visnovitz et al., 2019), fluorescence of membrane
intercalating dyes, total reflection Fourier-transform infrared spectroscopy (FTIR) or chromatography (Mihaly et al., 2017). How-
ever, intercalating dye methods and FTIR may be insufficiently sensitive for small amounts of EVs, and some methods require
highly specialised equipment. It remains unknown whether these techniques detect all EVs independent of lipid composition.
Total lipid measurements may overestimate EVs due to co-isolated NVEPs such as lipoproteins.
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 of  WELSH et al.

Recommendations

∙ Consider the LOD of your assay.
∙ Consider how co-isolated NVEPs may influence your measurement.

. Quantification of total RNA

RNA is a frequently studied EV-associated molecule (see Section 6.5), so basic characterization of EV preparations may include
total RNA quantification as a quality control component or for normalization in profiling and functional studies. Quantification
of total EV RNA can be done by capillary electrophoresis and other methods. However, using total RNA as a surrogate for EV
concentration or purity is difficult to recommend due to vastly more abundant extra-EV RNA in many EV sources. Some meth-
ods of RNA quantification do not distinguish between RNA and DNA. Isolation kits have also been demonstrated to influence
downstream results (Eldh et al., 2012). An early ISEV RNA position paper recommended the use of sensitive techniques such as
Agilent Bioanalyzer pico chip or Quant-iT RiboGreen RNAAssay for EV RNA quantification over less sensitive methods such as
NanoDrop (Hill et al., 2013). However, several nucleic acids dyes, such as RiboGreen, are not specific for RNA over DNA. Addi-
tionally, small RNAs require specialised Bioanalyzer kits. Other sensitive methods include the Qubit microRNAAssay kit, which
has sensitivity for small RNAs. Pre-treatment with RNase-free DNase may be useful for accurate RNA quantification since many
techniques are sensitive to DNA contamination. However, DNase treatment may not completely remove all DNA contamination
(Verwilt et al., 2020).

Recommendations

∙ Consider the ability of your assay to discriminate between RNA and DNA, and the limits of detection of your chosen
method.

∙ Report any enzymatic pre-treatments of the sample, for example, with DNase.

. Characterization of EVmorphology

EV morphology is currently best assessed for smaller EVs using high-resolution imaging techniques such as: scanning electron
microscopy (SEM) (Cavallaro,Hååg, et al., 2021) , transmission electronmicroscopy (TEM) (Théry et al., 2006), cryo-EM(Arraud
et al., 2014; Stoner et al., 2016;Wu et al., 2015); and scanning-probemicroscopy (SPM), including atomic forcemicroscopy (AFM)
(Sharma et al., 2011). EVs that are much larger than the light diffraction limit (≳200 nm diameter) might be assessed by conven-
tional light microscopy. These techniques are not necessarily interchangeable or capable of attaining comparable image quality.
For example, desiccated conditions may cause EVs to form an artefactual cup shape, not seen under hydrated conditions. Imag-
ing techniques may allow assessment of EV purity, at least at the particle level, if they can visualise co-isolated NVEPs equally
well. Imaging techniques are often limited by low throughput and the potential for bias based on field-of-view selection (Rikkert
et al., 2019).

Recommendations

∙ Irrespective of imaging technique, report all experimental details. These include the instrument, software version,
acquisition and analysis settings, sample preparation processes, how the imaged areas were selected, and controls
and calibration information where relevant. Further details can be found in Sections 6.4.1 and 6.4.4.

. Characterization of EVs by protein composition

Because of the heterogeneity of EVs, MISEV2023, like MISEV2018, cannot recommend molecular markers of specific EV sub-
types.MISEV2023 recommends the five-component framework introduced inMISEV2018 for reporting claims about the protein
content of EVs (Table 3). Categories 1 and 2 assess the presence of EVs features. Category 3 assesses purity from common contam-
inants. Categories 4 and 5 provide additional information on possible intracellular origins of EVs (4) or co-isolates (5). Ideally,
enrichment or depletion of markers in EV preparations versus unfractionated source material should be shown. To avoid per-
ceived restrictions on which EV proteins should be analysed, MISEV2023 gives only a few nominative examples (Table 3). Other
putative marker proteins can be assigned to one of the categories using databases such as Uniprot (https://www.uniprot.org/),
where the section ‘Subcellular location’ indicates subcellular compartments or extracellular location, and ‘features’ indicates
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TABLE  Protein content-based EV characterisation.

Category

- Transmembrane (or
GPI-anchored) proteins
associated with plasma
membrane and/or endosomes

All EVs
Non-exhaustive examples,
categorized a, b, c: by decreasing
strength of membrane association.

- Cytosolic proteins in EVs
All EVs

- Major components of
non-EV co-isolated
structures (NVEPs)

All EVs as purity control

- Transmembrane,
lipid-bound and
soluble proteins
associated with
intracellular
compartments other
than PM/endosomes

Subtypes of EVs and/or
pathologic/atypical
state, and/or novel
separation method

- Secreted proteins
recovered with EVs

Corona or functional
component of EVs

a: multi-pass transmembrane
proteins.

Tetraspanins (CD9, CD63, CD81,
CD82); other multi-pass
membrane proteins (CD47;
heterotrimeric G proteins GNA*,
TSAP6)

a: with lipid or membrane
protein-binding ability.

ESCRT-I/II/III (TSG101,
CHMP*) and accessory
proteins: ALIX (PDCD6IP),
VPS4A/B; ARRDC1;
Flotillins (FLOT1/2);
caveolins
(CAV*); syntenin (SDCBP)

a: lipoproteins.
Produced mostly by
liver, abundant in
plasma, serum.
Apolipoproteins

a: nucleus.
Histones (HIST1H**);

Lamin A/C
(LMNA/C)

a: blood-derived
corona proteins.

Partially overlapping
with 3a/3b:
apolipoproteins,
complement,
fibrinogen

b: single-pass transmembrane
proteins.

Major Histocompatibility Class I or
II, Integrins (ITGA*/ITGB*),
transferrin receptor (TFR2);
LAMP1/2;

heparan sulphate proteoglycans
including synde-
cans (SDC*); EMMPRIN (BSG);
ADAM10

b: promiscuous
incorporation into EVs
(and possibly NVEPs).

Heat shock proteins HSC70
(HSPA8), and HSP84
(HSP90AB1) note that both
are abundant also in NVEPs;
cytoskeleton: actin (ACT*),
tubulin (TUB*); enzymes
(GAPDH)

b: protein and
protein/nucleic acid
aggregates.
Immunoglobulins
(blood);
Tamm-Horsfall
protein
(Uromodulin/UMOD;
urine); albumin.

YWAH* (14-3-3*) and
AGO* (can be present
in EVs but generally
more abundant in
NVEPs).

b: mitochondria.
VDAC, cytochrome C

(CYC1); TOMM20

b: cytokines and
growth factors. e.g.,
TGFB1/2; IFNG,
VEGFA, FGF1/2,
PDGF*, EGF,
interleukins (IL*)

c: GPI- or lipid-anchored proteins.
Glypicans (GPC1), 5ʹnucleotidase
CD73 (NT5E),
complement-binding protein
CD59

c: exomere or
supermere-enriched
components.
HSP90AA/B, TGFBI,
HSPA13, LDHA/B

c: secretory pathway.
Endoplasmic reticulum,

Golgi apparatus:
calnexin (CANX);
Grp94 (HSP90B1);
BIP (HSPA5), GM130
(GOLGA2)

c: adhesion and
extracellular matrix
proteins.

Fibronectin (FN1),
Collagens (COL**),
MFGE8;
galectin3-binding
protein (LGALS3BP),
CD5L; fetuin-A
(AHSG)

d: others.
Autophagosomes,

cytoskeleton…
LC3 (MAP1LC3A),

Actinin1/4 (ACTN1/4)

At least one protein of categories 1, 2 and 3 should be analysed as EV hallmarks and to assess the presence of NVEPs in an EV preparation. Analysis of proteins of category 4 is optional,
as they may be present in some subtypes of EVs, or under certain conditions, with no general rule. Proteins of category 5 may bind to EVs after their release and may be part of the
recently described EV ‘corona’. Please note that this table provides a limited number of examples only for proteins commonly found in mammalian cell-derived EVs. Other proteins
that fall into the given categories may be equally valid, particularly for analysis of EVs from prokaryotic (bacteria) or non-mammalian eukaryotic sources (including parasites and
plants). For most proteins of interest, their subcellular location in intracellular compartments (for categories 1 and 4), or their transmembrane or lipid-anchored nature (for categories 1
and 2), is provided in the Uniprot database (www.uniprot.org).XX= human gene names.XX* orXX** used for families of multiple proteins, for example, for integrins: ITGA* indicates
any integrin alpha chain.
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 of  WELSH et al.

topological and transmembrane domains. Although these categories apply to EVs regardless of analysis method, some of these
markers may not be technically usable in some single-EV analysis techniques, which may require other controls. A variety of
methods exist to determine the presence of protein markers. The sensitivity, specificity, and reliability of these methods can vary.
Current assay- and instrument-specific reporting considerations are outlined in Section 6.

Recommendation

∙ Utilise the five-component framework (Table 3) for reporting claims about EV protein content.

. Non-protein markers of EVs

Non-proteinmarkers, such as phosphatidylserine, glycans or specific nucleic acids, are seldomEV-specific but in some casesmay
add support for the presence of a lipid bilayer or cytosolic components. Co-localization with protein markers may also provide
stronger evidence for the presence of EVs, for example, amembrane-intercalating dye and a tetraspanin-positive event, especially
for single-particle measurements. Non-protein markers may be detected directly with techniques such as lipid mass spectrom-
etry or Raman spectroscopy (Section 6.7), or indirectly using fluorescent probes such as membrane labels or intraluminal dyes.
Recommendations for the reporting of EV labelling with non-protein markers is outlined in Section 6.6. The non-EV-specificity
of most non-protein componentmarkers urges caution.Membrane dyesmay complex with any lipids, including those of NVEPs;
dyes that are activated by intraluminal enzymes such as esterases may not be present in all EV preparations or subtypes; nucleic
acid dyes have been used for EVs, but recommendations on controls and specificity are still needed (Liu et al., 2022).

Recommendations:

∙ If non-protein markers are used, consider using protein colocalization.

. Localization of EV-associated components

EV-associated components such as proteins, nucleic acids and glycans, may be luminal, in the membrane, or external to the EV.
Knowledge of topology may be important for understanding the biology. For example, must an EV fuse with a recipient cell to
deliver a luminal cargo, or can the EV simply present a surface-associated molecule to a receptor? The location of putative active
components should therefore be determined by performingmild digestions, permeabilizations or affinity reagent accessibility by
adopting or adapting previously published methods (Bonsergent & Lavieu, 2019; Cvjetkovic et al., 2016; Lai et al., 2015; Mateescu
et al., 2017; McKenzie et al., 2016; Osteikoetxea et al., 2015; Sharma et al., 2010; Sung &Weaver, 2017).

Recommendations:

∙ Consider how topology can be determined in method design.

Consensus: 72.3% (722) ofMISEV2023 survey respondents agreed “completely,” and 27.0% (269) agreed
“mostly” with Section 5: EV characterization. 0.3% (3) “mostly” disagreed, and 0.4% (4) stated that they
had no opinion and/or expertise. No respondents disagreed “completely.”

 TECHNIQUE-SPECIFIC REPORTING CONSIDERATIONS FOR EV CHARACTERIZATION

As utilization and expertise has expanded across a broad range of EV detection assays and instrumentation, the identification of
pertinent reporting criteria has also grown to ensure reliable and reproducible interpretation of data. A collated list of minimal
assay and instrument-specific reporting considerations are detailed here. These are generally applicable irrespective of exper-
iment design. The techniques listed in the following section are not exhaustive, and many detection technologies are under
development or being actively researched. The techniques listed are, however, all commercially available, with existing literature
from multiple researchers. These recommendations are not exhaustive, and further criteria are likely required due to subjective
experimental parameters.
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WELSH et al.  of 

. Flow cytometry-based methods

6.1.1 Bead-based flow cytometry

Bead-based flow cytometry has been used widely to interrogate EV surface proteins. Large beads capture particles regardless of
their surface composition (e.g., surfactant-free aldehyde/sulphate beads) (Théry et al., 2006), or antibody-conjugated beads cap-
ture particles exposing the corresponding antigen. Commercially available EV multiplex kits allow interrogation of 30 or more
surface antigens (Koliha et al., 2016; Wiklander et al., 2018). After capture, bead-associated particles are labelled with a fluores-
cently conjugated affinity reagent (or mixture of several) for detection. Differences in staining intensity are semi-quantitative
only, since signal derives from multiple particles captured by individual beads. A difference in signal intensity might thus mean
different particle concentration, epitope density, diameter distribution or relative abundances of EV subsets.
When reporting bead-based approaches, controls should include isotypes as detection antibodies, or isotype-conjugated

capture beads, and capture beads with detection antibody alone (for antibody-coated capture beads). Multiple EV input con-
centrations may be used to demonstrate titration of signal and rule out non-specific binding (Wiklander et al., 2018; Welsh
et al., 2022). Stained beads as a percentage is not a valid statistic; reporting normalised bead median fluorescence intensities is
recommended (Welsh et al., 2022). Reporting data and median fluorescent intensity statistics in molecules of equivalent soluble
fluorophore (MESF) (aswith single EVflow cytometry) from singlet gated beads is recommended to allow standardization of data
across instrument platforms and settings. If preparing beads in-house, reagents and conjugation chemistry should be reported,
while for commercial capture bead reagents, catalogue and lot numbers should be reported. Other reporting parameters include:
total bead number, the sample-bead incubation time, post-bead incubation wash methodology, detection reagent staining time
and post-staining wash methodology.

Recommendations:

∙ Controls should include isotypes as detection antibodies, or isotype-conjugated capture beads, and capture beads
with detection antibody alone (for antibody-coated capture beads).

∙ Multiple input EV concentrations should be used to demonstrate titration of signal.
∙ If making beads, reagents and conjugation chemistry should be reported. For commercial capture beads reagent

catalogue and lot numbers should be reported.
∙ Report normalised bead median fluorescence intensities.
∙ Report data and median fluorescent intensity statistics in molecules of equivalent soluble fluorophore (MESF) (as

with single EV flow cytometry) from singlet gated beads.
∙ Report full and detailed methodology.

6.1.2 Single-EV flow cytometry

Flow cytometry is an optical technique that has demonstrated detection of vesicles down to ∼40 nm in specialised cases (Zhu
et al., 2014) and ∼100 nm using many modern conventional cytometers by light scatter and fluorescence (Morales-Kastresana
et al., 2019; Sandau et al., 2020; Stoner et al., 2016; Welsh, Killingsworth, et al., 2021). Through calibration of data, flow cytom-
etry has been demonstrated to be capable of characterising particle diameter (Stoner et al., 2016; Tian et al., 2020; van der Pol,
de Rond, et al., 2018; Welsh, Horak, et al., 2020), epitope abundance (Gorgens et al., 2019; Welsh, Jones, et al., 2020), epitope
density (Welsh, Jones, et al., 2020), effective refractive index (Pleet et al., 2023; van der Pol, de Rond, et al., 2018) and num-
ber concentration within standardised size ranges (van der Pol, Sturk, et al., 2018). In 2023, a tri-society working group (EV
Flow Cytometry Working Group) initiative involving the International Society for Extracellular Vesicles, International Soci-
ety for Advancement of Cytometry, International Society for Thrombosis & Haemostasis, published a single-EV flow cytometry
compendium to comprehensively address the considerations for developing a single-EV flow cytometry assay (Welsh et al., 2023).

Calibration of fluorescent and light scatter parameters is critical for interpretation and replication of single-EV flow cytometry
results. If particle concentrations are reported using single-EV flow cytometry, define the upper and lower LOD to allow repli-
cation and interpretation of data using orthogonal techniques. Currently, imaging cytometers use a dynamic triggering method
that makes determination of the lower LOD difficult to define and therefore standardise.

In 2020, a comprehensive experiment and reporting framework was developed (MIFlowCyt-EV) and published as a position
paper by the EVFlowCytometryWorkingGroup (van der Pol et al., 2022;Welsh, Tang, et al., 2021;Welsh, VanDer Pol, Arkesteijn,
et al. 2020). The MIFlowCyt-EV reporting framework is split into categories of: preanalytical variables and experimental design,
sample preparation, assay controls, instrument calibration&data acquisition, EV characterization, FCdata reporting and FCdata
sharing. This reporting framework and learning resources for implementing theMIFlowCyt-EV framework can be found on the
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 of  WELSH et al.

EV Flow Cytometry Working Group website (www.evflowcytometry.org). Complete the MIFlowCyt-EV spreadsheet and attach
it as supplementary material for any manuscript with single-EV flow cytometry. The MIFlowCyt-EV framework is applicable to
all flow cytometers, including conventional, spectral, imaging and single-photon-detecting cytometers.

Recommendations:

∙ Refer to the ISEV-ISAC-ISTH MIFlowCyt-EV framework Position Paper and utilise the reporting framework as
supplementary material for any manuscript utilising single-EV flow cytometry.

∙ Ensure correct calibration of volume and fluorescent and light scatter parameters.
∙ Define upper and lower limits of detection to allow others to validate your work.

. Genetic protein tagging

EV proteins can be genetically labelled by introducing a genetic construct from which a tag, such as GFP, is ultimately co-
translated with a protein or protein domain of interest (Corso et al., 2019; Heusermann et al., 2016; Joshi et al., 2020; Mittelbrunn
et al., 2011). The tagged proteinmay be chosen based on its status as a general EV or EV subtypemarker (Section 5.7), and numer-
ousmarkers have been labelled (Corso et al., 2019; Dooley et al., 2021). Tagged proteins have been used to interrogate EV/subtype
release and uptake pathways (Mathieu et al., 2019; Mathieu et al., 2021) and to enable overall biodistribution and pharmacoki-
netics studies. Importantly, the tag itself or alterations in expression of the tagged protein may affect EV biogenesis (Fan et al.,
2020), loading, release, or function, so unlabelled EVs are recommended as a control to assess these possibilities. The fusion
protein may also affect subcellular localization or cellular functions. Localization of the chimeric versus wildtype protein should
be confirmed. Certain tags (e.g., GFP) may be subject to quenching in acidic compartments (Corrigan et al., 2014). Construct
maps should be provided and, where possible, plasmids deposited in Addgene (www.addgene.org) or other repositories.

Recommendations:

∙ Carefully consider the selection of the tagged protein and its suitability as an EV or EV subtype marker.
∙ Assess the subcellular localization and function of the chimeric versus wildtype protein in the cell and the EV by

comparing engineered and wildtype cells and labelled/unlabelled EVs.
∙ Report construct maps and deposit plasmids with a repository.

. Mass spectrometry proteomics

Mass spectrometry (MS) measures mass-to-charge ratio of molecules and, in EV studies, is commonly used to detect and char-
acterises EV-associated proteins in both discovery and targeted applications (Aebersold & Mann, 2003; Hoshino et al., 2020;
Pocsfalvi, Stanly, Vilasi, et al., 2016; Sodar et al., 2017). Targeted analyses are typically performed on a triple quadrupole (QQQ)
liquid chromatography (LC)-MS platform, while untargeted proteomics is commonly performed using Time-of-Flight (ToF) or
Orbitrap MS platforms (Liebler & Zimmerman, 2013). Targeted and untargeted proteomic approaches have nuances in terms of
applications, advantages and limitations in sample processing, data acquisition, and analysis (Granvogl et al., 2007; Klont et al.,
2018). Untargeted proteomic studies are used to identify all detectable ions within the sample, whether from EV-related proteins
or contaminant matrix proteins. This approach provides a comprehensive understanding of the sample protein composition and
is ideal for applications such as biomarker discovery (Nakayasu et al., 2021). For characterization ofMISEVEVpurity (Category 1,
2) and matrix contamination (Category 3) markers (Section 5.7), targeted peptide analysis may be more suitable, demonstrating
the presence or absence of each analyte above a pre-specified detection threshold. It can also quantify absolute protein abundance.
Multiplexing, for example, as in LC-MS workflows, can provide high sensitivity for limited sample volumes, such as for samples
from clinical trials (Newman et al., 2022). Targeted proteomics may be more suitable to quantify changes in protein abundances,
such as in a disease or therapeutic intervention (Pocsfalvi, Stanly, Fiumeet, al., 2016; Rodrigues et al., 2021). Inclusion of stable
isotope labelled (SIL) peptide standards enables absolute quantification of the corresponding endogenous analyte when used in
combination with ‘light’ peptide calibrators prepared in a matched matrix (Liebler & Zimmerman, 2013).
Instrument settings, including collision energy, gas flow and temperature, and capillary voltage, are platform and analyte-

specific and, as such, should be optimised and then kept constant for the duration of a project. MS instruments are sensitive to
contamination by ion-pairing reagents, buffer salts, and detergents, reducing sensitivity and assay performance. As such, EV pep-
tide samples for targeted LC-MS analysis should be prepared in low-salt buffer/MS-compatible solventmatrix and an appropriate
concentration of SIL peptide standard. Positive controls containing proteins of interest and negative controls, such as EVs from
alternative species or cell lysates not expressing a protein of interest, should be included in targeted analyses (Abbatiello et al.,
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2013; Bereman, 2015; Nakayasu et al., 2021). Report the sequences of target peptides and the strategy for peptide selection. The lin-
earity of response and limits of detection and quantification should be defined using synthetic light and heavy-labelled peptides
spiked into an appropriate matrix. Report normalization, for example, by total protein, volume of starting material or particle
count fromwhich proteins were digested and injected forMS analysis.When reporting results from either targeted or untargeted
proteomic studies, follow the Minimal Information About a Proteomic Experiment (MIAPE) guidelines for harmonization of
methodology and rigor/reproducibility (Gandham et al., 2020; Kreimer et al., 2015; Taylor et al., 2007). All sample preparation
techniques should be reported with reproducible experimental descriptions for each step. All data software and versions used
should be reported to understand how data were processed. Filters, scores and confidence levels for both identifications and
quantitation should also be reported, as well as the method used for quantitation if relevant (Martinez-Bartolome et al., 2013).
Data and metadata should be uploaded to a data repository to ensure that data generation and reporting remain rigorous and
potentially reproducible for EV experiments.

Recommendations:

∙ Optimise instrument settings and keep them constant for the duration of a project.
∙ In targeted LC-MS protein analyses, include both positive controls (containing proteins of interest) and negative

controls, such as EVs from alternative species or cell lysates not expressing a protein of interest.
∙ Spike SIL peptide standards into the EV matrix to assess matrix effects and to demonstrate the concordance of

retention times and quantifier-to-qualifier ion transition ratios between standards and endogenous analytes.
∙ For targeted MRM analyses, monitor at least one quantifier and one (preferably two) qualifier ion transitions.
∙ Define linearity of response and limits of detection and quantification using synthetic light and heavy-labelled

peptides spiked into an appropriate matrix.
∙ Report sequences of target peptides and the strategy for peptide selection, as well as the isotopic purity and source

of synthetic peptides.
∙ Sample preparation techniques, including the normalisation approach used, should be reported with detailed

experimental descriptions for each step in the workflow.
∙ Follow the reporting recommendations of the Minimal Information About a Proteomic Experiment (MIAPE).
∙ Upload data and metadata to a data repository.

. Microscopy-based methods

6.4.1 Atomic force microscopy

Atomic Force Microscopy (AFM) provides label- and stain-free imaging of individual EVs and co-isolated nanoparticles
(Bordanaba-Florit et al., 2021; Obeid et al., 2019; Sharma et al., 2018). AFM imaging requires analytes to be deposited on a solid
surface (substrate). Measurements can then be performed after either drying the sample or keeping it submerged in liquid, such
as saline or cell culture media. AFM morphometry can be used to obtain EV size distribution and ultrastructural details and
to check for the presence and relative amounts of contaminants (Cavallaro, Pevere, et al., 2021; Paolini et al., 2016, 2020; Parisse
et al., 2017). In addition, AFM is one of the very few techniques capable of measuring single-vesicle nanomechanical proper-
ties (Gautron et al., 2021; Piontek et al., 2021), which were found to correlate with EV identity and function (Bortot et al., 2021;
LeClaire et al., 2021; Romanò et al., 2022; Sorkin et al., 2018; Vorselen et al., 2018; Whitehead et al., 2015; Ye et al., 2021). The
unique mechanical fingerprint of EVs can also be used to discriminate them fromNVEPs of similar size and shape (Ridolfi et al.,
2020).
Minimal reporting requirements for the AFM imaging of EV samples comprise detailed information on the preliminary sam-

ple deposition procedure, substrate type and pre-treatment, immobilizationmethod, sample concentration and deposition times,
plus details on any rinsing and/or drying steps. AFM imaging mode, acquisition conditions, and probe information including
expected tip curvature radius and spring constant should also be provided. If quantitativemorphometry is performed, the heuris-
tics employed to select the measured objects, as well as the procedure to extract morphological descriptors from them, should be
described. Reporting the height of the detected particles, for example, greater than or less than the thickness of two lipid bilayers
(∼8 nm) may help distinguish between deformed EVs and non-EVs/collapsed EVs. In addition, EV mechanical studies should
describe the assumed contact mechanic model (Calò et al., 2014; Ridolfi et al., 2021; Vorselen et al., 2017), and, ideally, provide
enough data for the reader to be able to test alternative models.
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Recommendations

∙ Report preliminary sample deposition procedure, substrate type and pre-treatment, immobilizationmethod, sample
concentration and deposition times, plus details on any rinsing and/or drying steps.

∙ Provide AFM imaging mode, acquisition conditions and probe information, including expected tip curvature radius
and spring constant.

∙ If quantitative morphometry is performed, describe the heuristics used to select the measured objects, as well as the
procedure to extract morphological descriptors.

∙ EV mechanical studies should describe the assumed contact mechanic model (Calò et al., 2014; Ridolfi et al., 2021;
Vorselen et al., 2017), and, ideally, provide enough data for the reader to be able to test alternative models.

6.4.2 Diffraction-limited fluorescence microscopy

Applications of fluorescence microscopy techniques can range from live cell imaging to single-molecule localization. These
approaches, including Total Internal Reflection Microscopy (TIRF-M), confocal microscopy and more recently, light-sheet
microscopy, have been used to evaluate cell-EV interactions such as EV release and uptake (Christianson et al., 2013; Elgamal
et al., 2020; Feng et al., 2010; Heusermann et al., 2016; Joshi et al., 2020; Lai et al., 2015; Mittelbrunn et al., 2011), as well as the com-
position of single EVs (Corso et al., 2019; Han, Kang, et al., 2021). As a general consideration, since TIRF microscopy is limited
to imaging the surface at the glass interface and has high signal-to-noise ratio that facilitates single molecule detection, it may be
the most suitable system for analysing EV content (Han, Kang, et al., 2021). Confocal and light-sheet microscopes, especially the
most recentmodels, are capable of single-molecule detection for calibration (Willy et al., 2021) and dynamic studies, but aremore
suitable for live cell imaging experiments (Elgamal et al., 2020; Mittelbrunn et al., 2011). These methods and potential drawbacks
have been extensively reviewed (Chuo et al., 2018; Colombo et al., 2021; Gallego-Perez et al., 2016; Panagopoulou et al., 2020).
Inmicroscopy experiments, report the type ofmicroscope,magnification, laser power and exposure time because fluorescently

labelled samples have a limited number of labelled molecules. Each labelled sample can provide only a finite number of photons
before photobleaching, so each experiment must be optimised to maximise the amount of information obtained from a limited
‘photon budget’ (Li et al., 2015). Consequently, the sample is exposed for a short time usingminimal excitation to perform live-cell
experiments (Coffman &Wu, 2014; Heddleston et al., 2021) or at higher excitation power and longer camera exposure for single-
molecule detection (Elgamal et al., 2020). While calibration of the system is mandatory for quantitative microscopy experiments
(Montero Llopis et al., 2021; Willy et al., 2021), we recommend where possible to extend it to any microscopy approach to obtain
unbiased evaluation of sensitivity of the instrument. Calibration to a single fluorescent dye or labelled protein molecules is a
well-established approach that permits one to infer the total number of proteins or RNAs present on or in EVs (de Voogt et al.,
2021; Higginbotham et al., 2011) and ensure that even molecules retained in few copies in EV can be detected. The software used
to detect EVs should be reported including the specific parameters used to threshold the object intensities. Code developed for
these purposes should be deposited and made accessible to the community. Available algorithms (Aguet et al., 2013; Elgamal
et al., 2020; Jaqaman et al., 2008) take advantage of the small size of EVs, which are in general diffraction-limited objects. These
assume the same shape as the point spread function (PSF) of the imaging system and can be approximated to a Gaussian function
in confocal, TIRF and light-sheet microscopy.

Recommendations

∙ Report the type of microscope, magnification, laser power and exposure time.
∙ Calibration of the system is mandatory for quantitative microscopy experiments, but is also recommended for any

microscopy approach to obtain unbiased evaluation of the sensitivity of the instrument.
∙ The software used to detect EVs should be reported, including the specific parameters used to recognise the objects

and, if applicable, threshold the object intensities. Any code written for these procedures should be made publicly
available.

6.4.3 Dynamic light scattering

DLS, also known as photon correlation spectroscopy (PCS) and quasi-elastic light scattering (QELS), is a technique capable of
determining the hydrodynamic diameter of sufficiently monodisperse particles in dilute aqueous dispersions (Berne & Pecora,
1976; Hackley & Clogston, 2011; “Particle size analysis — Dynamic light scattering (DLS)” 2017; Stetefeld et al., 2016). DLS can
be performed as a cuvette analysis or as an inline analysis when connected to a fluidic pump, such as high-performance liquid
chromatography (HPLC). The hydrodynamic diameter is defined as the diameter of a solid sphere that would exhibit the same
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diffusion coefficient as the measured particle of interest. DLS measures the autocorrelation function of the intensity of laser light
scattered by multiple particles in solution. The autocorrelation function carries information about the diffusion coefficient of the
particles, which is related to the hydrodynamic diameter via the Stokes-Einstein theory of Brownian motion.

Various algorithms can be used to derive the diffusion coefficient from themeasured autocorrelation function. Themost com-
monmethod, the cumulant analysis, assumes amonodisperse size distribution, which EV samples do not have.Other approaches,
such as the CONTIN algorithm, attempt to handle the drawbacks of the cumulant analysis (Provencher, 1982), but for polydis-
perse size distributions of EV samples (van der Pol, Coumans, Grootemaat et al., 2014), derivation of the diffusion coefficient
distribution from the autocorrelation function becomes an ill-posedmathematical problem. This implies that DLS should not be
used to determine quantitative properties, such as the average hydrodynamic diameter, of EV samples, unless DLS is applied to
a monodisperse size fraction of EVs, such as an EV sample fractionated by flow field-flow fractionation using an inline analysis.
On the other hand, DLS can be used to qualitatively confirm the presence of submicrometer particles and possible aggregates
that may be present in EV samples (Palmieri et al., 2014). In either case, please follow the recommendations on nomenclature
and reporting of DLS measurements from the international standard ISO 22412:2017 (“Particle size analysis — Dynamic light
scattering (DLS)” 2017).

Recommendations

∙ DLS should not be used to determine quantitative properties, such as the average hydrodynamic diameter, of EV
samples, unless applied to a monodisperse size fraction of EVs.

∙ DLS can be used to qualitatively confirm the presence of submicrometer particles and possible aggregates that may
be present in EV samples.

∙ Follow the recommendations on nomenclature and reporting of DLSmeasurements from the international standard
ISO 22412:2017 (“Particle size analysis — Dynamic light scattering (DLS)”, 2017).

6.4.4 Electron microscopy

Electron microscopy (EM) variants are among the few techniques capable of detecting EVs irrespective of size. The throughput
of EM, however, means that larger EVs are statistically underestimated as compared with smaller EVs (van der Pol et al., 2022).
While EV characterization by SEM (Cavallaro, Hååg, et al., 2021; Wu et al., 2015), TEM (van der Pol, Coumans, Grootemaat,
et al., 2014), and cryo-EM (de Vrij et al., 2013; Hoog & Lotvall, 2015; Linares et al., 2015) are all high-resolution methods, they are
not necessarily interchangeable or capable of providing images of comparable quality. For example, cryo-EM clearly shows the
lipid bilayer, better maintains EV morphology than the dehydrating conditions used to fix samples for TEM, and may be more
quantitative, as all particles in a given volume can be imaged, not just those that adhere to a surface (the grid). TEM should be
performed with a protocol adapted to EVs, which includes contrasting and embedding in a mixture of uranyl compounds and
methylcellulose to maintain the lipid bilayer morphology (Théry et al., 2006). SEM shows the surface aspect of EVs of any size,
but images obtained at the highest magnification required to visualise the smallest EVs may be more difficult to analyse.

There have been limited standardization studies across EMmethods to determine minimal reporting requirements. For TEM,
three major parameters should be reported: fixation, adsorption, and negative staining methods (Rikkert et al., 2019). Fixation
includes: the fixative used, its concentration, and incubation time. Adsorption includes the grid material, mesh size, film type,
coating, incubation time, and wash details. Negative staining details should include substance, concentration, and incubation
time. Both low- and high-magnification images should be shared, along with selection criteria.

Recommendations

∙ TEM should be performed with a protocol adapted to EVs, which includes contrasting and embedding in a mixture
of uranyl compounds and methylcellulose to maintain the bilayer morphology.

∙ Three major criteria should be reported for any electron microscopy technique used: fixation, adsorption, and
negative staining methods.

∙ High- and low-magnification images should be supplied for both high-resolution EV images and an assessment of
the broader quality of the sample.

6.4.5 Nanoparticle tracking analysis

NTA, also known as single particle tracking, is a widely utilised optical technique in the EV field to estimate particle size and con-
centration. The use of NTA to determine effective refractive index and epitope existence has also been demonstrated (Gardiner
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 of  WELSH et al.

et al., 2014; van der Pol, Coumans, Sturk, et al., 2014). NTA derives hydrodynamic diameter by measuring a particle’s diffusion
coefficient, usually implementing an algorithm that reduces variation in diameter distribution. It should be noted that the FTLA
algorithm used on some platforms was developed to better represent monodisperse mixtures, of which EVs are not, and can
result in artefactual multi-modal distribution (van der Pol, Coumans, Grootemaat, et al., 2014; Walker, 2012). Currently, there
is no method of determining or reporting a set LOD for NTA. Several standardization studies have been conducted comparing
results between users and instruments (Bachurski et al., 2019; Hole et al., 2013; Vestad et al., 2017). The use of NTA tomeasure the
diameter distributions and concentration of complex biofluids should be interpreted with caution due to counting of co-isolates
such as lipoproteins and large protein complexes, and EVs larger than a few hundred nanometers in diameter are difficult to
quantify. Detection of particles with NTA can be done using light scattering, relying on refractive index and diameter, or fluo-
rescence. Fluorescence NTA depends on removal of unbound label, photobleaching resistance of the dye, and the presence of
detectable levels of dye per particle.

For NTA reporting, include instrument model, camera type, camera settings, laser wavelength, laser power, software version,
analysis settings, and particles per frame. As outlined in Section 5.2, NTA diameter distributions are preferred over a single diam-
eter statistic, since NTA statistics are easily skewed by the LOD. If known, the algorithm used to produce diameter distributions
should be reported due to potential for differing results depending on the algorithm used (Kestens et al., 2017; Walker, 2012). A
buffer-only control is recommended in the case of light scatter or fluorescence detection modes. For fluorescent NTA, report the
number of total particles in light scatter mode along with the number of labelled particles in fluorescence mode, along with label
removal method and a buffer/reagent control to assess labelling artefacts. Report sample injection fluidics and settings if used.

Recommendations

∙ Instrument model, camera type, camera settings, laser wavelength, laser power, software version, analysis settings
and particles per frame should be reported.

∙ Report NTA diameter distributions rather than a single diameter statistic.
∙ If known, report the algorithm used to produce diameter distributions.
∙ A buffer-only control is recommended for both light scatter and fluorescence detection modes.
∙ When using fluorescent NTA, it is recommended to report the number of total particles in light scatter mode, the

number of labelled particles in fluorescence mode, along with label removal method, Use a buffer-only/reagent
control to assess labelling artefacts.

∙ Report injection fluidics and settings if used.

6.4.6 Single-particle interferometric reflectance imaging sensing

Combined interferometric imaging/fluorescence imaging (Bachurski et al., 2019; Crescitelli et al., 2021; Daaboul et al., 2016;
Dogrammatzis et al., 2021) involves particle capture by affinity agents (e.g., antibodies, peptides, aptamers) onto a multiplexed
array ofmicron-sized spots. In interference reflectance imaging sensor (IRIS)mode, interference patterns from scattered light are
used to derive the size and number of captured particles (Young et al., 2018). Converting interference to nominal size depends on
refractive index (RI), which can vary across EV populations (de Rond, Coumans, et al., 2018). Current SP-IRIS platforms assume
a constant RI (∼1.45), which may result in variation across orthogonal measurements and may undersize EVs with lower RI. It
is thus recommended that software version and estimated refractive index parameter be reported.

In fluorescence mode, captured particles labelled with fluorescent probes are detected in one or more color channels. Some
aspects of this mode require careful consideration of calibrations and control experiments to obtain rigorous results. For particles
smaller than the diffraction limit, for example,<∼250 nm in diameter for visible light, validate the detected events to confirm that
single particles were detected, for example, with a dilution series to ensure that fluorescence intensity per particle does not scale
with solution concentration. To confirm that fluorescence is associated specifically with EVs, vesicle-disrupting surfactant treat-
ments can be used; however, consider that surfactants can also disrupt lipoprotein particles (Botha et al., 2022). For fluorophore
detection, reporting recommendations are indicated below.

Recommendations

∙ Report details of affinity reagent(s) printed onto the chip.
∙ Report software version and estimated refractive index parameter.
∙ For particles smaller than the diffraction limit, detection of single events should be validated.
∙ To confirm that fluorescence is associated specifically with EVs, surfactants can be used to disrupt vesicles (although

they may also disrupt certain NVEPs).
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∙ For fluorophore detection, report affinity reagent (e.g., antibody clone), conjugated fluorophore type, incubation
concentration, light-source wavelength, bandpass filter cut-offs, analysis software version and fluorescence cut-offs
along with the method of choosing these cut-offs. Negative controls such as nonspecific IgG capture spots or chips
incubated with EV-depleted materials are recommended for choosing these cut-offs.

6.4.7 Super-resolution microscopy

To resolve fluorescence emitters events that are closer together than the diffraction limit of light, fluorescent super-resolution
microscopy methods modulate the light to ensure that neighbouring molecules do not emit simultaneously. A resolution 10-fold
below the diffraction limit can be achieved using two main approaches: (1) stimulated emission depletion (STED) (Hell &Wich-
mann, 1994; Klar&Hell, 1999), which spatially regulates activation of an ensemble of fluorophores using a synchronised two-laser
system with a phase plate; and (2) single molecule localization microscopy (SMLM) techniques, such as (d)STORM (Rust et al.,
2006; Wombacher et al., 2010) and (f)PALM (Betzig et al., 2006; Hess et al., 2006), which temporally regulate stochastic activa-
tion of single fluorophores. The nanometer scale resolution of STED and SMLM is well suited for detecting and characterising
individual EVs and their components, including EVmembranes (Nizamudeen et al., 2018; Sharma et al., 2020; Zong et al., 2018),
proteins (Avalos-Padilla et al., 2021; Chen et al., 2016; Lennon et al. 2019; Maire et al. 2021; Mondal et al., 2019; Sanada et al.,
2017; Wang et al., 2018; Zong et al., 2018), DNA fragments (Maire et al. 2021) and miRNAs (Chen et al., 2018; Oleksiuk et al.,
2015). Using quantitative analysis, these methods have been further used to define EV size (Mondal et al., 2019; Zong et al., 2018;
Nizamudeen et al. 2018; Lennon et al. 2019; Sharma et al., 2020) and to quantify protein content (Lennon et al., 2019) and number
of localizations of miRNA (Oleksiuk et al., 2015) and DNA fragments in EVs (Maire et al., 2021). Additionally, STED and SMLM
have been used to image cellular uptake (Chen et al., 2016; Chen et al., 2018; Polanco et al., 2018; Pfeiler et al., 2019; Toda et al.,
2020) and release of EVs (Ambrose et al., 2020) or EV clusters (Valcz et al., 2019).
Super-resolution microscopy methods comprise tailored approaches for sample preparation, sample imaging, and data analy-

sis. To prepare samples for SMLM and STED imaging, EVmembranes or cargo molecules are labelled with reagents that contain
appropriate photo-controllable fluorophores. Four typical strategies for labelling EVs are affinity labelling, genetic labelling, cova-
lent labelling, and uptake of lipophilic molecules/lipid analogues. Reported details of labelling should include type of labelling,
appropriate reagent controls and/or references, reagent concentration, incubation times/buffers, and method for removal of
excess fluorescent reagents). If applicable (e.g., for isolated EVs), reporting should include coverslip modifications/coatings, the
protocol for incubation of EVs on coverslips, fixation protocol, and controls for affinity separation (e.g., isotype or non-fouling
surface). Reported imaging parameters should include the major microscope components: laser lines, camera, filters, objectives
and other relevant optical path components. Descriptions of protocols should include detailed imaging parameters such as laser
powers, relevant microscope configuration and imaging conditions (including buffer for SMLM). Reports on multicolour imag-
ing should detail the alignment between channels and any applied correction for chromatic aberration (Churchman & Spudich,
2012; Hebisch et al., 2017).

In STED, the resulting images consist of intensity maps, and analysis typically relies on approaches established in confocal
microscopy (Gould et al., 2012); relevant processing/analysis parameters should be reported. SMLM images are reconstructed
from the determined coordinates (i.e., localizations) of single molecules, and EV analysis typically employs segmentation and/or
clustering algorithms (Khater et al., 2020). To quantify detected molecular densities and molecular organization with SMLM, it
is important to define the photophysical properties of fluorescent reporters (e.g., average number of localizations per molecule,
maximal dark time) (Khater et al., 2020). Thus, SMLM reporting should include details on image processing parameters, pho-
tophysical characterization of relevant fluorescent reporters, and data analysis parameters/algorithms. Newly developed analysis
methods should be evaluated (e.g., using simulations or another validated approach), and custom written codes should be made
publicly available.

Recommendations

∙ Reporting details of the EV labelling protocol.
∙ Where applicable, report coverslip modifications/coatings, the protocol for incubation of EVs on coverslips, fixation

protocol and controls for affinity separation.
∙ Report themajormicroscope components and imaging protocol parameters such as laser power, relevantmicroscope

configuration and imaging conditions.
∙ Reports on multicolor imaging should detail the alignment between channels and any applied correction for

chromatic aberration.
∙ SMLM reporting should also include details of image processing parameters, photophysical characterization of

relevant fluorescent reporters and data analysis parameters/algorithms.
∙ Newly developed analysis methods should be evaluated, and customwritten codes should bemade publicly available.
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. Nucleic acid characterization

Nucleic acids (NAs) are among the most commonly assayed EV constituents because of perceived biomarker potential and func-
tional roles. RNA has been studied much more frequently than DNA, although there are more recent reports on EV DNA in
intercellular communication (Clancy et al., 2022; Sansone et al., 2017) and as disease biomarkers (Cambier et al., 2021; García-
Silva et al., 2019; Möhrmann et al., 2018; Qu et al., 2019; Vagner et al., 2018) including in microbial infections (Bitto et al., 2017;
Kameli et al., 2021). Some early EV studies reported DNA inside the EV lumen (Cai et al., 2013; Kahlert et al., 2014; Lee et al.,
2014; Thakur et al., 2014), whereas some recent studies have suggested mostly EV surface-association of DNA (Bitto et al., 2017;
Lázaro-Ibáñez et al., 2019; Liu et al., 2022; Maire et al., 2021; Saari et al., 2020). These seemingly contradictory findings might be
due to the lack of standardised methods for protecting EV surface DNA from digestion during EV separation and characteriza-
tion (Lázaro-Ibáñez et al., 2019). Whether the major type of EV DNA is ssDNA or dsDNA is also still debated (Balaj et al., 2011;
Lázaro-Ibáñez et al., 2019; Liu et al., 2022; Thakur et al., 2014).

Challenges for RNA studies including input quantities, normalization and sensitivity are also relevant for EV DNA research.
Most characterization of EVRNAs involves one ormore of: detection, identification, quantification, localization (inside or outside
the EV) and enrichment (packaging). Low-input RNA sequencing (RNA-Seq) and quantitative PCR (qPCR) are commonly used
to identify specific sequences in EV preparations. ISEV has previously provided guidance on aspects of EV RNA studies ranging
from sample collection to bioinformatic analysis (Hill et al., 2013; Soekmadji et al., 2018; Witwer et al., 2013), as has the US NIH
Extracellular RNA Communication Consortium (ERCC) (Ainsztein et al., 2015; Das et al., 2019).
Regardless of RNA characterization method, biases may be introduced by RNA purification and pre-assay preparations. Some

RNA purification methods isolate mostly longer RNAs (>200 nt), while others are biased by design to concentrate short RNAs.
For RNA-Seq, library preparation methods may select for RNAs or inserts within a particular size range. Reverse transcription
protocols may also select for specific RNAs such as polyA-tailed transcripts. Tiled probe-based imaging of longer RNAs becomes
less sensitive for shorter/degraded transcripts. Adapter ligation-based small RNA library preparation methods optimised for
miRNAs will also enrich other RNAs containing 5′-phosphates and 3′-OH, while RNAs bearing different end-chemistries will
be underrepresented. Highly structured RNAs such as full-length tRNAs are not efficiently reverse-transcribed unless using
thermostable enzymes. Accurate interpretation and reporting of results thus depend on understanding and reporting techniques
with enough detail to assess biases.
Due to its ability to detect and measure small amounts of nucleic acids, reverse transcription real-time quantitative PCR

(qPCR) is widely used in the EV field. We recommend that qPCR experiments follow theMinimum Information for Publication
of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et al., 2009) where possible, and the ISEV EV RNA
checklist in the 2017 ISEV position paper (Mateescu et al., 2017). When sharing qPCR results, raw cycle of quantitation (Cq)
values should be reported in addition to normalised or processed data for readers to assess abundance of the target RNA and
reliability of the assay. Although Cq values depend on many variables and may not by themselves be informative, they tend to
correlate with abundance, especially in liquid samples, and where the input sample volume can be reported. Possibly, not all
MIQE principles broadly apply to extracellular samples. For example, when samples contain only minute amounts of carrier-
specific RNA, having identical input RNA levels in every sample might not always be possible. Some prefer to normalise by
sample input volume, given the liquid nature of extracellular samples. Normalization strategy can greatly impact interpretation
of the results and should be reported. Digital PCR, including droplet digital PCR (ddPCR), provides absolute quantification and
has been shown to improve reproducibility and accuracy of EV RNA detection compared with conventional qPCR (Wang et al.,
2019). Absolute quantification may also circumvent issues with normalization.

Recommendations

∙ For qPCR-based analysis, report sequences of reverse transcription adapters or primers as well as primers and probes
(where relevant) for amplification steps; experimental design with biological and technical replicates; exact cycling
conditions; and data inclusion and exclusion criteria.

∙ For RNA-Seq, report all details of nucleic acid fragmentation, reverse transcription, adapters and adapter attachment
(ligation or ligation-free), amplification and multiplexing, as well as clean-up or size selection.

∙ For sequencing data analysis, report pre-processing, read mapping, overlapping annotations and database quality,
quantification and normalization/differential expression analysis.

. Protein- and non-protein labelling of EVs

Most EV labelling reagents include fluorescence moieties, but other modes of detection are available and should share similar
controls. Due the small size and thus limited cargo capacity of EVs, the detection of protein and non-protein markers is diffi-
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cult and can easily be confounded by unbound reagents from the labelling process or co-isolates from the separation method.
The degree to which unbound label requires removal increases with the sensitivity of the techniques. For techniques that can
detect<10 molecules of a reagent, for example, super-resolutionmicroscopy, SP-IRIS and single EV flow cytometry, the presence
of unbound dye may easily lead to false positive events.
Lipid dyes are routinely used to bind to/insert into the EV membrane (de Rond, van der Pol, et al., 2018; Feng et al., 2010;

Lundy et al., 2015; Sandau et al., 2020; Stoner et al., 2016). Lipid-specificity does not guarantee EV-specificity, since NVEPs such
as lipoproteins may be co-isolated and stained, and some reagents may also label proteins. Supplementation with an EV protein
marker is therefore recommended. Lipid labels may also self-aggregate (de Rond, van der Pol, et al., 2018; Pužar Dominkuš et al.,
2018) and vary in affinity for EVs with different membrane composition.
Protein-reactive dyes that label the EV surface (Lim et al., 2021; Roberts-Dalton et al., 2017; Tian et al., 2010) may also label

free protein and protein-containing NVEPs. If the EV separation method does not completely remove non-EV components,
this possibility should be recognised and/or assessed. As above, a lipid marker might be used to complement protein labelling.
When protein artefacts are a possibility, a low-concentration detergent can be used to assess the lability of the EVmembrane and
reduction of associated signal (Gyorgy et al., 2011).

For antibodies, manufacturer-matched isotype controls, used at the same concentration as the specific antibody, are one way
to support specificity. Negative EV controls, for example, from cells that do not express the antibody epitope, are also useful
controls.

In assays where purification is required after staining, procedural controls should be used to demonstrate before/after con-
sistency of the EV population, that the purification procedure did not introduce artefacts, and that the dye was removed. For
example:

1. Analyse a buffer with reagent control before and after label depletion method (e.g., SEC) to assess free/aggregated label
removal.

2. Analyse unstained EVs before and after the label depletionmethod to demonstrate that it does not change or selectively enrich
the EV population.

3. Analyse the reagent-stained sample after label removal and compare with unstained results (above) to assess possible dye-
induced changes. Staining may noticeably increase the diameter or density of small EVs in particular.

Recommendations

∙ Use a buffer/label-only control to identify false-positive artefacts arising from unbound label. However, label-only
artefacts are not the only potential labelling artefacts.

∙ For antibodies, manufacturer-matched isotype controls may be used at the same concentration as the specific
antibody to evaluate binding specificity. Negative EV controls (lacking the antibody epitope) may also be used.

∙ Be aware that EV protein labellingmethodsmay also label free proteins and protein-containingNVEPs, and that lipid
dyes may label lipid-containing NVEPs. Ensure that the EV separation method is appropriate for the downstream
analysis. If the EV separation method does not completely remove non-EV components, this possibility should be
recognised and/or assessed.

∙ To identify the contribution of non-EV labelling artefacts, consider using protein and lipid labelling concurrently.
∙ In assays where purification is required after staining, procedural controls should be used to demonstrate before/after

consistency of the EV population, that the purification procedure did not introduce artefacts, and that excess dye was
removed.

. Raman spectroscopy

Raman spectroscopy (RS) is a label-free analytical optical technique capable of qualitatively and quantitatively resolving the
chemical composition of a small volume of a sample based on inelastically scattered photons originating from the sample upon
irradiation with a narrow-linewidth laser (Smith & Dent, 2005). A Raman spectrum is essentially a chemical fingerprint of the
interrogated small volumeof the samplewithin the focus of the laser beam.RS enables chemical specific, non-destructive probing,
minimal to no sample pre-processing, and it is relatively inert to aqueous content of themeasured sample (Smith&Dent, 2005). A
strategy to overcome the weak signals of RS is the use of surface-enhanced Raman scattering (SERS), which is a nano plasmonic-
assisted amplification derivative of RS (Langer et al., 2020; Jones et al., 2019). This method uses metal nanostructures to boost
Raman scattering by many orders of magnitude. Both spontaneous and surface-enhanced Raman methods have demonstrated
utility for basic research and translational EV analyses (Carlomagno et al., 2021; Enciso-Martinez et al., 2020; Gualerzi et al., 2017;
Gualerzi et al., 2019; Kwizera et al., 2018; Lee et al., 2018; Ma et al., 2018; Park et al., 2017; Rojalin et al., 2020; Smith et al., 2015).
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Inter- and intra-device variability in Raman spectra can arise for several reasons, including laser variations and non-uniform
response of each of the optical elements, including the detector, to different light energies (known as spectral response). Raman
systems should therefore be carefully calibrated (Raj et al., 2020).Modern commercial Raman systems have automatic calibration
routines, but older and lab-built systems do not, thus adding to the issue of reproducibility. Several aspects of the measure-
ment should be reported, including laser wavelength and power, calibration routines, make/model of major optical components,
numerical aperture andmagnification of the objective (if applicable), probe type and specifications (typically for non-microscope
setups andmeasurements), and physical size of the laser spot. Spectra acquisition parameters should also bementioned, for exam-
ple, total number of spectra collected on each sample or sampled spot, signal collection time per one spectrum (also called as
integration or acquisition time), and for scanning, the dimensions of the scanned area/volume (e.g., 100 × 100 area, step size of
400 nm, total scanned area 40 µm × 40 µm). Lastly, it is recommended to report all pertinent parameters of sample preparation.
As EV samples are typically suspended in aqueous solutions with different concentrations of dissolved compounds, and thus
osmotic pressures, there is a need to consider and report the EV formulation and whether the EVs were measured in suspension
or dry. For example, EVs can be measured in suspension using SERS nanoprobes or dried onto a quartz glass slide for RS spectra
acquisition (Cameron et al., 2018). It is unclear if there is an advantage to wet versus dry measurements (Butler et al., 2016), so
both approaches are considered feasible provided that the EV sample preparation steps are detailed.

Along with instrument and sample considerations, data analysis and statistical procedures can impact the endpoints and con-
clusions of RS studies. All data analysis software and versions should be reported. If custom-made program suites and algorithms
are employed, it is recommended that the code be deposited in an online data repository for transparency and re-usability. After
acquisition (and before downstream analyses), spectra that are meant to be compared with each other should be postprocessed
using identical datamanipulation parameters. For example, if baseline correction and/or background subtraction is implemented,
all related parameters should be kept constant for all spectra. All downstream spectral analyses and further statistical testing (e.g.,
multivariate analysis, machine learning, statistical hypothesis testing) should be reported in full and with data openly available.

Recommendations

∙ Report all instrument and measurement parameters.
∙ Report sample preparation/application parameters including buffer composition and wet/dry measurement.
∙ Report data analysis software and versions. Deposit any code for custom-made program suites and algorithms in an

online data repository for transparency and re-usability.
∙ Report downstream spectral analyses and further statistical testing.

. Resistive pulse sensing

Resistive pulse sensing (RPS) is a non-optical technique utilising the Coulter principle to determine the concentration and diam-
eter of particles (Hogg & Coulter, 1967), along with zeta potential on some platforms. Current implementations of RPS include
pre-calibrated fixed pores in a microfluidic cartridge format and uncalibrated stretchable pores, both with detection limits down
to ∼50 nm in diameter and the capability to measure particles up to several microns. The use of RPS to measure the diameter
distributions and concentration of EVs in complex biofluids should be interpretedwith caution, since co-isolates, such as lipopro-
teins and large protein complexes, are also counted and cannot be differentiated from EVs. RPSmeasurements do, however, have
very high concordance with TEM data (van der Pol, Coumans, Grootemaat, et al., 2014).

When reporting RPS data it is recommended that instrumentmodel, pore size, calibration bead diameter and source, and soft-
ware version be reported. For stretchable pores, the applied voltage, applied stretch, and procedure to optimise settings should
be shared (Coumans et al., 2014). For microfluidic RPS, appropriate dilution buffer to lower the surface tension of water should
be considered and reported (Cimorelli et al., 2021). As outlined in Section 5.2, it is preferable to report RPS diameter distribu-
tions rather than a single diameter statistic for EV data, due to RPS statistics being easily skewed by the LOD. The inclusion
of buffer-only controls to identify background, along with detergent-lysed samples run at the same concentration to determine
label events is also recommended (Osteikoetxea et al., 2015). Due to RPS techniques being easily clogged by larger particles, pre-
analytical steps such as centrifugation or filtration may be used to remove larger particles. Since these approaches may alter the
EV population being analysed and affect comparison with orthogonal methods, any preanalytical procedures should be clearly
stated.

Recommendations

∙ Report any preanalytical procedures applied prior to RPS.
∙ For microfluidic RPS, appropriate dilution buffer should be considered and reported.
∙ Include buffer-only controls and detergent-lysed samples run at the same concentration as the untreated sample.
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∙ Report all instrument and software details.
∙ Report RPS diameter distributions rather than a single diameter statistic.

. Western blotting

Western blotting is a commonly usedmethod to detect proteins in EV-containing preparations. Proteins are first separated by gel
electrophoresis, then transferred to a membrane and probed with affinity reagents, usually antibodies. Input is often normalised
by some aspect of the EV preparation (total protein, particle count) or some aspect of the EV source (biofluid volume, cultured
cell number): the former allows comparison of amounts of EV cargo between similar groups of EVs, while the latter might
also assess overall differences in EV production/uptake balance in the source system. For cell culture EVs, cell lysates, either in
specified protein amount or in cell-equivalent amounts, should be loaded onto the same gel to assess enrichment/depletion in EVs
versus producing cells. This comparison, however, can be easily performed only for analysis of EVs from cell culture-conditioned
medium, since for other sources of EVs (e.g., biological samples), the source cells cannot be easily identified or recovered.

Where possible, known antigen-positive and -negative control samples should be included beside the experimental samples.
Controls for assessing the purity of the sample preparation should also be included if claiming the protein is present on or in EVs;
see Section 5.7. Antibody information (specificity, clone, source, labelling concentration, incubation time), sample denaturing
conditions, presence, and nature of reducing agent, transfer methodology, membrane type, buffers, and imaging equipment and
parameters should all be reported. For transparency, it is recommended that uncropped images of Western blots (including
controls and a molecular weight ladder) be provided at a minimum as supplementary information.

Recommendations

∙ Provide details of protein enrichment and quantification.
∙ Where possible, include antigen-positive and -negative controls
∙ If claiming EV-association of a protein, include measures of the purity of the EV preparation.
∙ Report all details of input normalization, gel electrophoresis, transfer methodology, probing and imaging/analysis.

These include but are not limited to antibody information, sample denaturing and reducing conditions, transfer
methodology, membrane type, buffers, and imaging equipment and parameters.

∙ Provide uncropped images of all Western blots (e.g., as supplementary information if published in a journal).

Consensus: 70.6% (705) ofMISEV2023 survey respondents agreed “completely,” and 27.5% (274) agreed
“mostly” with Section 6: Technique-specific reporting considerations for EV characterization. 0.4% (4)
“mostly” disagreed, and 1.5% (15) stated that they had no opinion and/or expertise. No respondents
disagreed “completely.”

 EV RELEASE ANDUPTAKE

. Approaches to modulate EV release

EV release can be visualised by a range of methods, including those employing fluorescent tags and dyes (Sections 6.2, 6.6),
which permit real-time imaging [reviewed in (Verweij et al., 2021)]. MISEV2018 discussed inhibition of EV release with a range
of genetic manipulations and drugs, for example, RABA/B knockdown (Ostrowski et al., 2010), neutral sphingomyelinase
inhibition (Trajkovic et al., 2008) and ARRDC1 inhibition (Mackenzie et al., 2016; Wang & Lu, 2017). More recent genetic and
pharmacological manipulations are reviewed elsewhere (Catalano&O’Driscoll, 2020; Dixson et al., 2023; Zhang, Lu, et al., 2020).
Some cellular manipulations can also stimulate EV release (Taher et al., 2019). While these treatments are often claimed to be
specific for EVs of particular biogenesis pathways, they may affect EV formation and membrane trafficking more generally. It is
thus difficult to exclude an impact on other EVs and/or non-EV cellular processes (Izumi, 2021; Mathieu et al., 2019; Puca et al.,
2013; Xiang et al., 2021).MISEV2018 highlighted the importance of identifying biogenesismachinery that is confined to particular
EV subtypes, and this remains a priority, with very few specific additional regulators identified. Using complementary methods
to attenuate and/or enhance the production of specific EV subtypes can add strength to data suggesting their association with
specific functions. The resulting EVs and control preparations should be analysed using the physical and molecular methods
described in Sections 5 and 6, with particular attention to normalization methods (e.g., based on the number/protein mass of
secreting cells, or EV number, etc.), identification of unchanged as well as altered markers, where possible, for specificity, and the
use of multiple cell types to test whether the mechanism is generic or cell type-specific.
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 of  WELSH et al.

Recommendations

∙ For genetic and pharmacological manipulations used to inhibit or stimulate EV secretion, report potential effects on
other secretory or cell biological processes. For example, confirm that there is no change in cell viability, proliferation
and secretion of non-EV-associated factors.

∙ Where possible, assess whether inhibiting a specific EV production pathway leads to a change in other EV release
mechanisms by assessing EV-specific cargoes or activities.

∙ Identification of unchanged markers and the use of appropriate normalization methods are important for rigorous
comparative analysis of EV preparations.

. EV interaction with cells

EVs can interact with target cells at different levels: binding, internalization, and fusion/content delivery. EVs contact the surface
of cells, which might be referred to as ‘EV binding’. In contrast, ‘EV uptake’ encompasses several outcomes. It can mean fusion
of the EV with the cell membrane and release of contents into the cytoplasm. It can also mean internalization into the endocytic
and/or other intracellular compartments of the cell, with or without EV-cellular membrane fusion. EV-mediated effects on the
recipient cell might thus be occasioned by EV binding to receptors at the cell surface or internally and/or by release of contents
into the cell at the surface or internally. The relative importance of these different interactions remains unclear, even though
most reports of EV function have assumed content delivery. However, EV uptake may occur only at a low rate (Bonsergent et al.,
2021; Somiya & Kuroda, 2021a, 2021b) in some target cells, necessitating a high ratio of EVs to target cells to visualise this process
(Jurgielewicz et al., 2020; Ragni et al., 2019).
How can these different modes of action be interrogated? Some fluorescence microscopy methods can identify subcellular

fluorescent events associated with cells, while flow cytometry mostly detects EV ‘capture’ without discriminating between bind-
ing and uptake. For all methods, the long-lived nature of EV labelling substances may not accurately reflect the presence of EVs
in target cells, lipophilic dyes might change EV properties (Section 6.6), and detection of downstream receptor-mediated cell
signalling induced by EVs does not discriminate between different modes of action. While covalently bound dyes cannot be
exchanged between EVs and cell membranes without fusion, lipophilic dyes can be exchanged without actual EV transfer, result-
ing in false positive signals (Simonsen, 2019). New approaches for assaying cargo delivery (including endosomal escape) have
been developed since MISEV2018, for example, anti-GFP fluobodies (Joshi et al., 2020), proteolytic cargo cleavage (Perrin et al.,
2021), split-luciferase reporters (Somiya & Kuroda, 2021a), CRISPR-Cas9 reporters (de Jong et al., 2020), Cre reporters (Borgh-
esan et al., 2019), trans-activator delivery (Somiya & Kuroda, 2021b) and knockout of a cargo gene in recipient cells (Taha et al.,
2020). By labelling specific EV subtypes, blocking their biogenesis and assaying cargo delivery, it may be possible to determine
how EV-target cell interaction mechanisms vary between different EV subtypes and EV donor-acceptor combinations. Going
forward, inhibition of specific EV ligand-receptor interactions may establish discrete phenotypic effects: for example, by genetic
approaches or addition of blocking antibodies or inhibitory compounds. Blockade of specific intracellular trafficking pathways
will suggest which are critical for EV function.

Recommendations

∙ Assess the suitability of the labelling/reporting system in terms of the impact on normal cellular processes, the stability of the
EV-cell association, and longevity within an intracellular environment.

∙ Report EV:recipient cell ratios and the physiological relevance of the delivered dose.
∙ Report incubation conditions, exposure time, cell densities, and configuration, for example, 2D/3D.
∙ Evaluate binding, uptake and content transfer to identify critical mechanistic elements driving the cellular response(s).

Consensus: 69.6% (695) ofMISEV2023 survey respondents agreed “completely,” and 24.3% (243) agreed “mostly”
with Section 7: EV release and uptake. 0.2% (2) “mostly” disagreed, and 5.8% (58) stated that they had no opinion
and/or expertise. No respondents disagreed “completely.”

 FUNCTIONAL STUDIES

MISEV2018 recommendations on functional studies of EVs continue to hold for MISEV2023. Because of the great diversity of
functional studies in vivo and in vitro, we provide only general recommendations. First, physiologically informed dose-response
and time-course studies are encouraged. Second, carefully selected EV negative controls are needed to assess the contribution of
‘background’ EV activity (such as EVs present in culture medium components) and/or non-specific activity of EVs other than
those of interest. For cell culture-derived EVs, this might mean unconditioned medium that has been processed in the same way
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WELSH et al.  of 

as conditionedmedium (i.e., to separate any EVs thatmay be present in culturemedium components). For EVs froma specific cell
type, EVs from another cell type might serve as an appropriate control. For engineered EVs, consider EVs from unmanipulated
cells or cells engineered with an irrelevant component (cell engineering) or EVs that have not been modified (post-production
engineering). For patient disease studies, use EVs sourced from healthy, matched or untreated donors. Third, controls consisting
of non-EV-containing, EV-depleted or enzymatically treated EV separation fractions can help to identify if a function is specific
to EVs or associated with co-isolating materials. Possibly complicating this analysis, evidence has emerged since MISEV2018 for
a functional role of certain loosely tethered coronal elements, as discussed in Sections 3.4 and 4.7, and EV co-isolates may indeed
contribute along with EVs, additively or synergistically, to effects. Finally, the influence of EV separation/concentration, storage
and formulation factors on EV activity should be studied, with the goal of maximising activity. Importantly, it is not expected
that all conceivable controls will be studied simultaneously in any given system. Instead, potency assays (Gimona et al., 2021;
Nguyen et al., 2020) can be used (or developed) to identify the most informative controls for pre-clinical and clinical studies.

Recommendations

∙ Perform dose-response and time-course studies to assess specificity, kinetics and saturability.
∙ Report and justify the method(s) used to normalise input.
∙ Evaluate negative EV controls where possible to rule out effects of ‘background’ EVs (e.g., from culture medium) and

to evaluate the specific effects of EVs from a certain source or of specific EV elements.
∙ Evaluate appropriate non-EV (e.g., NVEP, soluble protein) negative controls to understand the EV-association of

specific activities.
∙ Assess the effects of pre-analysis factors, especially storage and formulation, on EV activity.

Consensus: 71.1% (710) of MISEV2023 survey respondents agreed “completely,” and 25.1% (250) agreed
“mostly” with Section 8: Functional studies. 0.3% (3) “mostly” disagreed, and 0.1% (1) “completely”
disagreed. 3.4% (34) stated that they had no opinion and/or expertise.

 EV ANALYSIS IN VIVO

In vivo EV studies can provide mechanistic insights into EV release, biodistribution, pharmacokinetics and function (Verweij
et al., 2021) and may be performed in a wide variety of species, including but not limited to model organisms that recapitulate
aspects of human health and disease. In genetically tractable organisms, progress may be facilitated by EV tags and cellular
reporter systems (Section 6.2). The relative ease of genetic manipulation of invertebrate and vertebrate model organisms allows
hypothesis testing and specific EV labelling approaches (Beckett et al., 2013; Budnik et al., 2016; Fan et al., 2020; Gross et al.,
2012; Verweij et al., 2019), including for EV subtype-specific mechanisms (Beer et al., 2018; Fan et al., 2020). Table 4 presents
non-exhaustive examples of in vivo models for EV studies, each of which has specific strengths and limitations. For example,
enlarged endosomal compartments in secondary cells of the fruit flyDrosophila melanogaster allow visualization of intraluminal
vesicle biogenesis (Corrigan et al., 2014; Fan et al., 2020), while larval motor neurons express multiple EV cargoes with known
physiological roles, such that EV regulatory mechanisms can be tested through functional assays (Koles et al., 2012; Korkut
et al., 2013; Walsh et al., 2021). The transparent nematode Caenorhabditis elegans has also provided insights into the cellular,
developmental, and behavioral roles of EVs in addition to EV biogenesis (Beer &Wehman, 2017;Wang et al., 2014;Wehman et al.,
2011). EV separation and concentration are challenging for small invertebrates but have been reported from nematode worms
(Nikonorova et al., 2022; Russell et al., 2020) and fruit flies, (Thomas et al., 2018; Tsai et al., 2019). By virtue of its transparency,
the zebrafish embryo can be used for real-time biodistribution and uptake studies (Hyenne et al., 2019; Verweij et al., 2019). In
contrast, larger mammalian models may be needed to recapitulate some aspects of human physiology and disease processes. A
key strength of in vivo models is the opportunity to assess the release of physiological levels of EVs and their interaction with
target cells.
Some in vivo studies examine endogenous EVs, usually using fluorescent (Estrada et al., 2022; Hegyesi et al., 2022; Neckles

et al., 2019; Nørgård et al., 2022) or bioluminescent tags (Gupta et al., 2020; Luo et al., 2020; Rufino-Ramos et al., 2022). Pre-
clinical studies with syngeneic models and human cancer cell line xenograft models have allowed tumour and other EVs to be
specifically labelled and traced (Driedonks et al., 2022; Hyenne et al., 2019; Liu et al., 2016; Pucci et al., 2016; Wiklander et al.,
2015). Functions have been assigned to these EVs, such as roles in metastasis, by pharmacologically or genetically manipulating
putative EV biogenesis regulators (Costa-Silva et al., 2015; Peinado et al., 2012; Wen et al., 2016); however, see caveats on blocking
biogenesis that are discussed in Section 7.1 and on the relationship betweenuptake and function discussed in Section 7.2. Attempts
to assess cytoplasmic delivery of EV cargo have involved, for example, EV-loaded mRNA for the DNA recombinase Cre and its
detection in target reporter cells (Zomer et al., 2015). Parabiosis, whereby the circulations of two animals are joined, permits
labelled EVs from one mouse to be visualised in the other (Liu, Kou, et al., 2018; Zhang et al., 2022).
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 of  WELSH et al.

TABLE  Studying EV biology in vivo.

In vivo models EV-releasing cells or other EV source Other specific strengths
Genetic
tractability

Genetic
similarity to
humans

Budding yeast
Saccharomyces

cerevisiae

Unicellular yeast (Oliveira et al., 2010; Zhao
et al., 2019)

Whole organism analysis in
vivo

++++ +

Green algae
Chlamydomonas

reinhardtii

Flagellated unicellular algae (Wood et al.,
2013)

Cilia biology ++++ +

Flowering plant
Arabadopsis

thaliana

Leaf cells (Baldrich et al., 2019; He et al.,
2021)

Plant immunity ++++ +

Nematode
Caenorhabditis

elegans

Embryonic cells (Beer et al., 2018; Wehman
et al., 2011)

EV release mechanisms; whole
organism analysis in vivo

++++ ++

Larval epithelial cells (Liégeois et al., 2006;
Hyenne et al., 2015)

EV release mechanisms; whole
organism analysis in vivo

Ciliated sensory neurons (Clupper et al.,
2022; Nikonorova et al., 2022; Razzauti &
Laurent, 2021; Wang et al., 2015)

Cilia biology; whole organism
analysis in vivo;
reproductive functions

Fly
Drosophila

melanogaster

Larval wing imaginal disc (Beckett et al.,
2013; Gradilla et al., 2014; Gross et al.,
2012; Matusek et al., 2014)

Wnt/Hedgehog morphogen
signalling

++++ ++

Larval motor neuron axon terminals (Koles
et al., 2012; Korkut et al., 2013; Walsh
et al., 2021)

Synaptic function

Larval haemocytes (Tassetto et al., 2017) Adaptive immune system

Adult male secondary cells (Corrigan et al.,
2014; Fan et al., 2020; Marie et al., 2023)

Large MVBs: exosome subtype
biogenesis; reproductive
functions

Adult muscle cells (Jewett et al., 2021) Neurodegeneration

Zebrafish
Dario rerio

Embryonic yolk syncytial layer (Verweij
et al., 2019)

Transparent embryos: EV
imaging in bloodstream;
target cell biodistribution;
metabolic functions

+++ +++

Adult osteoblasts (Kobayashi-Sun et al.,
2020)

Fracture healing

Larval and adult cardiomyocytes (Scott
et al., 2021)

Cardiovascular disease

Tumor cell lines (Hyenne et al., 2019) Melanoma

Chicken
Gallus gallus

domesticus

Chorioallantoic membrane (CAM) cells
(Sung et al., 2015)

High-resolution live imaging
of cell migration

+ +++

Mouse
Mus musculus

Endothelial cells (McCann et al., 2020) Cell type-specific EVs in
plasma

++ ++++

Red blood cells; heart (Valkov et al., 2021) Ischaemic heart

Mouse tumour cells Pre-clinical metastasis
(syngeneic grafts) (Ge et al.,
2021; Ghoroghi et al., 2021)

Human tumour xenografts (Costa-Silva
et al., 2015; Hoshino et al., 2015; Peinado
et al., 2012; Zomer et al., 2015; Zomer
et al., 2016)

Metastasis

A non-exhaustive list of cellular models from different organisms, with particular emphasis on those that are widely used in genetic studies. Nomenclature: genetic tractability and
genetic similarity to humans are rated from: weak (‘+’) to strong (‘++++’). Please note that citations are examples only.
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Other in vivo studies introduce exogenous EVs into an organism. These EV may be unlabelled when a disease or physiologic
outcome is targeted and imaging is not done. For studies with imaging, EVs are often fluorescently or bioluminescently labelled
(Alexander et al., 2015; García-Silva et al., 2021; Kang et al., 2021; Long et al., 2017; Royo et al., 2019). Exogenous EVs have also
been labelled, for example, with species-specific RNAs (Ciullo et al., 2022) and by substances compatible withmagnetic resonance
imaging (MRI), X-ray computed tomography (CT) imaging,magnetic particle imaging (MPI), single-photon emission computed
tomography (SPECT) or positron emission tomography (PET) (Arifin et al., 2022; Skotland et al., 2022). There are several caveats
to the exogenous approach. Specific labels may affect biodistribution patterns and detectability thresholds (Lázaro-Ibáñez et al.,
2021), necessitating standardization (Herrmann et al., 2021). Exogenous EVs may also differ from endogenous EVs in route
and timing of administration (bolus/continuous), dose, non-EV components of the administered preparation, and of course
composition, and physiologic relevance should be carefully pondered (see also Section 8) (Ridder et al., 2014).

For detection and tracking endogenous and exogenous EVs, several additional technical considerations apply. In vivo EV
tracking and ex vivo detection will be limited by technique-specific sensitivity and spatial resolution, for example, a fluorescent
signal may represent a single EV, clustered EVs or non-EV labelled substances. Caveats associated with genetic labels such as the
common CD63-GFP approaches are discussed in Section 6.2 and elsewhere (Verweij et al., 2021). They include the potential dis-
ruption of protein, EV or cellular biology through fusion protein (over)expression; possible quenching in acidic compartments;
labelling of only specific EV subtypes; labelling of different EV subtypes by a specific marker in different cell types and species;
and possible separation of the tag from its host protein. A knock-in strategy, by which a fluorescently tagged fusion construct
(e.g., CD63-GFP) replaces the respective EV gene in its endogenous locus, or the use of multiple EV markers, provide possible
solutions to some of these problems.

Recommendations (Note: These recommendations are broad, as this section of MISEV is meant to raise awareness of
the diversity of in vivo studies and not to make prescriptive guidelines. Innovative new approaches should thrive in diverse
organisms to move the field forward.)

∙ Report all details of labelling and detection/imaging technologies to allow replication studies.
∙ For exogenous EV administration, report all parameters of administration, including anatomical site, timing

(bolus/continuous) and dose.
∙ Consider and control for the possible effects of EV labelling on EV biodistribution, pharmacokinetics and function.
∙ Consider that pharmacologic or genetic manipulations meant to block EV production in vivo may have off-target

consequences.
∙ Consider the possibility of different behaviour of endogenous and exogenous EVs.

Consensus: 65.5% (654) ofMISEV2023 survey respondents agreed “completely,” and 21.6% (216) agreed
“mostly” with Section 9: EV analysis in vivo. 0.1% (1) “mostly” disagreed, and 12.7% (127) stated that they
had no opinion and/or expertise. No respondents disagreed “completely.”

 CONCLUSIONS

Consensus building was achieved for MISEV2023 through a lengthy process. Suggestions for the new MISEV were gathered
from the ISEV community andMISEV2018 authorship through a 2020 survey that received>750 responses (Witwer et al., 2021).
A five-member MISEV2023 organising committee was then formed during the strategic planning session of the ISEV Board of
Directors in November 2020, consisting of Deborah Goberdhan, Lorraine O’Driscoll, Clotilde Théry, JoshuaWelsh and Kenneth
Witwer. An initial MISEV2023 draft went through rounds of review and revision by members of the ISEV board and other
individuals, including task force members, who were invited by the organising team because of their subject expertise relevant to
specific sections. An exhaustive MISEV2023 survey was circulated to ∼5700 EV researchers, and 1025 responses were received.
Refinements were made to the manuscript by the organising committee and invited co-authors based on these responses. The
manuscript was then submitted to the Journal of Extracellular Vesicles. The journal selected more than 30 individual experts to
review themanuscript, and reviews were shared with the organising committee along with editorial suggestions. Themanuscript
was then revised by the organising committee and subject experts, and the ISEV Board of Directors was consulted on matters of
timing and logistics. At the request of the ISEV Board, the revised manuscript was sent via survey to all who were involved in
developing the guidelines and who had indicated willingness to accept co-authorship. The results of this authorship survey were
used to gauge consensus on each section and to determine the final author lists before resubmission to the journal. The consensus
statements at the end of Sections 1 through 9 reflect the complete answers of 998 unique MISEV2023 authorship confirmation
survey respondents. There were 1039 responses in total, including several duplicates, one triplicate, three declines, and several
incomplete responses. Note that several confirmed authors did not complete the survey for reasons that were deemed valid,
including technical issues.
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 of  WELSH et al.

MISEV2023 has compiled recommendations for EV research, from basic to advanced, state-of-the-art technologies and
methodologies. As such, it can serve both as a handbook for those new to EV research and also as an inspiration for more
advanced science in the field. In generating this document, an overarching goal has been to reach a high degree of agreement
from a large group of scientists within the EV community. As with any consensus document, not every co-author necessarily
agrees with every section or every recommendation. We also recognise that new methods will appear, while some advanced
techniques may become easier to use: the field is dynamic, not static. Nevertheless, we propose that MISEV2023 describes the
current best practice in the field and represents the current consensus position of the extracellular vesicle community.
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Hospital, Boston, MA, USA; Department of Surgery, Boston Children’s Hospital and Harvard Medical School, Boston, MA,
USA), Benedetta Bussolati (Department of Molecular Biotechnology and Health Sciences, University of Turin, Turin, Italy),
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Szeged, Hungary; Department of Immunology, University of Szeged, Szeged, Hungary), J Brian Byrd (Department of Medicine,
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Immunology, University of Zurich, Zurich, Switzerland; Faculty of Medicine, University of Zurich, Zurich, Switzerland; Fac-
ulty of Science, University of Zurich, Zurich, Switzerland), Renata Chalupská (AstraZeneca, Mölndal, Sweden), Lawrence W
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V Chitti (Department of Biochemistry, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia),
Ssang-Goo Cho (Department of Stem Cell and Regenerative Biotechnology, Molecular & Cellular Reprogramming Center and
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University, Seoul, Republic of Korea; Image Guided Precision Cancer Surgery Institute, Korea University, Seoul, Republic of
Korea), Somchai Chutipongtanate (MILCH and Novel Therapeutics Lab, Division of Epidemiology, Department of Environ-
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Fakultät der Technischen Universität Dresden, Dresden, Germany), Anabela Cordeiro-da-Silva (Faculty of Pharmacy, Uni-
versity of Porto, Porto, Portugal; Institute for Research and Innovation in Health, University of Porto, Porto, Portugal), Júlia
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Couch (St Hilda’s College, University of Oxford, Oxford, UK; Somerville College, University of Oxford, Oxford, UK), Yvan
Courageux (ICREC Research Program, Health Science Research Institute Germans Trias i Pujol (IGTP), Badalona, Spain; Heart
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Laval, Quebec, Canada), Beth Coyle (Children’s Brain Tumour Research Centre, School of Medicine, University of Nottingham
Biodiscovery Institute, University of Nottingham, University Park, Nottingham, UK), Rossella Crescitelli (Sahlgrenska Center

 20013078, 2024, 2, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12404 by C

olorado S
tate U

niversity, W
iley O

nline L
ibrary on [09/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



WELSH et al.  of 

for Cancer Research, Department of Surgery, Institute of Clinical Sciences, Sahlgrenska Academy, University of Gothenburg,
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Medical Science, Newcastle University, Newcastle upon Tyne, UK),Marcela A Cucher (Department of Microbiology, School of
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Research (VITO), Mol, Belgium),Vatsal Deliwala (Australian Institute for Bioengineering and Nanotechnology, The University
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Chemical Engineering, The University of Queensland, Brisbane, Australia), Elizabeth RDellar (Nuffield Department of Clinical
Neurosciences, John Radcliffe Hospital, University of Oxford, Oxford, UK), Jan Van Deun (Department of Dermatology, Uni-
versitätsklinikum Erlangen, Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany), Apurba Dev (Uppsala
University, Uppsala, Sweden; KTH Royal Institute of Technology, Stockholm, Sweden), Sarah Deville (Ghent University, Ghent,
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Dhondt (Department of Human Structure and Repair, Ghent University, Ghent, Belgium), Lothar CDieterich (European Cen-
ter of Angioscience, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany), Dirk P Dittmer (Lineberger
Comprehensive Cancer Center, Department ofMicrobiology and Immunology, The University of North Carolina at Chapel Hill,
ChapelHill, NC,USA),BrianDobosh (Department of Pediatrics, EmoryUniversity School ofMedicine, Atlanta, GA,USA; Cen-
ter for CF and Airways Disease Research, Children’s Healthcare of Atlanta, Atlanta, GA, USA), Gabriella Dobra (Laboratory of
Microscopic Image Analysis and Machine Learning, Hungarian Research Network (HUN-REN), Biological Research Centre,
Szeged, Hungary; Department of Immunology, University of Szeged, Szeged, Hungary),Navneet Dogra (Department of Pathol-
ogy, Molecular and Cell-Based Medicine, Icahn Genomics Institute, New York, NY, USA), Eisuke Dohi (Department of Mental
Disorder Research, National Institute of Neuroscience, National Center of Neurology and Psychiatry, Tokyo, Japan), Vincenza
Dolo (Department of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy),TimothyVDomashevich
(Departments of Ophthalmology, University of Colorado Anschutz Medical Campus, Aurora, CO, USA), Massimo Dominici
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sity of Oxford, Oxford, UK), Tom AP Driedonks (Department CDL Research, University Medical Center Utrecht, Utrecht,
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Duan (Deakin University, Geelong, Australia), Esmahan Durmaz (School of Optometry and Vision Sciences, Cardiff Univer-
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Oxford,UK;Kavli Institute forNanoscienceDiscovery, DorothyCrowfootHodgkin Building, University ofOxford,Oxford, UK),
Takanori Eguchi (Department of Dental Pharmacology, Faculty of Medicine, Dentistry and Pharmaceutical Sciences, Okayama
University, Okayama, Japan; Advanced Research Center for Oral and Craniofacial Sciences, Okayama University, Okayama,
Japan), RamonM Eichenberger (Institute of Chemistry and Biotechnology, Zurich University of Applied Sciences, Wädenswil,
Switzerland), Erez Eitan (NeuroDex INC, Natick, MA, USA), Karin Ekström (Sahlgrenska Center for Cancer Research,
Department of Surgery, Institute of Clinical Sciences, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden;
Wallenberg Centre for Molecular and Translational Medicine, Institute of Clinical Sciences, Sahlgrenska Academy, University
of Gothenburg, Gothenburg, Sweden), Maria Eldh (Division of Immunology and Allergy, Department of Medicine Solna,
Karolinska Institutet, Stockholm, Sweden), Celine Elie-Caille (FEMTO-ST Institute, CNRS UMR-6174, Université de Bour-
gogne Franche-Comté, Besançon, France), Agustin Enciso-Martinez (Ten Dijke/Chemical Signaling Laboratory, Department
of Cell and Chemical Biology, Leiden University Medical Center and Oncode Institute, Leiden, The Netherlands; Department of
Biomedical Engineering and Physics, AmsterdamUniversityMedical Centers, Amsterdam, TheNetherlands; AmsterdamVesicle
Center, Amsterdam University Medical Centers, Location AMC, University of Amsterdam, Amsterdam, The Netherlands), Uta
Erdbrügger (University of Virginia Health System, Charlottesville, VA, USA), Rezvan Esmaeili (Genetics Department, Breast
Cancer ResearchCenter,MotamedCancer Institute, Academic Center for EducationCulture andResearch, Tehran, Iran; Depart-
ment of Experimental Radiation Oncology, The University of Texas MDAnderson Cancer Center, Houston, TX, USA),Camille
Ettelaie (Biomedical Science, Hull-York Medical School, Hull, UK), András I Försönits (Department of Genetics, Cell- and
Immunobiology, Semmelweis University, Budapest, Hungary), Muller Fabbri (Center for Cancer and Immunology Research,
Children’s National Hospital, Washington, DC, USA; GW Cancer Center, George Washington University, Washington, DC,
USA), Marco Falasca (Department of Medicine and Surgery, University of Parma, Parma, Italy; Metabolic Signalling Group,
Curtin Medical School, Curtin Health and Innovation Research Institute, Curtin University, Bentley, Australia), JuanM Falcon-
Perez (Exosomes Laboratory, Center for Cooperative Research in Biosciences, Basque Research and Technology Alliance, Derio,
Spain; Metabolomics Platform, Center for Cooperative Research in Biosciences, Basque Research and Technology Alliance,
Derio, Spain; IKERBASQUE, Basque Foundation for Science, Bilbao, Spain), Hongkuan Fan (Department of Pathology and
Laboratory Medicine, Medical University of South Carolina, Charleston, USA), Farah Fatima (Chalmers University of Technol-
ogy, Gothenburg, Sweden), Vroniqa Ku’ulei-Lyn Faustino (Department of Molecular Medicine, Beckman Research Institute,
City ofHopeComprehensive Cancer Center, Duarte, CA,USA),Alireza Fazeli (EstonianUniversity of Life Sciences, Tartu, Esto-
nia; University of Tartu, Tartu, Estonia; University of Sheffield, Sheffield, UK),María Fernández-Rhodes (Biomedical Research
Institute of Lleida Dr. Pifarré Foundation (IRBLLEIDA), University Hospital Arnau de Vilanova (HUAV), Lleida, Spain; Depart-
ment ofMedical Basic Sciences, University of Lleida (UdL), Lleida, Spain),Christopher Fernandez-Prada (Faculty of Veterinary
Medicine, Université de Montréal, Montreal, Canada),Mariola J Ferraro (Department of Microbiology and Cell Science, Uni-
versity of Florida, Gainesville, FL, USA), JoaoNFerreira (Avatar Biotechnologies forOral Health andHealth Longevity Research
Unit, Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand; Department of Research Affairs, Faculty of Dentistry,
Chulalongkorn University, Bangkok, Thailand), Rafaela F Ferreira (Institute of Animal Science and Physiology, University of
Bonn, Bonn, Germany), Leandra K Figueroa-Hall (Laureate Institute for Brain Research, Tulsa, OK, USA; The University of
Tulsa, Tulsa, OK, USA), Aliosha I Figueroa-Valdés (IMPACT, Center of Interventional Medicine for Precision and Advanced
Cellular Therapy, Santiago, Chile; Laboratory of Nano-Regenerative Medicine, Centro de Investigación e Innovación Biomédica
(CiiB), Universidad de los Andes, Santiago, Chile; Cells for Cells, Santiago, Chile),PaoloV Fioretti (University of Trento, Trento,
Italy), Sabine Flenady (StemXo, Melbourne, Australia; Melbourne University, Melbourne, Australia; Central Queensland Uni-
versity,NormanGardens,Australia),Miguel Flores-Bellver (CellSightOcular StemCell andRegenerationProgram,Department
of Ophthalmology, Sue Anschutz-Rodgers Eye Center, University of Colorado Anschutz Medical Campus, Aurora, CO, USA),
Ellis K Fok (School of Biomedical Sciences, Faculty of Medicine, The Chinese University of Hong Kong, Hong Kong SAR;
Sichuan University-The Chinese University of Hong Kong Joint Laboratory for Reproductive Medicine, West China Second
University Hospital, Chengdu, China; School of Biomedical Sciences Core Laboratory, Shenzhen Research Institute, The Chinese
University of Hong Kong, Shenzhen, China), Pamali Fonseka (Department of Biochemistry, La Trobe Institute for Molecular
Science, La Trobe University, Melbourne, Australia), Karen Forbes (Leeds Institute of Cardiovascular and Metabolic Medicine,
University of Leeds, Leeds, UK),Verity J Ford (Clinical Center, National Institutes of Health, Bethesda,MD,USA),Cristina For-
naguera (Grup d’Enginyeria de Materials (Gemat), Institut Químic de Sarrià (IQS), Universitat Ramon Llull (URL), Barcelona,
Spain), Dorian Forte (Department of Medical and Surgical Sciences, Institute of Hematology “L. and A. Seràgnoli”, Univer-
sity of Bologna, Bologna, Italy), Stefano Forte (IOM Ricerca, Viagrande, Italy; Mediterranean Institute of Oncology, Viagrande,
Italy), Orazio Fortunato (Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy), Jeffrey L Franklin (Department of
Medicine, Gastroenterology, Vanderbilt University Medical Center, Nashville, TN, USA; Department of Cell and Developmental
Biology, Vanderbilt University, Nashville, TN, USA; Epithelial Biology Center, Department of Medicine, Vanderbilt University
Medical Center, Nashville, TN, USA),Daniela Freitas (i3S-Institute for Research and Innovation in Health, University of Porto,
Porto, Portugal; IPATIMUP-Institute of Molecular Pathology and Immunology, University of Porto, Porto, Portugal), Annie
Frelet-Barrand (Institute FEMTO-ST, Université de Franche-Comté, CNRS, Besançon, France),Qing-Ling Fu (Otorhinolaryn-
gology Hospital, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China; Extracellular Vesicle Research and
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Clinical Translational Center, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China), Yu Fujita (The Jikei
University Shool of Medicine, Tokyo, Japan),Kathrin Gärtner (Eximmium Biotechnologies GmbH, Munich, Germany),André
Görgens (Department of Laboratory Medicine, Karolinska Institutet, Stockholm, Sweden; Department of Cellular Therapy and
Allogeneic StemCell Transplantation (CAST), Karolinska University Hospital Huddinge and Karolinska Comprehensive Cancer
Center, Stockholm, Sweden; Institute for TransfusionMedicine, University Hospital Essen, University of Duisburg-Essen, Essen,
Germany), Áurea M Gabriel (Institute of Hygiene and Tropical Medicine, NOVA University of Lisbon, Lisbon, Portugal; Insti-
tute of Biological Sciences, Federal University of Pará, Belém, Brazil),MartinaGabrielli (CNR Institute of Neuroscience, Vedano
al Lambro, Italy), Susanne Gabrielsson (Division of Immunology and Allergy, Department of Medicine Solna, Karolinska Insti-
tutet, Stockholm, Sweden; Center for Molecular Medicine, Karolinska University Hospital, Stockholm, Sweden; Department
of Clinical Immunology and Transfusion Medicine, Karolinska University Hospital, Stockholm, Sweden), Alicia Galinsoga
(Department of Genetics, Cell- and Immunobiology, Semmelweis University, Budapest, Hungary), Andrea Galisova (Institute
for Clinical and Experimental Medicine, Prague, Czech Republic), Teena KJB Gamage (Department of Obstetrics and Gynae-
cology, University of Auckland, NewZealand; Department of Physiology, Faculty ofMedical andHealth Sciences, TheUniversity
of Auckland, Auckland, New Zealand), Yingtang Gao (Tianjin Key Laboratory of Extracorporeal Life Support for Critical Dis-
eases, Tianjin Institute of Hepatobiliary Disease, Nankai University Affiliated the Third Center Hospital, Tianjin, China),Marta
Garcia-Contreras (MGH/Harvard Medical School, Boston, MA, USA), M Madhy Garcia Garcia (University of California
Irvine, Irvine, CA, USA), Maria Noé Garcia (Institute of Studies of the Humoral Immunity (IDEHU), National Council of
Science and Technology (CONICET), University of Buenos Aires, Buenos Aires, Argentina), Ernesto Gargiulo (Department
of Hematology, Rigshospitalet, Copenhagen University Hospital, Copenhagen, Denmark), Hernán González-King Garibotti
(Research and Early Development, Cardiovascular, Renal and Metabolism, BioPharmaceuticals R&D, AstraZeneca, Mölndal,
Sweden), Margaret M Mc Gee (School of Biomolecular and Biomedical Science, University College Dublin, Dublin, Ireland;
Conway Institute of Biomolecular and Biomedical Research, University College Dublin, Dublin, Ireland), Géraldine C Genard
(Division of Biomedical Physics in Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany), Fabi-
anaGeraci (Department of Biological, Chemical andPharmaceutical Sciences andTechnologies,University of Palermo, Palermo,
Italy), Jamal Ghanam (Department of Pediatrics III, University Hospital Essen, Essen, Germany), SubhadipGhatak (McGowan
Center for Regenerative Medicine, Department of Surgery, University of Pittsburgh, Pittsburgh, PA, USA),Mahlegha Ghavami
(Pathology Department, Dalhousie University, Halifax, Canada), Raluca E Ghebosu (Australian Institute for Bioengineering
and Nanotechnology, The University of Queensland, Brisbane, Australia), Yong Song Gho (Pohang University of Science and
Technology, Pohang, Republic of Korea), SayamGhosal (Department of Genetics, Cell- and Immunobiology, Semmelweis Uni-
versity, Budapest, Hungary; HCEMM-SU Extracellular Vesicle Research Group, Semmelweis University, Budapest, Hungary),
Georgios Giamas (Department of Biochemistry and Biomedicine, School of Life Sciences, University of Sussex, Brighton, UK),
Bernd Giebel (Institute for Transfusion Medicine, University Hospital Essen, University of Duisburg-Essen, Essen, Germany),
CarolineGilbert (Division of Infectious and ImmuneDiseases, CHUdeQuebec Research Center, Quebec, Canada; Department
of Microbiology, Infectious Disease and Immunology, Faculty of Medicine, Université Laval, Quebec, Canada),Mario Gimona
(Paracelsus Medical University, Salzburg, Austria), Henrique Girão (Coimbra Institute for Clinical and Biomedical Research
(iCBR), Faculty of Medicine, University of Coimbra, Coimbra, Portugal; Center for Innovative Biomedicine and Biotechnol-
ogy, University of Coimbra, Coimbra, Portugal; Academic and Clinical Center of Coimbra, Coimbra, Portugal), Ilaria Giusti
(Department of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy), Evan A Gizzie (Meso Scale
Diagnostics, LLC., Rockville, MD, USA), Sofija Glamočlija (Institute for the Application of Nuclear Energy, Belgrade, Serbia),
Sarah E Glass (Vanderbilt University Medical Center, Nashville, TN, USA), Jessica Gobbo (Department of Medical Oncology,
Centre Georges-François Leclerc, Dijon, France; INSERM UMR 1231, «Equipe labellisée» Ligue National contre le Cancer and
Laboratoire d’Excellence LipSTIC, Dijon, France; University of Bourgogne, Dijon, France), Deborah CI Goberdhan (Nuffield
Department of Women’s and Reproductive Health, University of Oxford, Women’s Centre, John Radcliffe Hospital, Oxford,
UK), Nihar Godbole (Translational Extracellular Vesicles in Obstetrics and Gynae-Oncology Group, University of Queensland
Centre for Clinical Research, Faculty of Medicine, Royal Brisbane and Women’s Hospital, The University of Queensland, Bris-
bane, Australia), Jacky G Goetz (Tumor Biomechanics, INSERM UMR_S1109, Strasbourg, France; University of Strasbourg,
Strasbourg, France; Equipe Labellisée Ligue Contre le Cancer), Olesia Gololobova (Department of Molecular and Compara-
tive Pathobiology, Johns Hopkins University School of Medicine, Baltimore, MD, USA; EV Core Facility “EXCEL”, Institute for
Basic Biomedical Sciences, Johns Hopkins University School of Medicine, Baltimore, MD, USA),Manuel Gomez-Florit (Health
Research Institute of the Balearic Islands (IdISBa), Palma, Spain; Cell Therapy and Tissue Engineering Group, Research Insti-
tute on Health Sciences (IUNICS), University of the Balearic Islands, Palma, Spain), Jenifer Pendiuk Goncalves (Australian
Institute for Bioengineering and Nanotechnology, The University of Queensland, Brisbane, Australia), Cansu Gorgun (School
of Pharmacy and Biomolecular Sciences, Royal College of Surgeons in Ireland, Dublin, Ireland; Trinity Centre for Biomedical
Engineering, Trinity Biomedical Sciences Institute, Trinity College, Dublin, Ireland; Advanced Materials and Bioengineering
Research Centre, Trinity College Dublin and Royal College of Surgeons in Ireland, Dublin, Ireland), Alessandro Gori (Institute
of Chemical Sciences and Technologies, National Research Council of Italy, Milan, Italy), Sabina Gorska (Hirszfeld Institute
of Immunology and Experimental Therapy, Polish Academy of Sciences, Wroclaw, Poland), Michael W Graner (University
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of Colorado Anschutz Medical Campus, Aurora, CO, USA), Georges E Grau (Vascular Immunology Unit, School of Medi-
cal Sciences, The University of Sydney, Sydney, Australia; Sydney Nano Institute, The University of Sydney, Australia; Sydney
Infectious Diseases Institute, The University of Sydney, Australia), Laura Grech (Faculty of Medicine and Surgery, University
of Malta, Msida, Malta), David W Greening (Baker Heart & Diabetes Institute, Melbourne, Australia; La Trobe University,
Melbourne, Australia; The University of Melbourne, Melbourne, Australia), Rüdiger M Groß (Institute of Molecular Virol-
ogy, Ulm University Medical Center, Ulm, Germany), Julia C Gross (Institute of Molecular Medicine, Health and Medical
University, Potsdam, Germany), Jens Gruber (Curexsys GmbH, Goettingen, Germany), Alice Gualerzi (IRCCS Fondazione
Don Carlo Gnocchi Onlus, Milan, Italy), Dominic Guanzon (The University of Queensland, Brisbane, Australia), Johann M
Gudbergsson (Department of Biomedicine, Aarhus University, Aarhus, Denmark), Coralie L Guerin (Cytometry Platform,
Institut Curie, Paris, France; Extracellular Vesicles Platform, Institut Curie, Paris, France), Flora Guerra (Department of Bio-
logical and Environmental Sciences and Technologies, Università del Salento, Lecce, Italy), Maria I Guillén (Faculty of Health
Sciences, Cardenal Herrera CEU University, Alfara del Patriarca, Valencia, Spain; Interuniversity Research Institute for Molec-
ular Recognition and Technological Development (IDM), University of Valencia, Polytechnic University of Valencia, Valencia,
Spain), Vikramsingh Gujar (Oklahoma State University Center for Health Sciences, Tulsa, OK, USA), Wei Guo (Department
of Biology, University of Pennsylvania, Philadelphia, PA, USA),Veer Bala Gupta (Faculty of Heath, School of Medicine, Deakin
University, Geelong, Australia), Vivek Kumar Gupta (Faculty of Medicine, Health and Human Sciences, Macquarie Medical
School, Macquarie University, Sydney, Australia; School of Life Sciences, Pooja Bhagwat Memorial Mahajana Education Cen-
tre, Mysore, Karnataka, India),Dakota Gustafson (Department of Laboratory Medicine & Pathobiology, University of Toronto,
Toronto, ON, Canada; Faculty of Health Sciences, Queen’s University, Kingston, ON, Canada), Edina Gyukity-Sebestyén (Lab-
oratory of Microscopic Image Analysis and Machine Learning, Hungarian Research Network (HUN-REN), Biological Research
Centre, Szeged, Hungary; Department of Immunology, Albert Szent-Györgyi Medical School, Faculty of Science and Infor-
matics, University of Szeged, Szeged, Hungary), Patrick Hölker (University Hospital Cologne, Cologne, Germany),Mangesh D
Hade (NationwideChildren’sHospital, Columbus, OH,USA; TheOhio StateUniversity, Columbus, OH,USA),DanielWHagey
(Department of LaboratoryMedicine, Karolinska Institutet, Stockholm, Sweden; Department of Cellular Therapy andAllogeneic
Stem Cell Transplantation (CAST), Karolinska University Hospital Huddinge and Karolinska Comprehensive Cancer Center,
Stockholm, Sweden), Chungmin Han (Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA,
USA; Brigham andWomen’sHospital, Boston,MA,USA;HarvardMedical School, Boston,MA,USA),PingpingHan (School of
Dentistry, TheUniversity of Queensland, Brisbane, Australia),RikinariHanayama (WPINano Life Science Institute (NanoLSI),
Kanazawa University, Kanazawa, Japan; Department of Immunology, Graduate School of Medical Sciences, Kanazawa Univer-
sity, Kanazawa, Japan),Aase Handberg (Department of Clinical Biochemistry, Aalborg University Hospital, Aalborg, Denmark;
Department of Clinical Medicine, Aarhus University, Aarhus, Denmark), Edveena Hanser (Department of Biomedicine, Uni-
versity Hospital Basel, Basel, Switzerland; Department of Biomedicine, University of Basel, Basel, Switzerland),Masako Harada
(Department of Biomedical Engineering, Michigan State University, East Lansing, MI, USA; Institute for Quantitative Health
Science and Engineering (IQ), Department of Pharmacology & Toxicology, Michigan State University, East Lansing, MI, USA),
MariaHarmati (Laboratory ofMicroscopic Image Analysis andMachine Learning, Hungarian Research Network (HUN-REN),
Biological Research Centre, Szeged, Hungary; Department of Immunology, University of Szeged, Szeged, Hungary), Adrian
L Harris (Department of Oncology, University of Oxford, Oxford, UK), Paul Harrison (Institute of Inflammation and Age-
ing, University of Birmingham, Birmingham, UK), Rane A Harrison (Hemab Therapeutics, Cambridge, MA, USA),Norman J
Haughey (Departments of Neurology and Psychiatry, Johns Hopkins University School ofMedicine, Baltimore,MD, USA), Paul
A Haynes (School of Natural Sciences, Macquarie University, Sydney, Australia), Mei He (Department of Pharmaceutics, Col-
lege of Pharmacy, University of Florida, Gainesville, FL, USA; University of Florida Health Cancer Center, Gainesville, FL, USA),
HargitaHegyesi (Department of Genetics, Cell- and Immunobiology, Semmelweis University, Budapest, Hungary),AnHendrix
(Laboratory of Experimental Cancer Research, Department of Human Structure and Repair, Ghent University, Ghent, Belgium;
Cancer Research Institute Ghent, Ghent, Belgium), Martijn JC van Herwijnen (Department of Biomolecular Health Sciences,
Faculty of Veterinary Medicine, Utrecht University, Utrecht, The Netherlands), Andrew F Hill (Institute for Health and Sport,
Victoria University, Melbourne, Australia), Colin L Hisey (Department of Biomedical Engineering, The Ohio State University,
Columbus, OH, USA; Department of Chemical and Biomolecular Engineering, The Ohio State University, Columbus, OH, USA;
Northwestern University, Department of Biomedical Engineering, Evanston, IL, USA), Fred H Hochberg (Massachusetts Gen-
eral Hospital, Boston, MA, USA (retired); Scintillon Institute, San Diego, CA, USA; PIOMA, Sarasota, FL, USA), Esther NM
Nolte-’t Hoen (Department of Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht University, Utrecht, The
Netherlands),Marija Holcar (Institute for Biochemistry and Molecular Genetics, Faculty of Medicine, University of Ljubljana,
Ljubljana, Slovenia),BethHolder (Imperial College London, London, UK),WolfgangHolnthoner (Ludwig Boltzmann Institute
for Traumatology, The Research Centre in Cooperation with AUVA, Vienna, Austria; Austrian Cluster for Tissue Regeneration,
Vienna, Austria),HarryHolthofer (Finnish Institute ofMolecularMedicine (FIMM), University of Helsinki, Helsinki, Finland),
DCraig Hooper (Thomas Jefferson University, Philadelphia, PA, USA), ElhamHosseini-Beheshti (Asbestos and Dust Diseases
Research Institute, Sydney, Australia),BaharakHosseinkhani (Laboratory of Angiogenesis andVascularMetabolism, Center for
Cancer Biology (CCB), VIB and Department of Oncology, Leuven Cancer Institute (LKI), KU Leuven, Leuven, Belgium), Jane
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Howard (UCDSchool ofMedicine, College ofHealth, andAgricultural Sciences (CHAS),University CollegeDublin, Dublin, Ire-
land; UCD Conway Institute of Biomolecular and Biomedical Research, University College Dublin, Dublin, Ireland), Kathryn
L Howe (University Health Network, Toronto, Canada; University of Toronto, Toronto, Canada; Peter Munk Cardiac Centre,
Toronto, Canada),Nicholas R Hoyle (ClinBioConsulting FRG, Eschenlohe, Germany), Jiri Hrdy (Institute of Immunology and
Microbiology, First Faculty ofMedicine, Charles University andGeneral University Hospital in Prague, Prague, Czech Republic),
Guoku Hu (University of Nebraska Medical Center, Omaha, NE, USA), Yiyao Huang (Department of Molecular and Compar-
ative Pathobiology, Johns Hopkins University School of Medicine, Baltimore, MD, USA; Department of Laboratory Medicine,
Nanfang Hospital, Southern Medical University, Guangzhou, China), Veronica Huber (Translational Immunology Unit, Fon-
dazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy), Samo Hudoklin (Institute of Cell Biology, Faculty of Medicine,
University of Ljubljana, Ljubljana, Slovenia),AntoniaHufnagel (NovoNordisk FoundationCenter for BasicMetabolic Research,
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark), Mark D Hulett (Department of
Biochemistry and Chemistry, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia), Stuart Hunt
(The University of Sheffield, Sheffield, UK), Vincent Hyenne (INSERM UMR_S1109, Tumor Biomechanics, Strasbourg, France;
University of Strasbourg, Strasbourg, France; CNRS SNC5055, Strasbourg, France), Emilio Di Ianni (Department of Neurology,
Massachusetts GeneralHospital, HarvardMedical School, Boston,MA,USA),Dalila Iannotta (School of Chemical Engineering,
The University of Queensland, Brisbane, Australia), Ahmed GE Ibrahim (Smidt Heart Institute, Cedars-Sinai Medical Center,
Los Angeles, CA, USA), Sherif A Ibrahim (AviceRNA, Konya, Turkey; Department of Pediatrics and Human Development,
Michigan State University, East Lansing, MI, USA; Department of Histology and Cell Biology, Faculty of Medicine, Mansoura
University, Mansoura, Egypt), Seiko Ikezu (Department of Neuroscience, Mayo Clinic Florida, Jacksonville, FL, USA), Tsuneya
Ikezu (Department of Neuroscience, Mayo Clinic Florida, Jacksonville, FL, USA),Hyungsoon Im (Center for Systems Biology,
Massachusetts General Hospital, Boston, MA, USA; Department of Radiology, Massachusetts General Hospital, Boston, MA,
USA), Jameel M Inal (London Metropolitan University, School of Human Sciences, Cell Communication in Disease Pathol-
ogy, London, UK; University of Hertfordshire, School of Life and Medical Sciences, Biosciences Research Group, Hatfield, UK),
Aleksandra Inic-Kanada (Institute of Specific Prophylaxis and Tropical Medicine, Center for Pathophysiology, Infectiology, and
Immunology, Medical University of Vienna, Vienna, Austria),Marit Inngjerdingen (Department of Pharmacology, University
of Oslo, Oslo, Norway), Yasuo Inoshima (Gifu University, Gifu, Japan), Alexander R Ivanov (Barnett Institute of Chemical
and Biological Analysis, Department of Chemistry and Chemical Biology, Northeastern University, Boston, MA, USA), Alena
Ivanova (Discovery Biology, Discovery Sciences, BioPharmaceuticals R&D, AstraZeneca, Mölndal, Sweden), Elena Izquierdo
(Departamento de Ciencias Médicas Básicas, Instituto de Medicina Molecular Aplicada (IMMA) Nemesio Díez, Facultad de
Medicina, Universidad San Pablo-CEU, CEU Universities, Madrid, Spain), Malene Møller Jørgensen (Department of Clinical
Immunology, Aalborg University Hospital, Aalborg, Denmark; Department of Clinical Medicine, Aalborg University, Aalborg,
Denmark), Hannah K Jackson (Pain Centre Versus Arthritis, School of Life Sciences, Queen’s Medical Centre, University of
Nottingham, Nottingham, UK; Children’s Brain Tumour Research Centre, Biodiscovery Institute, University of Nottingham,
Nottingham, UK), Soren Jacobsen (COPEACT, Department of Rheumatology, Rigshospitalet, Copenhagen, Denmark; Depart-
ment of Clinical Medicine, University of Copenhagen, Denmark), Fernanda Jadue (Universidad de Los Andes, Santiago, Chile;
Universidad del Desarrollo, Santiago, Chile), Naureen Javeed (Mayo Clinic, Rochester, MN, USA), Steven M Jay (University of
Maryland, College Park, MD, USA), Muthuvel Jayachandran (Mayo Clinic College of Medicine and Science, Rochester, MN,
USA),Migara K Jayasinghe (Department of Pharmacology, Yong Loo Lin School ofMedicine, National University of Singapore,
Singapore), Guido Jenster (Erasmus Medical Center, Department of Urology, Rotterdam, The Netherlands), Dennis K Jeppe-
sen (Department of Medicine, Vanderbilt University Medical Center, Nashville, TN, USA), Carmen Jerónimo (Cancer Biology
and Epigenetics Group, Research Center, Portuguese Oncology Institute of Porto (IPO Porto), Porto, Portugal; Department of
Pathology and Molecular Immunology, ICBAS- School of Medicine and Biomedical Sciences, University of Porto, Porto, Portu-
gal), Linglei Jiang (CNBG-Virogin Biotech (Shanghai) Co., Ltd., Shanghai, China), Jing Jin (Beijing Jizhongke Biotechnology
Co., LTD, Beijing, China),Kentaro Jingushi (Laboratory ofMolecular andCellular Physiology, Graduate School of Pharmaceuti-
cal Sciences, Osaka University, Osaka, Japan),Dong-Gyu Jo (School of Pharmacy, Sungkyunkwan University, Seoul, Republic of
Korea; Institute of Quantum Biophysics, Sungkyunkwan University, Seoul, Republic of Korea; Biomedical Institute for Con-
vergence, Sungkyunkwan University, Seoul, Republic of Korea), Marianne S Joerger-Messerli (Department for BioMedical
Research (DBMR), University of Bern, Bern, Switzerland; Department of Obstetrics and Feto-maternal Medicine, University
Women’s Hospital, Inselspital, Bern University Hospital, Bern, Switzerland), Jennifer C Jones (Center for Cancer Research,
National Cancer Institute, National Institutes of Health, Bethesda, MD, USA; Translational Nanobiology Section, Laboratory
of Pathology, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA), Melissa K Jones (IFAS, University
of Florida, Gainesville, FL, USA), Olivier G de Jong (Department of Pharmaceutics, Utrecht Institute of Pharmaceutical Sci-
ences (UIPS), Utrecht University, Utrecht, The Netherlands), Tijana Jovanovic-Talisman (Department of Cancer Biology and
Molecular Medicine, Beckman Research Institute, City of Hope Comprehensive Cancer Center, Duarte, CA, USA),AnthonyW
Ferrante, Jr (Naomi Berrie Diabetes Center, Columbia University, New York, NY, USA), Leon G Coleman Jr (Bowles Center
for Alcohol Studies, Department of Pharmacology, University of North Carolina at Chapel Hill School of Medicine, Chapel Hill,
NC, USA), David Juncker (McGill University, Montreal, Canada), Stephanie Jung (Institute of Cardiovascular Immunology,
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University Hospital Bonn, University of Bonn, Bonn, Germany), Benjamin Jurek (Max-Planck Insitute for Psychiatry, Munich,
Germany), Marcin Jurga (EXO Biologics SA, Liège, Belgium), Verline Justilien (Department of Cancer Biology, Mayo Clinic,
Jacksonville, FL, USA), Mehdi Kabani (CNRS, CEA, Laboratoire des Maladies Neurodégénératives, Université Paris-Saclay,
Fontenay-aux-Roses, France), Raghu Kalluri (The University of Texas MD Anderson Cancer Center, Houston, TX, USA ),
Masood Kamali-Moghaddam (Department of Immunology, Genetics and Pathology, Science for Life Laboratory, Uppsala Uni-
versity, Uppsala, Sweden),Masamitsu Kanada (Institute for Quantitative Health Science and Engineering (IQ), Department of
Pharmacology & Toxicology, Michigan State University, East Lansing, MI, USA),Taeyoung Kang (Department of Biochemistry,
La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia), Shin-ichi Kano (University of Alabama at
Birmingham, Birmingham, AL, USA),Maria Kaparakis-Liaskos (Department ofMicrobiology, Anatomy, Physiology and Phar-
macology, La Trobe University, Melbourne, Australia), Elżbieta Karnas (Department of Cell Biology, Faculty of Biochemistry,
Biophysics and Biotechnology, Jagiellonian University, Krakow, Poland), Antoine Karoichan (Faculty of Dental Medicine and
OralHealth Sciences,McGill University,Montreal, Canada),FatahKashanchi (Laboratory ofMolecularVirology,GeorgeMason
University, Manassas, VA, USA), Sara Assar Kashani (Centre for Motor Neuron Disease Research, Macquarie Medical School,
Macquarie University, Sydney, Australia), Namita N Kashyap (Centre for Molecular Neurosciences, Kasturba Medical College
Manipal, Manipal Academy of Higher Education, Manipal, India),Miroslava Katsur (The Hatter Cardiovascular Institute, Uni-
versity College London, London, UK), Silvio Kau-Strebinger (Department of Pathobiology, University of Veterinary Medicine
Vienna, Vienna, Austria), Amy C Kauffman (Corning Life Sciences, Kennebunk, ME, USA), Sukhbir Kaur (Laboratory of
Pathology, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA),Oksana Kehoe (Centre for Regenera-
tive Medicine Research, School of Medicine, Keele University, Keele, UK; Robert Jones and Agnes Hunt Orthopaedic Hospital,
Oswestry,UK),Richard JRKelwick (Imperial College London, London,UK),AmirmohammadNasiriKenari (ResearchCentre
for Advanced Science and Technology, The University of Tokyo, Tokyo, Japan), BrachyahuMKestecher (Department of Genet-
ics, Cell- and Immunobiology, Semmelweis University, Budapest, Hungary; HCEMM-SU Extracellular Vesicle Research Group,
Semmelweis University, Budapest, Hungary; HUN-REN-SU Translational Extracellular Vesicle Research Group, Semmelweis
University, Budapest, Hungary), Tom G Keulers (Department of Radiotherapy, GROW-School for Oncology and Reproduc-
tion, Maastricht University Medical Centre+, Maastricht, The Netherlands), Kendall R Van Keuren-Jensen (Neurogenomics,
TGen, Phoenix, AZ, USA), Kasra Khalaj (The Hospital for Sick Children, Toronto, Canada; University of Toronto, Toronto,
Canada),DelaramKhamari (Department of Genetics, Cell- and Immunobiology, Semmelweis University, Budapest, Hungary),
Ramin Khanabdali (Inoviq Limited, Notting Hill, Australia), Elena Khomyakova (Exosome Analytics, Evry, France),Amanda
Khoo (Department of Medical Biophysics, University of Toronto, Toronto, Canada; Princess Margaret Cancer Centre, Univer-
sity Health Network, Toronto, Canada), Daniel H Kim (University of California, Santa Cruz, Santa Cruz, CA, USA; Canary
Center at Stanford for Cancer Early Detection, Palo Alto, USA; Stanford RNA Medicine Program, Palo Alto, USA), Dongin
Kim (College of Pharmacy, Oklahoma University Health Sciences Center, Oklahoma City, OK, USA),Han Sang Kim (Division
of Medical Oncology, Department of Internal Medicine, Graduate School of Medical Science, Brain Korea 21 Project, Yonsei
University College of Medicine, Seoul, Korea), In-San Kim (Chemical and Biological Integrative Research Center, Biomedical
Research Division, Korea Institute of Science and Technology (KIST), Seoul, Republic of Korea; KU-KIST Graduate School of
Converging Science and Technology, Korea University, Seoul, Republic of Korea), Soo Kim (Brexogen Inc., Seoul, Republic of
Korea), Yohan Kim (Nathan S. Kline Institute for Psychiatric Research, Orangeburg, NY, USA; Department of Psychiatry, New
York University School of Medicine, New York, NY, USA), Peter E Kima (Microbiology and Cell Science, University of Florida,
Gainesville, FL, USA), Thomas Kislinger (Princess Margaret Cancer Centre, University Health Network, Toronto, ON, Canada;
University of Toronto, Department of Medical Biophysics, Toronto, Canada),Mikael Klingeborn (McLaughlin Research Insti-
tute, Great Falls, MT, USA), Rob Knight (Cellese Inc., Irvine, CA, USA),Hiroaki Komuro (Smidt Heart Institute, Cedars-Sinai
Medical Center, Los Angeles, CA, USA; Department of Cardiovascular Medicine, Tokyo Medical and Dental University, Tokyo,
Japan), Anna Koncz (Department of Genetics, Cell- and Immunobiology, Semmelweis University, Budapest, Hungary), Timo-
thea Konstantinou (Cardiff University, Cardiff, UK), Luke van der Koog (Department of Molecular Pharmacology, Groningen
Research Institute of Pharmacy, Faculty of Science and Engineering, University of Groningen, Groningen, The Netherlands;
GRIAC, Groningen Research Institute for Asthma and COPD, University Medical Center Groningen, Groningen, The Nether-
lands), Sander AA Kooijmans (CDL Research, University Medical Center Utrecht, Utrecht, The Netherlands), Miroslaw T
Kornek (Department of Internal Medicine I, University Hospital Bonn of the Rheinische Friedrich-Wilhelms-University, Bonn,
Germany; Department of General, Visceral and Thoracic Surgery, German Armed Forces Central Hospital, Koblenz, Germany),
MajaKosanović (Institute for the Application ofNuclear Energy, INEP, University of Belgrade, Belgrade, Serbia),EnisKostallari
(Division of Gastroenterology and Hepatology, Mayo Clinic, Rochester, MN, USA), Tiana F Koukoulis (The Florey Institute of
Neuroscience andMental Health, TheUniversity ofMelbourne, Parkville, Australia), StellaKourembanas (Division ofNewborn
Medicine, Boston Children’s Hospital, Boston, MA, USA; Harvard Medical School, Boston, MA, USA), Eva-Maria Krämer-
Albers (Institute for Developmental Biology and Neurobiology, Johannes Gutenberg University Mainz, Mainz, Germany),
Veronika Kralj-Iglic (Laboratory of Clinical Biophysics, Faculty of Health Sciences, University of Ljubljana, Ljubljana, Slove-
nia), Susanne Krasemann (Institute of Neuropathology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany;
Core Facility for Pathology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany),Anna DKrasnodembskaya
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(Queen’s University Belfast, Belfast, UK), Natalia J Krawczynska (Beckman Institute for Advanced Science and Technology,
University of Illinois at Urbana-Champaign, Urbana-Champaign, IL, USA; Department ofMolecular and Integrative Physiology,
University of Illinois at Urbana-Champaign, IL, USA),Mateja E Kreft (Institute of Cell Biology, Faculty of Medicine, University
of Ljubljana, Ljubljana, Slovenia), Nicole A Kruh-Garcia (Bio-pharmaceutical Manufacturing and Academic Resource Cen-
ter (BioMARC), Infectious Disease Research Center, Colorado State University, Fort Collins, CO, USA), Meta J Kuehn (Duke
University Medical Center, Durham, NC, USA), Marije E Kuipers (Department of Biomolecular Health Sciences, Faculty of
Veterinary Medicine, Utrecht University, Utrecht, The Netherlands; Department of Parasitology, Leiden University Medical
Center, Leiden, The Netherlands), Konxhe Kulaj (Molecular Cell Biology, Institute for Theoretical Medicine, Medical Faculty,
University of Augsburg, Augsburg, Germany; Institute for Diabetes and Obesity, Helmholtz Zentrum München, Neuherberg,
Germany; GermanCenter for Diabetes Research (DZD), Neuherberg, Germany), JuliaKuligowski (Health Research Institute La
Fe, Valencia, Spain), Yumi Kumagai (Juntendo University, Tokyo, Japan),Ashish Kumar (Department of Cancer Biology, Wake
Forest School of Medicine, Winston-Salem, NC, USA), Saroj Kumar (Department of Biophysics, All India Institute of Medi-
cal Sciences, New Delhi, India; Department of Health Science, Lulea University of Technology, Lulea, Sweden), Sharad Kumar
(Centre for Cancer Biology, University of South Australia, Adelaide, Australia; Adelaide Medical School, Faculty of Health and
Medical Sciences, The University of Adelaide, Adelaide, Australia), Meena Kumari (Kansas State University, Manhattan, KS,
USA), Gabrielis Kundrotas (EXO Biologics SA, Liège, Belgium), Igor V Kurochkin (Central Research Laboratories, Sysmex
Co., Kobe, Japan),Masahiko Kuroda (Department of Molecular Pathology, Tokyo Medical University, Tokyo, Japan),Marzena
Kurzawa-Akanbi (Biosciences Institute, Faculty of Medical Sciences, Newcastle University, Newcastle upon Tyne, UK ), Sasha J
Kweskin (Bayer AG, St. Louis, MO, USA), Diego Kyburz (Department of Biomedicine, University of Basel, Basel, Switzerland;
Department of Rheumatology, University Hospital Basel, Basel, Switzerland), Elisa Lázaro-Ibáñez (Advanced Drug Deliv-
ery, Pharmaceutical Sciences, Biopharmaceutics R&D, AstraZeneca, Gothenburg, Sweden), Cecilia Lässer (Krefting Research
Centre, Department of Internal Medicine and Clinical Nutrition, Institute of Medicine at Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden), Jan Lötvall (Krefting Research Centre, Institute of Medicine at Sahlgrenska Academy, Uni-
versity of Gothenburg, Gothenburg, Sweden), Ákos M Lőrincz (Department of Physiology, Semmelweis University, Budapest,
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Belgium), Lien Lippens (Laboratory of Experimental Cancer Research, Department of Human Structure and Repair, Ghent
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Loudig (Center forDiscovery and Innovation,HackensackMeridianHealth, Nutley, NJ, USA),Xavier Loyer (PARCC, INSERM,
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CancerCenter,Duarte, CA,USA),EliseMadec (MSC-med, Paris, France; EverZom, Paris, France), SettyMMagaña (TheAbigail
Wexner Research Institute, Nationwide Children’s Hospital, Columbus, OH, USA), Vasiliki Mahairaki (Department of Genetic
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Toronto, ON, Canada; Department of Physics, Toronto Metropolitan University, Toronto, ON, Canada),Nicole Meisner-Kober
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ical Sciences, New Delhi, India), Fatemeh Momen-Heravi (Cancer Biology and Immunology Laboratory, Columbia University
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of Lausanne, Epalinges, Switzerland), Jisook Moon (College of Life Science, Department of Biotechnology, CHA University,
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Nantes, INRAE, IECM, Nantes, France), Thabiso E Motaung (Forestry and Agricultural Biotechnology Institute, University of
Pretoria, Pretoria, South Africa), Etienne Moussay (Tumor Stroma Interactions, Department of Cancer Research, Luxembourg
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Group, Semmelweis University, Budapest, Hungary), Amélie Nadeau (Research Institute of McGill University Health Centre,
Montreal, Canada; Department of Pathology, McGill University, Montreal, Canada), Gi-Hoon Nam (Department of Biochem-
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Sainte Anne, Paris, France), Rienk Nieuwland (Laboratory of Experimental Clinical Chemistry, Amsterdam University Medi-
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Sao Paulo, Sao Paulo, Brazil; Department ofMedicine, State University of New York at Stony Brook, Stony Brook, NY, USA), Lor-
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Zealand), Angelica Ortiz (New York University Grossman School of Medicine, New York, NY, USA), Luis A Ortiz (Depart-
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macology, Karolinska Institutet, Stockholm, Sweden), Jerome Paggetti (Tumor Stroma Interactions, Department of Cancer
Research, Luxembourg Institute of Health, Luxembourg, Luxembourg), Paola C Loreto Palacio (AbigailWexner Research Insti-
tute, NationwideChildren’sHospital, Columbus,OH,USA),ChristianPPallasch (Department I of InternalMedicine, Centre for
IntegratedOncology (CIO)Aachen-Bonn-CologneDuesseldorf, University of Cologne, Cologne, Germany; Cologne Excellence
Cluster for Cellular Stress Responses in Ageing-Associated Diseases (CECAD), University of Cologne, Cologne, Germany; Cen-
tre for Molecular Medicine Cologne (CMMC), University of Cologne, Cologne, Germany), Roberta Palmulli (Department of
Pathology, University of Cambridge, Cambridge, UK; Department of Biochemistry, University of Cambridge, Cambridge, UK),
Bairen Pang (The First Affiliated Hospital of Ningbo University, Ningbo, China), Liliia Paniushkina (ExCT, PMU, Salzburg,
Austria; Micalis, Inrae, Paris, France), Paschalia Pantazi (Institute of Reproductive and Developmental Biology, Imperial Col-
lege London, London, UK), Lucia Paolini (Department of Medical and Surgical Specialties, Radiological Sciences and Public
Health (DSMC), University of Brescia, Brescia, Italy ; Center for Colloid and Surface Science (CSGI), Florence, Italy),Daniela L
Papademetrio (Departamento de Inmunología, Facultad de Farmacia y Bioquímica, University of Buenos Aires, Buenos Aires,
Argentina; Hospital de Alta Complejidad del Bicentenario Esteban Echeverría, Unidad de Conocimiento Traslacional, Buenos
Aires, Argentina), Pietro Parisse (Istituto Officina dei Materiali, National Research Council of Italy, Trieste, Italy; Elettra Sin-
crotrone Trieste S.C.p.A., Trieste, Italy),Dong Jun Park (University of California, San Diego, San Diego, CA, USA), Juhee Park
(Center for Soft and Living Matter, Institute for Basic Science, Ulsan, Republic of Korea), Young-Gyun Park (Korea Advanced
Institute of Science andTechnology,Daejeon, Republic of Korea), JamesGPatton (Department of Biological Sciences, Vanderbilt
University, Nashville, TN, USA), Nicholas J Peake (Sheffield Hallam University, Sheffield, UK), DMichiel Pegtel (Department
of Pathology, AmsterdamUMC,Vrije Universiteit Amsterdam, Amsterdam, TheNetherlands; Cancer Center Amsterdam, Imag-
ing and Biomarkers, Amsterdam, The Netherlands),Héctor Peinado (Microenvironment andMetastasis Laboratory, Molecular
Oncology Programme, Spanish National Cancer Research Center (CNIO), Madrid, Spain), Francesca Perut (Biomedical Sci-
ence andTechnologies andNanobiotechnology Laboratory, IRCCS IstitutoOrtopedico Rizzoli, Bologna, Italy),MichaelWPfaffl
(Division of Animal Physiology and Immunology, School of Life SciencesWeihenstephan, Technical University ofMunich, Freis-
ing, Germany), Annika Pfeiffer (Laboratory of Allergic Diseases, Division of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Bethesda,MD, USA),ThanhKha Phan (Department of Biochemistry and
Chemistry, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia), Donald G Phinney (Depart-
ment of Molecular Medicine, The Herbert Wertheim UF Scripps Institute for Biomedical Innovation and Technology, Jupiter,
FL, USA), Leonidas A Phylactou (The Cyprus Institute of Neurology & Genetics, Nicosia, Cyprus), Silvia Picciolini (IRCCS
Fondazione Don Carlo Gnocchi Onlus, Milan, Italy),Monika Pietrowska (Maria Sklodowska-Curie National Research Institute
of Oncology, Gliwice, Poland),Max Piffoux (Centre Léon Bérard, Lyon, France; Hospices civils de Lyon, Lyon, France),Cláudio
Pinheiro (Laboratory of Experimental Cancer Research, Department of Human Structure and Repair, Ghent University, Ghent,
Belgium; Cancer Research Institute Ghent, Ghent, Belgium), Ryan C Pink (Department of Biological and Medical Sciences,
Faculty of Health and Life Sciences, Oxford Brookes University, Oxford, UK), Michelle L Pleet (Viral Immunology Section,
Neuroimmunology Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda,
MD, USA), Gabriella Pocsfalvi (Institute of Biosciences and BioResourses, National Research Council, Napoli, Italy), Qi Hui
Poh (La Trobe University, Melbourne, Australia; Baker Heart & Diabetes Institute, Melbourne, Australia), Edwin van der Pol
(Biomedical Engineering and Physics, Amsterdam UMC, location AMC, University of Amsterdam, Amsterdam, The Nether-
lands; Laboratory of Experimental Clinical Chemistry, AmsterdamUMC, locationAMC,University of Amsterdam, Amsterdam,
The Netherlands; Amsterdam Vesicle Center, Amsterdam University Medical Centers, Location AMC, University of Amster-
dam, Amsterdam, The Netherlands), Ganesha Poojary (Department of Physiotherapy, Manipal College of Health Professions,
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Manipal Academy of Higher Education, Manipal, Karnataka, India), Ivan KH Poon (Department of Biochemistry and Chem-
istry, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia; Research Centre for Extracellular
Vesicles, La Trobe University, Melbourne, Australia), Giuseppina Poppa (Department of Life, Health and Environmental Sci-
ences, University of L’Aquila, L’Aquila, Italy),HernandoA del Portillo (ISGlobal, Barcelona Institute for Global Health, Hospital
Clínic-Universitat de Barcelona, Barcelona, Spain; IGTP, Germans Trias i Pujol Health Research Institute, Badalona, Spain;
Catalan Institution for Research and Advanced Studies (ICREA), Barcelona, Spain), Vendula Pospichalova (Faculty of Science,
Masaryk University, Brno, Czech Republic), Shirley Potter (Mater Misericordiae University Hospital Dublin, Dublin, Ireland;
The Conway Institute of Biomedical Science, University College Dublin, Dublin, Ireland; Irish Cancer Society, Dublin, Ireland),
Bonita H Powell (Johns Hopkins University, Baltimore, MD, USA), Simon J Powis (University of St Andrews, St Andrews, UK),
Ilaria Prada (Axxam S.p.A., Bresso, Milan, Italy), Indira Prasadam (Centre for Biomedical Technologies, School of Mechanical,
Medical, and Process Engineering, Faculty of Engineering, Queensland University of Technology, Brisbane, Australia), Chris-
tian Preußer (Institute for Tumor Immunology, Philipps University Marburg, Marburg, Germany; EV Core Facility, Philipps
University Marburg, Marburg, Germany), Heather H Pua (Department of Pathology, Microbiology, and Immunology, Van-
derbilt University Medical Center, Nashville, TN, USA; Vanderbilt Center for Immunobiology, Vanderbilt University Medical
Center, Nashville, TN, USA), Ferdinando Pucci (Department of Otolaryngology, Head & Neck Surgery, Oregon Health & Sci-
ence University, Portland, OR, USA; Cell, Developmental and Cancer Biology, Oregon Health & Science University, Portland,
OR, USA), Florian Puhm (Département de microbiologie et immunologie, Faculté de Médecine de l’Université Laval, Uni-
versité Laval, Quebec, Canada; Centre de Recherche ARThrite (Arthrite Recherche Traitements) de l’Université Laval, Quebec,
Canada), Berta Puig (Experimental Research in Stroke and Inflammation (ERSI) Group, Neurology Department, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany), Lynn Pulliam (University of California, San Francisco, San Fran-
cisco, CA, USA; Veterans Affairs Health Care, San Francisco, San Francisco, CA, USA), Adityas Purnianto (The University of
Melbourne, Parkville, Australia; The Florey Institute of Neuroscience andMental Health, TheUniversity ofMelbourne, Parkville,
Australia), Johanna MM Puutio (EV Group, Molecular and Integrative Biosciences Research Programme, Faculty of Biolog-
ical and Environmental Sciences, University of Helsinki, Helsinki, Finland; EV Core, Molecular and Integrative Biosciences
Research Programme, Faculty of Biological and Environmental Sciences, University of Helsinki, Helsinki, Finland), Rachel C
Quilang (LeidenUniversityMedical Center, Leiden, TheNetherlands),Piul SRabbani (NewYorkUniversity School ofMedicine,
New York, NY, USA), Gorjana Rackov (BioMed X GmbH, Heidelberg, Germany), Annalisa Radeghieri (University of Brescia,
Department of Molecular and Translational Medicine, Brescia, Italy; CSGI—Research Center for Colloids and Nanoscience,
Florence, Italy), Claudia M Radu (Department of Medicine, University of Padua, Padua, Italy), Robert L Raffai (University of
California, San Francisco, San Francisco, CA, USA; Department of Veterans Affairs, San Francisco, CA, USA), Alok Raghav
(Department of Anatomy and Cell Biology, Lee Gill Ya Cancer and Diabetes Institute, Gachon University, Incheon, Republic
of Korea; Multidisciplinary Research Unit, GSVM Medical College Kanpur, Uttar Pradesh, India), Mohammad Rahbari (Ger-
man Cancer Research Center, Division of Chronic Inflammation and Cancer, Heidelberg, Germany; Department of Surgery,
University Mannheim, Medical Faculty Mannheim, University Hospital Heidelberg, Mannheim, Germany), MD Matiur Rah-
man (Department of Medicine, Faculty of Veterinary, Animal and Biomedical Sciences, Sylhet Agricultural University, Sylhet,
Bangladesh; Laboratory of Food and Environmental Hygiene, Gifu University, Gifu, Japan), Md Mostafizur Rahman (South
Asian University, New Delhi, India), Alex J Rai (Department of Pathology & Cell Biology, Columbia University Irving Medi-
cal Center, New York, NY, USA), Stefania Raimondo (Department of Biomedicine, Neuroscience and Advanced Diagnostics
(Bi.N.D.), University of Palermo, Palermo, Italy), Sneha Raju (Faculty of Medicine, University of Toronto, Toronto, Canada),
JanuszRak (McGill University,Montreal, Canada), LausoniaRamaswamy (SysmexCorporation, Kobe, Japan), Javier Ramirez-
Ricardo (Department of Pathology,Microbiology, and Immunology, Vanderbilt UniversityMedical Center, Nashville, TN,USA),
Marcel I Ramirez (Carlos Chagas Institute, Oswaldo Cruz Foundation (Fiocruz), Curitiba, Brazil), Shikha Rani (The Univer-
sity of Queensland, Brisbane, Australia), Graca Raposo (Institut Curie, PSL University, Paris, France; CNRS UMR144, Paris,
France), Hilal A Rather (Wake Forest School of Medicine, Winston-Salem, NC, USA; Duke University, Durham, NC, USA),
Agnieszka Razim (Medical University of Vienna, Vienna, Austria; Hirszfeld Institute of Immunology and Experimental Ther-
apy, Polish Academy of Sciences, Wroclaw, Poland), Antonia Reale (Myeloma Research Group, Australian Centre for Blood
Diseases, Central Clinical School, Monash University—The Alfred, Melbourne, Australia; Medical Oncology, Cabrini Malvern,
Melbourne, Australia), Eduardo Reategui (William G. Lowrie Department of Chemical and Biomolecular Engineering, The
Ohio State University, Columbus, OH, USA; Comprehensive Cancer Center, The Ohio State University, Columbus, OH, USA),
Caroline J Reddel (ANZAC Research Institute, Concord Repatriation General Hospital, Concord, Australia; The University
of Sydney, Camperdown, Australia), Shivakumar K Reddy (Centre for Molecular Neurosciences, Kasturba Medical College
Manipal, Manipal Academy of Higher Education, Manipal, India), Stephen Redenti (Department of Biology, Lehman College,
City University of New York, New York, NY, USA; Biochemistry and Biology Doctoral Programs, City University of New York,
New York, NY, USA), Samantha L Reed (Emory University Department of Human Genetics, Atlanta, GA, USA), Neta Regev-
Rudzki (Department of Biomolecular Sciences, Weizmann Institute of Science, Rehovot, Israel), Katrin S Reiners (Institute of
Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn, Bonn, Germany), Nataša Resnik (Institute of Cell
Biology, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia), Gregory E Rice (Centre for Clinical Research, The

 20013078, 2024, 2, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12404 by C

olorado S
tate U

niversity, W
iley O

nline L
ibrary on [09/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



WELSH et al.  of 

University of Queensland, Herston, Australia; Inoviq Limited, Notting Hill, Australia), Franz L Ricklefs (Department of Neu-
rosurgery, University Medical Center Hamburg-Eppendorf, Hamburg, Germany), Andrea Ridolfi (Department of Physics and
Astronomy, and LaserLaB Amsterdam, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands), Kirsi Rilla (University of
Eastern Finland, Kuopio, Finland),Michael P Rimmer (Institute of Regeneration and Repair, Centre for Reproductive Health,
University of Edinburgh, Edinburgh, UK; School of Medicine, University of St Andrews, Fife, UK), Kelly CS Roballo (Edward
Via College of Osteopathic Medicine, Blacksburg, VA, USA; Virginia Maryland College of Veterinary Medicine, Virginia Tech,
Blacksburg, Virginia, USA), Paul D Robbins (Institute on the Biology of Aging, University of Minnesota, Minneapolis, MN,
USA), David D Roberts (Laboratory of Pathology, Center for Cancer Research, National Cancer Institute, National Institutes
of Health, Bethesda, MD, USA), Jordi Roca (Department of Medicine and Animal Surgery, Veterinary Science, University of
Murcia, Murcia, Spain), Avital A Rodal (Brandeis University, Waltham, MA, USA), Dorival M Rodrigues-Junior (Depart-
ment of Medical Biochemistry and Microbiology, Science for Life Laboratory, Biomedical Center, Uppsala University, Uppsala,
Sweden), Marcio L Rodrigues (Carlos Chagas Institute, Oswaldo Cruz Foundation (Fiocruz), Curitiba, Brazil; Paulo de Goes
Microbiology Institute, Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil),Marieke T Roefs (Evercyte GmbH,
Vienna, Austria), Russell G Rogers (Smidt Heart Institute, Cedars-Sinai Medical Center, Los Angeles, CA, USA), Eva Rohde
(Department of Transfusion Medicine, University Hospital, Salzburger Landeskliniken GmbH of Paracelsus Medical Univer-
sity, Salzburg, Austria; GMP Unit, Paracelsus Medical University, Salzburg, Austria; Transfer Centre for Extracellular Vesicle
Theralytic Technologies, EV-TT, Salzburg, Austria), Tatu Rojalin (Department of Biomedical Engineering, University of Cal-
ifornia, Davis, Davis, CA, USA; Expansion Therapeutics, Structural Biology and Biophysics, Jupiter, FL, USA), Rita Romani
(Department of Medicine and Surgery, University of Perugia, Perugia, Italy), Miriam Romano (Center for Colloid and Sur-
face Science (CSGI), Florence, Italy; Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy),
Sophie Rome (CarMeN Laboratory, UMR INRAE 1397/INSERM 1060, University of Lyon, Lyon, France), Rok Romih (Insti-
tute of Cell Biology, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia), Anna Romolo (Laboratory of Clinical
Biophysics, Faculty of Health Sciences, University of Ljubljana, Ljubljana, Slovenia), Tatiane De Rossi (Brazilian Biosciences
National Laboratory, Brazilian Center for Research in Energy andMaterials (CNPEM), Campinas, Brazil),KasperMRouschop
(Department of Radiotherapy, GROW-School for Oncology and Reproduction, Maastricht University Medical Centre+, Maas-
tricht, The Netherlands), David A Routenberg (Meso Scale Diagnostics, LLC., Rockville, MD, USA), Quentin Roux (Centre
de Recherche en Cancérologie et Immunologie Intégrée Nantes Angers, INSERM U1307, CNRS UMR6075, Nantes University,
Nantes, France), Andrew Rowland (College of Medicine and Public Health, Flinders University, Adelaide, Australia),Martin E
van Royen (Department of Pathology, Erasmus MC, Rotterdam, The Netherlands), Annaïg J Rozo (Aston University, Birming-
ham, UK),David Rufino-Ramos (Center for Neuroscience and Cell Biology, University of Coimbra, Coimbra, Portugal; Center
for Innovative Biomedicine and Biotechnology, University of Coimbra, Coimbra, Portugal; Center for Genomic Medicine, Mas-
sachusetts General Hospital, Boston, MA, USA),Aurelia Rughetti (Department Experimental Medicine, Sapienza University of
Rome, Rome, Italy ), Ashley E Russell (Department of Biology, School of Science, Penn State Erie, The Behrend College, Erie,
PA, USA), Stephanie F Rutter (La Trobe Institute forMolecular Science, La Trobe University, Melbourne, Australia),Myltykbay
S Rysmakhanov (West-Kazakhstan Medical University, Aktobe, Kazakhstan), Catherine A Sánchez (Academic Department,
Clínica Las Condes, Santiago, Chile; Faculty of Medicine, Universidad de Chile, Santiago, Chile), Yoel Sadovsky (Magee Wom-
ens Research Institute, University of Pittsburgh, Pittsburgh, PA, USA), Reihaneh Safavi-Sohi (Department of Chemistry and
Biochemistry, University of Notre Dame, Notre Dame, IN, USA; Harper Cancer Research Institute, University of Notre Dame,
Notre Dame, IN, USA; Department of Chemistry and Biochemistry, Seton Hall University, South Orange, NJ, USA), Andras
Saftics (Department of Molecular Medicine, Beckman Research Institute, City of Hope Comprehensive Cancer Center, Duarte,
CA, USA), Ram Sagar (Department of Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, USA),
Susmita Sahoo (Icahn School of Medicine at Mount Sinai, New York, NY, USA), Nathaniel EB Saidu (Department of Can-
cer Immunology, Institute of Cancer Research, Oslo University Hospital, Oslo, Norway), Julien Saint-Pol (Blood-Brain Barrier
Laboratory (LBHE), UR 2465, University of Artois, Lens, France), Edison Salas-Huenuleo (Advanced Integrated Technologies,
Santiago, Chile), Ana I Salazar-Puerta (The Ohio State University, Columbus, OH, USA), Ayesha Saleem (Faculty of Kine-
siology, University of Manitoba, Winnipeg, Canada; Children’s Hospital Research Institute of Manitoba (CHRIM), Winnipeg,
Canada), Ghasem Hosseini Salekdeh (School of Natural Sciences, Macquarie University, Sydney, Australia), Carlos Salomon
(Translational Extracellular Vesicles in Obstetrics and Gynae-Oncology Group, University of Queensland Centre for Clinical
Research, Faculty ofMedicine, Royal Brisbane andWomen’s Hospital, TheUniversity of Queensland, Brisbane, Australia; Depar-
tamento de Investigación, Postgrado y Educación Continua (DIPEC), Facultad de Ciencias de la Salud, Universidad del Alba,
Santiago, Chile),Amanda Salviano-Silva (Department of Neurosurgery, UniversityMedical CenterHamburg-Eppendorf, Ham-
burg, Germany), Amankeldi A Salybekov (Qazaq Institute of Innovative Medicine, Regenerative Medicine Division, Cell and
Gene Therapy Department, Astana, Kazakhstan; Kidney Disease and Transplant Center, Shonan Kamakura General Hospital,
Kamakura, Japan),Mark Samuels (Department of Biochemistry and Biomedicine, School of Life Sciences, University of Sussex,
Brighton, UK), Ursula S Sandau (Department of Anesthesiology & Perioperative Medicine, Oregon Health & Science Univer-
sity, Portland, OR, USA), Jascinta P Santavanond (Department of Biochemistry andChemistry, La Trobe Institute forMolecular
Science, La Trobe University, Melbourne, Australia; Research Centre for Extracellular Vesicles, La Trobe University, Melbourne,
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Australia), Jessie Santoro (School of Pharmacy and Pharmaceutical Sciences & Trinity Biomedical Sciences Institute, Trinity
College Dublin, Dublin, Ireland), Mark Santos (Touro University Nevada, Henderson, NV, USA), Rahul Sanwlani (La Trobe
Institute for Molecular Science, La Trobe University, Melbourne, Australia; Faculty of Health and Medical Sciences, School of
Biosciences, University of Surrey, Surrey, UK), Julie A Saugstad (Department of Anesthesiology & Perioperative Medicine,
Oregon Health & Science University, Portland, OR, USA), Meike J Saul (II. Medical Clinic and Polyclinic, University Medi-
cal Center Hamburg-Eppendorf, Hamburg, Germany), Tine Hiorth Schøyen (Cardiovascular Research Group, Department of
Clinical Medicine, University of Tromsø—The Arctic University of Norway, Tromsø, Norway), Irma Schabussova (Institute of
Specific Prophylaxis and Tropical Medicine, Center for Pathophysiology, Infectiology, and Immunology, Medical University of
Vienna, Vienna, Austria), Emilia Scharrig (Thomas Jefferson University, Philadelphia, PA, USA), Randy Schekman (Depart-
ment of Molecular and Cell Biology and Howard Hughes Medical Institute, University of California, Berkeley, Berkeley, CA,
USA), Jessica Schiavi-Tritz (CNRS, LRGP, University of Lorraine, Nancy, France), Raymond M Schiffelers (CDL Research,
University Medical Center Utrecht, Utrecht, The Netherlands), Anna M Schmid (Institute of Specific Prophylaxis and Tropical
Medicine, Center for Pathophysiology, Infectiology, and Immunology, Medical University of Vienna, Vienna, Austria), Raphael
Schneider (University of Toronto, Toronto, Canada), Stefan Schneider (Curexsys GmbH, Goettingen, Germany), Andreina
Schoeberlein (Department of Obstetrics and Feto-maternal Medicine, University Women’s Hospital, Inselspital, Bern Univer-
sity Hospital, Bern, Switzerland; Department for BioMedical Research (DBMR), University of Bern, Bern, Switzerland), Jeffrey S
Schorey (Department of Biological Sciences, University of Notre Dame, Notre Dame, IN, USA),Naohiro Seo (Nanobio Device
Laboratory, Graduate School of Bioengineering, The University of Tokyo, Tokyo, Japan), Joaquin Seras-Franzoso (Clinical Bio-
chemistry, Drug Delivery & Therapy (CB-DDT), Vall d’Hebron Institut de Recerca (VHIR), Universitat Autònoma de Barcelona
(UAB), Barcelona, Spain; Networking Research Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN),
Instituto de Salud Carlos III, Madrid, Spain; Department of Genetics and Microbiology, Universitat Autònoma de Barcelona
(UAB), Bellaterra, Spain), Sanjay Shahi (Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science,
La Trobe University, Melbourne, Australia),Olga Shatnyeva (Cell Therapy, Evotec International GmbH, Goettingen, Germany),
Deanna F Shea (School of Biological Sciences, University of Auckland, Auckland, New Zealand), Faezeh Shekari (Department
of Stem Cells and Developmental Biology, Cell Science Research Center, Royan Institute for Stem Cell Biology and Technol-
ogy, ACECR, Tehran, Iran; Celer Diagnostics, Toronto, Canada), Ganesh V Shelke (Neurosciences and Cellular and Structural
Biology Division, Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of
Health, Bethesda, MD, USA), Ashok K Shetty (Institute for Regenerative Medicine, Texas A&MUniversity School of Medicine,
College Station, Texas, USA; Department of Cell Biology and Genetics, Texas A&MUniversity School of Medicine, College Sta-
tion, Texas, USA),Kiyotaka Shiba (Cancer Institute, Japanese Foundation for Cancer Research, Tokyo, Japan),ThomasMichael
Shiju (Cole Eye Institute, Cleveland Clinic, Cleveland, OH, USA), Surya Shrivastava (Novartis Biomedical Research, San Diego,
CA, USA), Sachin Shukla (L V Prasad Eye Institute, Hyderabad, India), Pia R-M Siljander (EV Group, Molecular and Inte-
grative Biosciences Research Programme, Faculty of Biological and Environmental Sciences, University of Helsinki, Helsinki,
Finland; EV Core, Molecular and Integrative Biosciences Research Programme, Faculty of Biological and Environmental Sci-
ences, University of Helsinki, Helsinki, Finland), Andreia M Silva (Anjarium Biosciences AG, Schlieren, Switzerland), Ajay P
Singh (Department of Pathology and Mitchell Cancer Institute, Frederick P. Whiddon College of Medicine, University of South
Alabama, Mobile, AL, USA), Sangeeta Singh (Wake Forest University, Winston-Salem, NC, USA),Mikhail Skliar (The Univer-
sity of Utah, Salt Lake City, UT, USA), Johan Skog (Exosome Diagnostics, a Bio-Techne brand, Boston, MA, USA), Joost PG
Sluijter (Laboratory of Experimental Cardiology, Department of Cardiology, University Medical Center Utrecht, The Nether-
lands; UMC Utrecht Regenerative Medicine Center, Circulatory Health Research Center, University Medical Center Utrecht,
Utrecht, The Netherlands), Orman L Snyder (Kansas State University, Manhattan, KS, USA), Carolina Soekmadji (School of
Biomedical Sciences, Faculty ofMedicine, The University of Queensland, Brisbane, Australia),Ahmed Somaida (Department of
Pharmaceutics and Biopharmaceutics, Philipps University Marburg, Marburg, Germany),Masaharu Somiya (SANKEN, Osaka
University, Ibaraki, Japan),Karolina Soroczyńska (Department of Biochemistry,Medical University ofWarsaw,Warsaw, Poland;
Postgraduate School of Molecular Medicine, Medical University of Warsaw, Warsaw, Poland), Javier Sotillo (Instituto de Salud
Carlos III, Majadahonda, Spain), Fernando Souza-Fonseca-Guimaraes (Frazer Institute, The University of Queensland, Wool-
loongabba, Australia), Sheila Spada (Tumor of Immunology and Immunotherapy Unit, IRCCS Regina Elena National Cancer
Institute, Rome, Italy), Harry VM Spiers (Department of Surgery, University of Cambridge, Cambridge, UK; Wellcome-MRC
Cambridge Stem Cell Unit, University of Cambridge, Cambridge, UK; Department of Transplantation, Addenbrooke’s Hospital,
Cambridge, UK), Joshua D Spitzberg (Center for Systems Biology, Massachusetts General Hospital, Boston, MA, USA), Akhil
Srivastava (Ellis Fischel Cancer Center, University of Missouri School of Medicine, Columbia, MO, USA), Amit K Srivastava
(Department of Medicine, Sidney Kimmel Medical College, Thomas Jefferson University, Cardeza Foundation for Hemato-
logic Research, Philadelphia, PA, USA), Ewa Ł Stępień (Department of Medical Physics, M. Smoluchowski Institute of Physics,
Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University, Krakow, Poland; Center for Theranos-
tics, Jagiellonian University, Krakow, Poland), Frederic St-Denis-Bissonnette (Health Canada, Ontario, Canada; University of
Ottawa, Ottawa, Canada), Philip D Stahl (Washington University, St. Louis, MO, USA), Janine Stam (Department of Analytical
Biochemistry, Groningen Research Institute of Pharmacy, University of Groningen, Groningen, The Netherlands), Oumaima

 20013078, 2024, 2, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12404 by C

olorado S
tate U

niversity, W
iley O

nline L
ibrary on [09/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



WELSH et al.  of 

Stambouli (Institute for Transfusion Medicine, University Hospital Essen, University of Duisburg-Essen, Essen, Germany),
Bruce A Stanton (Geisel School of Medicine at Dartmouth, Hanover, NH, USA), Frank RM Stassen (Maastricht University,
Maastricht, The Netherlands),Oskar Staufer (INM—Leibniz Institute for NewMaterials, Saarbruecken, Germany; Max Planck
Bristol Center for Minimal Biology, Bristol, UK; Center for Biophysics, Saarbruecken University, Saarbruecken, Germany), Loïc
Steiner (Division of Immunology and Allergy, Department of Medicine, Karolinska Institutet, Stockholm, Sweden; Department
of Clinical Immunology and Transfusion Medicine, Karolinska University Hospital, Stockholm, Sweden), Ganna Stepanova
(Faculty ofMedicine, Institute of TranslationalMedicine, Semmelweis University, Budapest, Hungary),Veronika Stoka (J. Stefan
Institute, Ljubljana, Slovenia),Willem Stoorvogel (Department Biomolecular Health Sciences, Faculty of Veterinary Medicine,
Utrecht University, Utrecht, The Netherlands), Elke Pogge von Strandmann (Institute for Tumor Immunology, Philipps Uni-
versity Marburg, Marburg, Germany; EV Core Facility, Philipps University Marburg, Marburg, Germany), Dirk Strunk (Cell
Therapy Institute, Paracelsus Medical University, Salzburg, Austria), Stanley S Stylli (Department of Surgery (RMH), The Uni-
versity of Melbourne, Parkville, Australia; Department of Neurosurgery, Royal Melbourne Hospital, Parkville, Australia),Huaqi
Su (The Florey Institute of Neuroscience and Mental Health, The University of Melbourne, Parkville, Australia), Subbaya Sub-
ramanian (Department of Surgery, University of Minnesota, Minneapolis, MN, USA; Center for Immunology, University of
Minnesota, Minneapolis, MN, USA; Masonic Cancer Center, University of Minnesota, Minneapolis, MN, USA), Bingdong Sui
(The Fourth Military Medical University, Xi’an, China), Sonal Sukreet (University of California, San Diego, San Diego, CA,
USA; University of Nebraska-Lincoln, Lincoln, NE, USA), Elias Sulaiman (The Hatter Cardiovascular Institute, University Col-
lege London, London, UK), Bong Hwan Sung (Department of Cell and Developmental Biology, School of Medicine, Vanderbilt
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Queensland, Brisbane, Australia; Department of Nanomedicine, Houston Methodist Research Institute, Houston, TX, USA),
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way),Magdalena E Wysmołek (Division of Parasitology, Department of Preclinical Sciences, Institute of Veterinary Medicine,
Warsaw University of Life Sciences-SGGW, Warsaw, Poland; Institute of Specific Prophylaxis and Tropical Medicine, Center
for Pathophysiology, Infectiology, and Immunology, Medical University of Vienna, Vienna, Austria), Patricia Xander (Insti-
tuto de Ciências Ambientais, Químicas e Farmacêuticas, Departamento de Ciências Farmacêuticas, Universidade Federal de
São Paulo Campus Diadema, Diadema, Brazil; Instituto de Ciências Ambientais, Químicas e Farmacêuticas, Programa de Pós-
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America, Ann Arbor, MI, USA), Lei Zheng (Department of Laboratory Medicine, Nanfang Hospital, Southern Medical Uni-
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Sitar, S., Kejžar, A., Pahovnik, D., Kogej, K., Tušek-Žnidarič, M., Lenassi, M., & Žagar, E. (2015). Size characterization and quantification of exosomes by

asymmetrical-flow field-flow fractionation. Analytical Chemistry, , 9225–9233.
Skliar, M., Chernyshev, V. S., Belnap, D. M., Sergey, G. V., Al-Hakami, S. M., Bernard, P. S., Stijleman, I. J., & Rachamadugu, R. (2018). Membrane proteins

significantly restrict exosome mobility. Biochemical and Biophysical Research Communications, , 1055–1059.
Skotland, T., Iversen, T. G., Llorente, A., & Sandvig, K. (2022). Biodistribution, pharmacokinetics and excretion studies of intravenously injected nanoparticles

and extracellular vesicles: Possibilities and challenges. Advanced Drug Delivery Reviews, , 114326.
Smith, E., & Dent, G. (2005). Modern raman spectroscopy: A practical approach. 1–210.
Smith, Z. J., Lee, C., Rojalin, T., Carney, R. P., Hazari, S., Knudson, A., Lam, K., Saari, H., Ibanez, E. L., Viitala, T., Laaksonen, T., Yliperttula, M., &Wachsmann-

Hogiu, S. (2015). Single exosome study reveals subpopulations distributed among cell lineswith variability related tomembrane content. Journal of Extracellular
Vesicles, , 28533.

Sódar, B. W., Kittel, Á., Pálóczi, K., Vukman, K. V., Osteikoetxea, X., Szabó-Taylor, K., Németh, A., Sperlágh, B., Baranyai, T., Giricz, Z., Wiener, Z., Turiák,
L., Drahos, L., Pállinger, É., Vékey, K., Ferdinandy, P., Falus, A., & Buzás, E. I. (2016). Low-density lipoprotein mimics blood plasma-derived exosomes and
microvesicles during isolation and detection. Scientific Reports, , 24316.

Sodar, B.W., Kovacs, A., Visnovitz, T., Pallinger, E., Vekey, K., Pocsfalvi, G., Turiak, L., & Buzas, E. I. (2017). Best practice of identification and proteomic analysis
of extracellular vesicles in human health and disease. Expert Review of Proteomics, , 1073–1090.

Soekmadji, C., Hill, A. F., Wauben, M. H., Buzás, E. I., Di Vizio, D., Gardiner, C., Lötvall, J., Sahoo, S., & Witwer, K. W. (2018). Towards mechanisms and
standardization in extracellular vesicle and extracellular RNA studies: Results of a worldwide survey. Journal of Extracellular Vesicles, , 1535745.

Somiya, M., & Kuroda, S. (2021a). Real-time luminescence assay for cytoplasmic cargo delivery of extracellular vesicles. Analytical Chemistry, , 5612–5620.
Somiya, M., & Kuroda, S. (2021b). Reporter gene assay for membrane fusion of extracellular vesicles. Journal of Extracellular Vesicles, , e12171.
Somiya, M., Yoshioka, Y., & Ochiya, T. (2018). Biocompatibility of highly purified bovine milk-derived extracellular vesicles. Journal of Extracellular Vesicles, ,

1440132.
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MicroRNA Nano-Shuttles: Engineering 
Extracellular Vesicles as a Cutting-Edge 
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Abstract 

Extracellular vesicles (EVs) are nano-sized, membranous transporters of various active biomolecules with inflicting 
phenotypic capabilities, that are naturally secreted by almost all cells with a promising vantage point as a potential 
leading drug delivery platform. The intrinsic characteristics of their low toxicity, superior structural stability, and cargo 
loading capacity continue to fuel a multitude of research avenues dedicated to loading EVs with therapeutic 
and diagnostic cargos (pharmaceutical compounds, nucleic acids, proteins, and nanomaterials) in attempts to gener‑
ate superior natural nanoscale delivery systems for clinical application in therapeutics. In addition to their well‑known 
role in intercellular communication, EVs harbor microRNAs (miRNAs), which can alter the translational potential 
of receiving cells and thus act as important mediators in numerous biological and pathological processes. To leverage 
this potential, EVs can be structurally engineered to shuttle therapeutic miRNAs to diseased recipient cells as a poten‑
tial targeted ‘treatment’ or ‘therapy’. Herein, this review focuses on the therapeutic potential of EV‑coupled miRNAs; 
summarizing the biogenesis, contents, and function of EVs, as well as providing both a comprehensive discussion 
of current EV loading techniques and an update on miRNA‑engineered EVs as a next‑generation platform piloting 
benchtop studies to propel potential clinical translation on the forefront of nanomedicine.
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Introduction
The field of EV research has grown exponentially in 
recent decades due to their functional association as per-
tinent nano-shuttles to transfer bioactive molecules [1]. 
Extracellular vesicle, is an all-encompassing term under-
written by the International Society for Extracellular 
Vesicles (ISEV) to broadly connect lipid-encapsulated, 
secreted cellular particles to include exosomes, microves-
icles (MVs), and apoptotic bodies (ApoBDs) [2, 3]. From 
the perspective as cargo carriers, EVs are intriguingly 
similar to liposomes, paralleling their dense phospholipid 
nature. Of specific distinction, dependent upon their bio-
genesis, EVs are constructed with a blend of lipids and 
surface membrane proteins, ultimately aiding in their 
downstream functions [4]. As tags for precise sites both 
locally and distant, intracellular molecules entertain the 
capacity to traffic through extracellular spaces, as effec-

tive drug carriers for therapeutic applications and novel 

scientific research avenues at the forefront of discovery.

Here, we discuss effective loading techniques to pre-

cisely harness EVs with miRNAs as bioactive compounds 

for the application as a cutting-edge platform for drug 

discovery and delivery. Previous attempts to review 

miRNA-enriched EVs focused primarily on the composi-

tion of EVs and the functional basis of miRNAs as future 

therapeutic prospects [5]. In this review, we largely focus 

on mechanisms of targeted loading miRNAs into EVs, 

with a principal element of incorporating recently pub-

lished and impactful articles that include functionally 

relevant preclinical, clinical, and therapeutic involvement 

of engineered and/or modified EVs with specific nano-

medicinal application.

Biological role and EV uptake
EV Biogenesis

Extracellular vesicles possess heterogeneous structural 

and biochemical properties, which reflect their cellular 

origin and biogenesis pathways. According to their ori-

gin, biogenesis, shape, and molecular constituents, EVs 

are broadly categorized as exosomes, microvesicles, and 

apoptotic bodies [6]. Exosomes comprise the smallest and 

rather homogenous size of EVs with a range in diameter 

from 30-150 nm and originate from the inward invagina-

tion of late endosomal membranes forming multivesicu-

lar bodies (MVBs), released into the extracellular space 

as exosomes upon fusion with the plasma membrane [7, 

8]. Conceptually, during EV biogenesis, early endosomes 

are formed from the inward budding of the plasma mem-

brane and mature to form intraluminal vesicles (ILVs) 

and MVBs. Frequently, the lysosomal  fusion of MVBs 

results in its degradation. However, when MVBs contain 

CD63 in conjunction with lysosome-associated mem-

brane proteins (LAMPs; LAMP1 and LAMP2), as well as 

MHC class II molecules, their contents are then released 

into the extracellular space upon fusion with the plasma 

membrane [9]. The formation of ILVs and MVBs are 

largely commissioned by the endosomal sorting complex 

required for transport (ESCRT)-dependent [10] or the 

ESCRT-independent pathways via the tetraspanin pro-

tein, CD63 [11]. Alternative pathways regulating ILV and 

MVB formation are associated with the sorting of cargo 

into exosomes [12]. On the other hand, microvesicles are 

often termed as shedding vesicles being comparatively 

irregularly shaped and a relatively heterogeneous popula-

tion, with a size ranging from 100-1000  nm in diameter 

and generated via the outward budding of the plasma 

membrane [13]. Nevertheless,  the largest fraction in size 

of EVs are apoptotic bodies, which range from 1–5  µm 

in diameter and are released during cellular disintegra-

tion preceding apoptosis [14, 15]. In addition to differ-

ing from their modes of biogenesis, EVs collectively can 

be differentiated based on their encapsulated molecular 

cargo contents. For instance, exosomes and MVs are more 

commonly preferentially enriched with a multitude of 

cytoplasmic components, including RNAs, proteins, and 

lipids. Alternatively, ApoBDs are largely enriched with 

cellular organelles and nuclear components [16, 17].

Ensuing biogenesis, EV release into the surrounding 

extracellular space is predominately facilitated by sev-

eral subclasses of Rab family-GTPase proteins including 

RAB11, RAB35, and RAB27. For instance, exosomes are 

released from MVBs upon fusion with the plasma mem-

brane through the facilitation of the RAB35 protein [18]. 

Moreover, exosomes are enriched with specific proteins 

including Wnt, PLP, TfR and flotillin [19]. The presence 

of highly-conserved and identifiable proteins, primar-

ily membrane-associated proteins such as CD63, CD81, 

CD9, Alix, and TSG101 encompass hallmark characteri-

zation probes anchored amidst EVs [20]. These proteins 

also serve as marker proteins during EV processing and 

verification within EV preparations for functional studies 

as set forth by the guidelines in the Minimal Information 

for Studies of Extracellular Vesicles (MISEV), a posi-

tion statement of the ISEV [2, 3]. All in all, crucial fac-

tors including the type and physiological status of varying 

cell types, ultimately determine facets of EV biogenesis, 

affecting their selection and packaging of key regulatory 

proteins [4].

Unpacking EV cargo

In their infancy, EVs were assumed to be merely media-

tors that shuttle cellular toxicants into the extracellular 

space for the maintenance of cellular fitness and homeo-

stasis [21]. However, studies have more recently shown 

the critical role of these nanovesicles in facilitating com-

munication with neighboring cells, which are capable of 
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posing both beneficial and deleterious effects. Phenotypic 

changes undergone by naïve recipient cells arise from the 

transfer of functionally active biomolecular components 

including lipids, proteins, mRNAs [22], and miRNAs 

[23], that subsequently interact with the ensuing extracel-

lular matrix of naïve cells. Initial attempts to profile the 

protein contents of EVs have revealed their capacity to 

conceal both integrated proteins and proteins attached to 

their bilipid membranes. Although there is a clear diver-

gence in the biogenesis pathways of both exosomes and 

MVs, no distinctive proteins have been reported that 

clearly differentiate the two EV subpopulations. This 

could in part be a result of the shared features of the 

endosomal and plasma membranes. Reports have shown 

that proteins necessary for exosome biogenesis such as 

ESCRT proteins are highly abundant in the proteome 

profile of exosomes [24]. Due to the amplified nuclease 

activity amidst the extracellular environment, it can be 

assumed that secreted EVs are potentially vulnerable and 

subject to degradation. Therefore, EV structural compo-

sition is integral in protecting their harnessed bioactive 

cargo from degradation upon release into the extracellu-

lar space [25]. The multifaceted structural characteristics 

that allow EVs to withstand adverse extracellular condi-

tions poise them as attractive vehicles to shuttle thera-

peutic proteins and RNAs as a  potential drug delivery 

platform [26, 27]. Various forms of EV interactions with 

recipient cells underpin their functional delivery of bio-

active molecules [28]. Once integrated within recipient 

cells, EVs are capable of evading lysosomal degradation as 

a means to release their functional cargo molecules. Here 

we focus on miRNAs, which exert functional regulatory 

impacts on gene expression through post-transcriptional 

regulation of target mRNAs. It is well-documented 

that  the expression level of particular  miRNAs are key 

during development [29, 30] and stress responses [31, 

32], and that EVs play an important role in transferring 

miRNA cargoes between cells [33]. Alterations in the 

release and uptake of EVs are associated with pathologies 

including cancer [34] and cellular stress [32, 35–39].

Mechanisms of EV uptake

The uptake of EVs by recipient cells can be confirmed 

either via direct or indirect evidence. EVs can be directly 

visualized by labeling their bilipid membranes using lipo-

philic fluorescent dyes, including the commonly used 

PKH67 and PKH26, Rhodamine B (R18) and DIL [40]. 

Alternatively, EVs can be stained using permeable dyes 

like CFSE and CFDA, amidst the confines of their cyto-

plasmic lumen [41]. The incorporation of fluorescently 

labeled EVs can then be verified either using micros-

copy [42] or via cellular sorting technologies in recipi-

ent cells using flow cytometry [28, 40]. In  vivo, various 

mechanisms of EV internalization into recipient cells 

and/or tissues are discussed within the literature across 

many fields of study. Among those mechanisms com-

monly represented, clathrin-mediated endocytosis, 

phagocytosis, micropinocytosis, lipid raft-mediated 

internalization, and direct fusion with the plasma mem-

brane of the receiving cell are among  the most widely 

reported. Specific physiological uptake mechanisms of 

EVs are largely dependent upon their molecular compo-

sition, most commonly the surface protein and/or gly-

coprotein configurations of both the EVs membrane and 

the plasma membrane of the receiving cell [43]. This has 

in part been confirmed where tetraspanin proteins CD9 

and CD81, which are present on the surface of EVs, were 

evidenced to play important roles in the cellular uptake 

of EVs. Cells treated with anti-CD9 and anti-CD81 anti-

bodies showed similar reductions in EV uptake [44]. 

Additionally, a study using EVs treated with proteinase K 

(broad-spectrum serine protease used for protein diges-

tion), resulted in the reduced uptake of EVs in recipient 

cells [45]. Conceptually, the dominant mechanisms of EV 

uptake can vary greatly amongst cells of differing patho-

physiological conditions.

Extracellular miRNAs and their incorporation 
within EVs
miRNAs

As implied by their name, miRNAs are short, single-

stranded RNA molecules of ~ 22 nucleotides, initially 

discovered by Lee and colleagues in 1993, while studying 

the nematode Caenorhabditis elegans [46]. MicroRNAs 

function to effectively modulate the stability of mRNA, 

most commonly inhibiting the translational potential 

and/or inducing degradation to respective mRNA targets 

via a sequence-specific complementarity mechanism 

[47, 48]. Focusing primitively on canonical miRNAs, 

their biogenesis primarily initiates from DNA sequences 

called miRNA genes, which are then transcribed into 

primary miRNAs (pri-miRNA; ~ 150 nt) by RNA poly-

merase III, and further processed via a microprocessing 

system into precursor miRNA (pre-miRNAs; ~ 70 nt). 

Pre-miRNAs are then shuttled from the nucleus of the 

donor cell into the cytoplasm via a complex of exportin5 

and RAS-related nuclear protein-guanosine-5’-triphos-

phate-ase [49]. Amid the cytoplasm, the terminal loop 

of pre-miRNAs are sequestered via the RNase III endo-

nuclease, Dicer [50], molding miRNA duplexes that are 

then catalyzed by Argonaute RISC Catalytic Component 

2, responsible for leaving and/or removing one strand of 

the duplex to propagate the directionality of a mature 

miRNA strand [51, 52] with the capacity to be packaged 

into EVs for potential functional alterations upon its 

effective release amidst receptor cells (Fig. 1).
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Initial studies reporting that EVs carry miRNAs [23, 53, 
54] have fueled further research efforts to unpack the all-

inclusive nature of EVs and their biological cargoes. It has 

been previously reported that over 60% of all mammalian 

mRNAs are predicted to be post-transcriptionally regu-

lated by miRNAs [55], indicating that miRNAs function-

ally constitute a significant class of pervasive regulators 

of various cellular processes, outnumbering kinases and 

phosphatases [56]. Collated data generated from small 

RNA sequencing reports have indicated that miRNAs 

comprise anywhere from < 1% to 30% of the total read 

counts within EVs of diverse origins [57]. Extracellular 

miRNAs encapsulated within EVs are progressively being 

explored as promising circulating biomarkers for many 

Fig. 1 Diagrammatic Overview of Extracellular Vesicle Biogenesis and miRNA Processing. Extracellular vesicles (EVs) are a heterogeneous 
collection of membrane-enveloped nanoparticles that serve as a mass transit mechanism for the packaging and release of complex cargos, 
including miRNAs. Exosomes (30-150 nm), are commonly spherical in shape and arise via the endocytic pathway via exocytosis from the fusion 
of the vesicular membrane into the plasma membrane. Microvesicles (100-1000 nm), notably irregularly shaped, are the byproduct of the outward 
budding/pinching of the plasma membrane. Apoptotic bodies (> 1 µm) are formed through apoptotic cell disassembly or programmed cell death, 
and released through cell blebbing. The cargo ’selection’ or ’sorting’ process that ensues, specifically the local enrichment of miRNA cargo molecules 
during nascent EV formation is largely propagated through the miRNA processing enzymes Drosha and Dicer, required for the maturation 
of miRNAs that lead to the translational repression or degradation of target mRNAs
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cancers and diseases [58], and their ability to remain 
predominantly stable while evading degradation from 
external nucleases, underpins their significance, and the 
basis for studying EVs as cargo carriers for downstream 
therapeutic usage. However, the precise mechanisms by 
which specific miRNAs are packaged and released and/or 
enriched into EVs still largely remains unknown.

Encasing selective miRNAs into EVs

Attempts to pinpoint the explicit processing mechanisms 
leading to extracellular miRNAs export into EVs versus 
their cellular retention have been predominantly incon-
clusive. Many studies exist to suggest that collectively, 
RNAs are primarily shuttled into EVs selectively via the 
interaction of specific RNA sequence motifs [59] or lipid 
interactions [60] in association with RNA-binding pro-
teins (RBPs) [61–63], or possibly through non-selective 
measures as evidenced previously [64, 65]. In more recent 

efforts and extending past the initial observations of single 

tetranucleotide motifs connected to miRNA export [61, 66, 

67], Garcia et  al. has  shown up to an 80-fold enrichment 

of specific RNA sequence motifs (CGG GAG ) identified 

by ‘reader’ proteins Alyref and Fus, which function to pro-

mote the sorting of sequence motif-bearing miRNAs into 

EVs for potential downstream delivery [59]. Still, a range of 

other EV-sorting signals including RNA and/or RBP modi-

fications that inherently impact RNA stability and miRNA 

biogenesis also exist [68], such as ubiquitylation, sumoyla-

tion, phosphorylation, and uridylation, which likely involve 

regulatory processing machinery that implicate miRNA 

packaging into EVs. Together, these studies along with 

many others suggest an overabundance of influences that 

likely labor interchangeably, and coalesce in the packaging 

of various forms of RNAs into EVs. A more detailed under-

standing of RNA incorporation mechanisms is discussed in 

a recent review by Dellar and colleagues [57].

Methods of miRNA cargo loading for incorporation 
into EVs
Primitive compositional and nano-mechanical properties 

of EVs including their admirable biocompatibility and 

stability, non-cytotoxic and low immunogenic traits, high 

loading ability and lengthy life span, and their intrin-

sic aptness to cross biological barriers make them ideal 

drug delivery candidates that natively carry cargo com-

ponents, easily modifiable to contain therapeutic agents 

of interest (e.g.,  nucleic acids). Recent evidence in mice 

using engineered EVs with small interfering RNAs (siR-

NAs), indicated more than a tenfold improvement in 

functional siRNA delivery in contrast to synthetic lipid 

nanocarriers [69]. Compared to EVs, to date, a multitude 

of hindrances exist in developing synthetic nanocarri-

ers for downstream clinical usage in drug delivery [70], 

specifically involving their toxicity and immunogenic 

responses, lack of specificity, and preferential aggrega-

tion amidst the liver and spleen [71]. All things consid-

ered, copious evidence suggests that the advantageous 

and distinct features of EVs are likely the eminent angle 

catalyzing their integration as a mainstream effort at the 

forefront of nanomedicinal discovery.

Complexities in EV sample heterogeneity combined 

with the variability in encapsulated molecular cargoes 

primitively pose an inherent need in EV loading mecha-

nism optimization in producing cargo-modified EVs for 

downstream therapeutic applications. Conceptually, EV 

loading techniques can be categorized into two main 

approaches: indirect modification to donor cell physi-

ology (‘endogenous’ or ‘passive’ cell-based alterations) 

or through the direct modification of EVs (‘exogenous’ 

or ‘active’ cargo harnessing), each of which, with vary-

ing degrees in efficiency. Utilizing ‘endogenous’ or ‘pas-

sive’ loading measures, molecular constituents act upon 

and are taken up via donor cells, and subsequent excess 

cargo can then be shuttled into EVs prior to formation, 

resulting in the subsequent secretion of indirectly modi-

fied EVs with an increased abundance of the molecular 

component of interest. Assuming a more natural role in 

cargo loading, the enriched EVs can then be utilized as 

a delivery platform to recipient cells [72]. Alternatively, 

‘exogenous’ or ‘active’ loading measures, primarily draw 

a focus on implementing catalytic reagents post-EV isola-

tion to induce a permeable bilipid membrane to bolster 

cargo loading with precision molecules of interest [73]. 

In spite of the fact it is a more direct approach, such re-

engineering of EVs heavily influences the composition of 

their bilipid membrane, which serves as the primary con-

tact point in cell-to-cell communication propagating the 

various mechanistic routes of their ensuing uptake [74] 

(Fig.  2). The following sections offer a more compara-

tive approach of multiple loading techniques in greater 

depths, focused on cargo loading efficiency with an 

emphasis on loading selective miRNAs into EVs.

Endogenous (Passive) pre‑loading of EVs

Pre-loading miRNAs as potential therapeutic cargoes 

into EVs is a method widely executed across many dis-

ciplines, largely accomplished through donor cell manip-

ulation via incubation and transfection with synthetic 

miRNAs (also known as miRNA mimics) and/or with 

miRNA-expressing plasmids/viral vectors, to increase 

endogenous levels of selective miRNAs that can then be 

passively incorporated into EVs during their biogenesis 

[75]. Although, current attempts in manipulating donor 

cells to secrete therapeutic-miRNA enriched EVs largely 

bypass the structural and/or compositional alternations 

of miRNA loading post-isolation, recent reports also 
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Fig. 2 Schematic Representation of Methodological Approaches in Extracellular Vesicle Loading for Functional Uptake in Target Cells. Lipid 
bilayer-delimited particles (EVs) serve as an effective novel drug delivery system for endless pharmaceutical compounds, including miRNAs. Thus, 
the method of incorporation for enriching miRNA cargoes into EVs can be segmented into two main sub-types: passive (donor cell manipulation) 
and active (direct EV alterations) loading methods
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suggest that circumjacent transfection reagents critically 

affect downstream RNA cargo delivery [76–78]. Never-

theless, methods of endogenous cargo loading are still 

widely used, warranting further discussion of specific 

loading techniques.

Donor cell manipulation and genetic engineering

Direct transfection of EV-secreting cells as a means to 

modulate their cargo content is a rather straightforward 

and simple method to enrich or deplete EVs, prior to 

their inception. The use of chemical transfection reagents 

to load synthetic mimics and/or precisely designed vec-

tors/plasmids effectively transduced into donor cells, are 

the two predominant methods utilized in overexpress-

ing desired molecules (therapeutic drugs), such as small 

nucleic acids to  include miRNAs. Assimilating and con-

centrating miRNAs within the cytosol of naïve cells fol-

lowing assisted passage across the cell defining plasma 

membrane, miRNAs have the potential to escape the 

endolysosomal system, and withstand dynamic and deg-

radative ribonucleases. If successful, assimilated miRNAs 

typically favor incorporation into ILVs, which foregoes 

their exocytosis within EVs. Endogenous RNA modula-

tions have been reported using commercialized trans-

fection reagents such as Lipofectamine™ 2000 (Thermo 

Fisher Scientific; Waltham, MA, USA) and HiPerFect® 

(Qiagen; Hilden, Germany), artificially designed con-

structs/vectors [79], RNA aptamer–protein interactions 

and reversible light-inducible protein–protein interac-

tion modules [80], EXOtic RNA-packaging devices [81], 

and the TAMEL loading platform [82]. To this point, 

the generation of stably modified HEK293T cell lines 

designed to express miR-21, have been reported to pro-

duce modified EVs for downstream therapeutic use in 

glioblastoma rat models [83]. In addition, the develop-

ment and delivery of CRISPR-Cas9 technologies as a 

novel gene editing molecular tool has also been shown to 

be applied to living cells through electroporation for the 

establishment of manipulated parent cells designed for 

the production of EVs bearing specific cargoes [84–86]. 

Although extensive damage to the physiochemical prop-

erties of EVs using passive loading measures is largely 

averted, preserving their integrity, the endogenous pre-

loading of EVs is predominantly unmanageable due to the 

elusive disparities in RNA incorporation within EVs [63], 

and the presence of residual contaminants such as trans-

fection reagents that ultimately affect RNA cargo deliv-

ery [76–78]. Given the regulatory properties of miRNAs, 

the low loading efficiencies of this method likely induce 

some level of cytotoxicity in donor cells, promoting ensu-

ing cellular damage that hinders a natural homeostatic 

condition, thus altering the function of subsequent EV 

secretions under basal  conditions  of homeostasis [87, 

88]. Moreover, a major drawback of this approach is 

the lack of control over the incorporation of other car-

goes, including non-selective miRNAs, mRNAs, lipids, 

and proteins. Furthermore, the contribution of specific 

miRBPs in functionally regulating in part the efficiencies 

of passive loading of target miRNAs into EVs, is not yet 

fully investigated or understood, ultimately preventing a 

more specific and controlled method of cargo loading.

Exogenous (Active) post‑loading of EVs

Post-isolation loading of EVs with exogenous biomol-

ecules has been principally achieved through incubation 

strategies promoting a close-knit association of the cargo 

of interest with the EV lipid bilayer membrane [89], har-

nessing therapeutic cargo interests to the EVs surface [90], 

or most regularly through the diffusion of biomolecules 

into EVs employing techniques to mechanically and/or 

chemically stimulate a porous membrane [91]. Despite 

initial reports indicating a low cargo loading efficiency 

and an ineffective delivery of active RNA cargos [92], 

more recent reports have shown a robust miRNA upregu-

lation (> 1000-fold) into EVs via exogenous manipulation 

[93]. However, mechanistic follow-up studies to evaluate 

the compositional surface of EVs in supporting the deliv-

ery of targeted cargo, effectively need to be further eluci-

dated to unlock the full translational potential of EVs as 

carriers of therapeutic agents. The following subsections 

review precisely in greater depth, common methods of 

exogenous cargo loading, elucidating both their strengths 

and drawbacks as a serviceable EV loading system.

Provisional membrane permeabilization

Understanding the compositional elements encompass-

ing the structure of EVs is quintessential to conceptual-

izing progressive approaches for therapeutic alterations 

in cargo packaging. Broadly speaking, bi-lipid encap-

sulated nanoparticles (EVs) principally express surface 

ligands and receptors from their source cells, all while 

encircling a hydrophilic core [94]. Early attempts of 

miRNA cargo loading into EVs post-isolation, all fol-

lowed a common and relatively simple method of incu-

bation. Under specialized conditions, cationic lipid 

formulations like Lipofectamine™ RNAiMAX Trans-

fection Reagent (Thermo Fisher Scientific; Waltham, 

MA, USA) have been shown to successfully incorporate 

miR-335-5p into EVs for functional therapeutic delivery 

in  vivo to desmoplastic cancers [95]. Pending the cargo 

of interest, incorporation into isolated EVs is target-

edly achieved through simple diffusion across the EVs 

bilipid membrane, while its stunted loading efficiencies 

are generally restricted via the concentration gradient 

within the solution and the hydrophobicity of the loading 

compounds [91]. Other direct mechanistic approaches 
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to destabilize the bilipid membrane of EVs are predomi-
nantly performed through sonication and electropora-
tion. For instance, recent reports from Pottash et al. used 

sonication-mediated EV loading techniques to incor-

porate anti-inflammatory miRNAs (miR-146a, miR-

155, and miR-223) into HEK293T EVs for downstream 

use in inflammation-related diseases [96]. The focus of 

sonication is on disrupting the membrane rigidity and 

microviscosity through ultrasound waves, while the elec-

troporation of EVs is highly dependent upon their subjec-

tion to a high-voltage pulsing that dismembers its pores. 

Taken together, central technical adversities exist involv-

ing both methods including the destabilization of the 

membrane and the preservation of EV integrity, which 

regulate and affect downstream cellular uptake [97]. 

Additionally, the electroporation of EVs with uncommit-

ted nucleic acids have been described to manifest large 

cargo aggregates, which have partially been attempted to 

have been offset by incorporating EDTA in conjunction 

with an electroporation buffer [98]. Aside, recent reports 

have  suggested that sonication-assisted loading (28%) is 

comparably more efficient than both incubation (1%) and 

electroporation (5%), respectively [99].

Various other techniques exist to include: calcium chlo-

ride transfection, freeze–thaw cycles, pH gradient modi-

fications, as well as kit-based assays like the Exo-Fect™ 

siRNA/miRNA Transfection Kit (System Biosciences; 

Palo Alto, CA, USA) that secure the potential application 

to targetedly load precision molecules into EVs as a new 

and promising frontier among established drug delivery 

systems. Exogenous loading of miRNA molecules using 

calcium chloride transfection has been evidenced and 

slightly modified via heat shock, which alters the fluidity 

of the exosomal membrane to promote the  incorpora-

tion of miRNA into EVs with similar efficiencies in load-

ing to electroporation [100]. Additionally, the notion of 

EVs as nanocarriers has also been evidenced through 

the successful accumulation of carrier RNA complexes 

using repeated freeze–thaw cycles (10 times), from 

room temperature to -80 °C [101]. Although, recent evi-

dences  have duly  suggested that repeated freeze–thaw 

cycles leads to a reduction in the number of EVs, as well 

as a cycle-dependent increase in their particle size, sug-

gesting the phenomena of EVs subsequent fusion during 

storage [102]. Aside, given the structure and composi-

tion of EVs, pH gradients between the intravesicular and 

extravesicular environments have also  been studied to 

mechanistically load negatively charged cargos via dehy-

dration/rehydration using 70% ethanol and acidic citrate 

buffer (pH 2.5) followed by dialysis in HEPES-buffered 

saline (HBS; pH 7), respectively. The same study revealed 

decreased levels of Alix and  TSG101 following mecha-

nistic measures of pH gradient modifications, suggesting 

potential surface protein and lipid rearrangements amid 

the EVs  surface [103]. Of particular ineterst  in terms of 

loading efficiencies, recent reports have indicated that 

EV cargo modulations via the Exo-Fect™ system (System 

Biosciences; Palo Alto, CA, USA) have revealed a > 1000-

fold upregulation of specific miRNA moleculaes of inter-

est. In the same study, it was also shown that Exo-Fect™ 

miRNA-modified EVs contained altered membranes that 

catalyzed their internalization within target cells, while 

duly minimizing their lysosomal colocalization compared 

to native EVs, underpinning a very promising method of 

incorporation for loading therapeutic miRNAs into EVs 

[93]. These summarized findings elucidate useful techni-

cal advancements in developing an efficient platform to 

produce therapeutic miRNA-enriched EVs capable of 

downstream clinical usage.

Therapeutic and clinical translation of miRNA 
Cargo‑Enriched EVs for disease treatment
EVs hold great therapeutic and clinical potential, owing 

partially to their ability to be used in allogeneic and/or 

xenogeneic applications without eliciting signs of cyto-

toxicity and/or immune reaction [104–106]. As such, 

they are routinely investigated as both a stand-alone 

therapy and as carriers for a variety of drug-based thera-

peutic compounds. Of these applications, miRNA load-

ing into EVs has gained significant popularity within 

the last decade, given the proven regulatory properties 

of miRNAs becoming more widely recognized within a 

variety of tissues [107]. The first results of miRNA load-

ing into EVs quickly followed such discoveries, with 

Katakowksi et  al. 2013 demonstrating that engineered 

mesenchymal stem cell (MSC) exosomes loaded with 

miR-146b, having the ability to significantly reduce 

glioma xenograft growth within a rat model of primary 

brain tumor [108]. That same year, Ohno et  al. adapted 

measures to transfect HEK293 cells with Let-7a, reveal-

ing that the purified exosomes resulting from the cell cul-

ture were able to effectively, translationally inhibit tumor 

formation in a murine model of xenograft breast can-

cer [109], while Bryniarski et al. duly used exosome-like 

nanovesicles to deliver miR-150, as a means to regulate 

T-cell tolerance, which also in a murine model showed 

to inhibit allergic contact dermatitis [110]. Agreeingly, 

these discoveries provided early evidence of the thera-

peutic application and clinical potential, which has since 

aided in helping to shape the steadily increasing interest 

in miRNA-enriched EV therapies spanning multiple dis-

ciplines, as evidenced in the provided schematic (Fig. 3).

Recent research into the clinical application of miRNA 

cargo-enriched EVs have been heavily driven by their 

oncological appeal, notably in breast, lung, liver, colo-

rectal, ovarian, and brain tissues, given that cancer 
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progression and metastasis are intently connected with 
the repressed expression of tumor-suppressing miR-
NAs [111]. In addition, the therapeutic applicability of 
miRNA-enriched EVs are under investigation regarding 
tissue regeneration and amelioration of chronic illnesses 
in nearly every tissue in the body (Table 1); most promi-

nently in the musculoskeletal, cardiopulmonary, and 

nervous systems. Research studies involving the poten-

tial clinical translation of miRNA-enriched EVs encom-

passes a large body of literature/number of publications, 

spanning a lengthy list of high-impact scientific journals 

amidst diverse fields, previously summarized by other 

groups [5]. With the rapid growth of miRNA-enriched 

EV research enhancing our basic scientific knowledge 

of EVs for downstream application, this review largely 

focuses on previously undiscussed publications with 

the substantial translational potential to feasibly favor the 

journey from benchtop to clinic.

Oncology

Globally, nearly 20 million people are diagnosed with 

cancer every year, with that number predicted to rise to 

nearly 30 million by 2040 [116]. Given the steady increase 

in the global cancer burden, it is imperative that new 

therapeutic strategies are developed to reduce cancer 

deaths. Trends in miRNA-engineered EV therapies for 

cancer treatment have catapulted studies amidst some 

of the most commonly diagnosed and deadliest cancers, 

with a strong focus on breast, lung, liver, and colorectal 

cancers. Significant research has also been conducted on 

ovarian and brain cancers, likely due to their high mor-

tality rates [117].

Breast cancer has recently surpassed lung cancer as 

the most commonly diagnosed cancer, with an estimated 

2.3 million new cases every year, globally [116]. As such, 

it has become the target of multiple potential  miRNA-

engineered EV therapies. Largely, targeted therapies 

for breast cancer can be bisected into two groups, with 

a  focus either on the activation of the immune sys-

tem to inhibit malignant growth or through the  direct 

tumor suppression via miRNA-mediated cellular apop-

tosis. Case in point, a previously reported attempt 

using  exosomes derived from M1 macrophages, loaded 

with miR-511-3p were opportunely  surface-modified to 

include interleukin-4 receptor-binding peptide and sub-

sequently showed to successfully induce M1 polariza-

tion through the downregulation of M2 markers in vitro, 

showing greater homing properties to tumors in a murine 

model using 4T1 breast cancer cells. In  vivo experi-

ments duly confirmed the inhibition of tumor growth 

and decreased levels of M2 cytokines and immune-

suppressive cells, increasing levels of M1 cytokines and 

Fig. 3 Conceptual Illustration of EV-miRNAs Regulatory Role in Intercellular Communication Among Selected Reviewed Studies. 
Collectively, EV treatments have been implicated as a targeted approach in combating disease, as therapeutically-enhanced tiny particles 
with immense therapeutic potential in nanomedicine. Major areas of therapeutic interest include: tissue regeneration, oncology, as well 
as within various musculoskeletal, cardiovascular, and neurological disorders
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Table 1 miRNA-engineerd EVs as an advanced drug delivery system in Tissue Regeneration Therapies 

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-21-5p Exogenous Electroporation Human ADSCs Diabetic cutane-
ous wound 
healing

HaCaT human 
keratinocytes

Promotion of cell 
proliferation 
and migration 
via Wnt/b-catenin 
pathway

Rat diabetic cuta-
neous wound 
model

Significant 
promotion 
of wound closure, 
increased re-
epithelialization, 
and increases 
in both total 
blood vessel 
count and mature 
blood vessel 
count

Lv, Qijun, et al. [112]

miR-31-5p Exogenous Electroporation Raw milk Diabetic wound 
healing

HUVECs Increased cell 
proliferation, 
migration, 
and angiogenesis

Rat diabetic cuta-
neous wound 
model

Decrease 
in unclosed 
wound rate, 
increased col-
lagen deposition 
and re-epithe-
lialization rate, 
and improved 
vascular network 
formation

Yan, Chengqi, et al. 
[113]

miR-30c Endogenous Transfection Ectopic endome-
trial endothelial 
cells

Ovarian endome-
triosis

N/A N/A Murine endome-
trial model

Decrease 
in ectopic nod-
ules and attenua-
tion of metastatis 
via BCL9/Wnt/
CD44 regulatory 
cascade

Zhang, Meng-
meng, et al. [114]

miR-31-5p Endogenous Lentiviral Trans-
duction

HEK293T cells Diabetic wound 
healing

HaCaT human 
keratinocytes, 
HFF-1 human 
foreskin fibroblast, 
EA.hy926 human 
endothelial cells

Promotion of cell 
proliferation 
and migra-
tion; as well 
as increased 
capillary-like con-
struction activity 
of endothelial 
cells

Rat diabetic cuta-
neous wound 
model

Increases in cuta-
neous wound clo-
sure rate, blood 
vessel density, 
and number 
of mature blood 
vessels, as well 
as increased colla-
gen deposition

Huang, Jinghuan, 
et al. [115]
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immune-stimulatory cells [118]. In addition, other groups 
have also reported the successful targeting of breast can-
cer cells with miRNA-loaded EVs, namely miR-34a-en-
riched exosomes, which were shown to dose-dependently 
induce breast cancer cell death, visibly increasing the 
inhibition of cell migration and invasion, compared to 
unloaded-exosomes [119]. Conversely, lung cancer, now 
the second most prevalent cancer worldwide, is reported 
as the leading cause of cancer death [116]. Implemented 
strategies to actively inhibit non-small cell lung cancer 
have been predominantly focused on promoting tumor 
cell apoptosis in both human cancer cell lines and murine 
models. For example, Zhou et  al. tested the efficacy of 

miRNA-enriched exosomes on both A549 cells, as well 

as in a murine xenograft model. The application of miR-

449a-loaded exosomes to A549 cells, revealed their ability 

to effectively inhibit proliferation and promote apoptosis, 

while duly decreasing tumor volume, nearly doubling the 

survival time of the mice in  vivo [120]. Although these 

studies demonstrate the modulatory effects and the sig-

nificance of selected candidate miRNAs as a targeted 

treatment to combat several types of aggressive cancers, 

further in-depth studies are required to explicitly evalu-

ate their encompassing functions and off-target effects 

in order to ultimately apply these therapeutics to in vivo 

human models as EV-based miRNA therapies.

Apart from breast and lung cancers, liver cancers are 

currently the third leading cause of cancer-related deaths, 

accounting for approximately 8.3% of all  cancer-related 

deaths worldwide [116]. Given miRNAs’ powerful use as 

both biomarkers and mediators of physiology and dis-

ease, miRNA-enriched EV therapies for liver cancers have 

predominantly focused on identifying candidate miRNAs 

downregulated in hepatocyte cancer progression, prior 

to designing potential strategic EV-based therapies. Yu 

et  al. tested the anti-tumor capacity of lowly expressed 

miR-375 in human hepatocellular carcinoma (HCC), 

revealing miR-375-loaded exosomes ability to reduce 

proliferation, increase apoptosis, and decrease the num-

ber of migratory and invasive HCC cells in vitro. Employ-

ing the use of an in  vivo murine model, the anti-tumor 

effects of miR-375-loaded exosomes injected with Huh-7 

cells were shown to result in a  significant inhibition of 

Huh-7 tumor growth, with reductions in the proportion 

of KI67-positive proliferative cells [121]. Alongside liver 

cancers inimical effects, colorectal cancer (CRC), the 

third most commonly diagnosed cancer and the second 

leading cause of cancer death [116], has also positionally 

implemented broad utilization of EV-based treatments 

using a  numerous amount of  cell lines for both in  vitro 

and in vivo work. Alike, a representative study from Hos-

seini et  al. aimed to investigate the anti-tumor effects 

of CT-26 murine CRC-derived exosomes loaded with 

miR-34a in an in vivo murine model, disclosing miR-34a-

loaded-exosomes ability to greatly reduce tumor size, 

prolonging the survival time of mice. Additionally, miR-

34a-enriched exosomes were shown to aptly induce T cell 

polarization towards the cytotoxic T cell subtype, which 

is in part responsible for targeting and destroying cancer-

ous growths [122]. In addition to those aforementioned 

cancerous subtypes, ovarian cancer (OC), accounts for 

5% of female cancer deaths and approximately 2.5% of all 

malignancies among women, despite its 1.3% lifetime risk 

of development in the United States [117]. Despite the 

immense amount of research in the field, a massive short-

age persists for promising screening tools given OCs high 

morbidity and low survival rates. In the case of miRNA-

engineered EV therapies, two predominant strategies are 

commonly utilized and explored for OC: (1) comparing 

the miRNA expression patterns between healthy and 

cancerous ovarian tissues aimed in identifying potentially 

therapeutic miRNAs, or (2) selecting miRNAs capable of 

reducing cancer cell sensitivity to chemotherapeutics. A 

previous attempt by Zhao et  al. aimed to combine both 

approaches through first selecting a candidate miRNA 

(miR-484) post-comparison of the  miRNA expression 

patterns of ovarian cell lines and tissues, denoting the 

significant downregulation of miR-484 in cancerous tis-

sue types. Aimed to unveal its  functional relevance in 

a murine model revealed, miR-484-loaded HEK293T-

derived exosomes improved vascular normalization and 

the chemotherapeutic sensitization of ovarian tumors 

[123]. Collectively, these studies suggest the broad effi-

cacy of identifying potential targeting  therapies through 

the investigation of differentially regulated miRNAs 

amidst cancerous tissues, a technique that could be more 

broadly applied to create therapeutics for both cancerous 

and non-cancerous illnesses.

Alas, brain cancers, including gliomas and meningi-

omas, constitute fairly rare types of cancers, but other-

wise have one of the lowest survival rates. Alongside, 

such cancers persist and are particularly prevalent in 

areas embodying a high Human Development Index 

(i.e. North America, Europe, Russia, China), compos-

ing double the incidence and mortality per 100,000 peo-

ple, compared to areas with a low Human Development 

Index [116]. These statistics undeviatingly underpin just 

why brain cancers are a common target for miRNA-

engineered EV therapeutics, with glioma treatments 

being actively investigated by multiple groups. From ini-

tial attempts screening glioma stem cell lines, Lang et al. 

found that miR-124a packaged into BM-MSC exosomes 

showed significant reductions in glioma stem cell viabil-

ity and clonogenicity. Using an in vivo murine model, 

glioma stem cell lines were exposed to miR-124a-loaded 

exosomes prior to intracranial xenograft, revealing a 50% 
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survival rate over a 120-day period, whereas both the PBS 
and unloaded-exosome control treatments plummeted to 
a 0% survival rate by day 70 [124]. In short, initial piloting 
efforts in the development of cancer therapies for imple-

mentation in  mainstream  medicine by use of miRNA-

engineered EVs are currently being explored both using 

in vitro and in vivo models, as an effective nanodelivery 

system (Table 2).

Musculoskeletal disorders

Musculoskeletal disorders affect the motor organs, mus-

cles, tendons, bones, cartilage, ligaments, and nerves, 

which are characterized by varying forms of discomfort 

to irreversible and disabling injury [157]. Moreover, the 

prevention and treatment of musculoskeletal disorders 

is a global concern, fueled primarily through govern-

ment and private company efforts. More recently, in 

several classified musculoskeletal disorders, adipose-

derived mesenchymal stromal cell EVs have been shown 

to improve tissue healing as a primary paracrine effector, 

providing yet another potential alternative therapeutic 

solution [158–162]. While the underlying mechanisms of 

EV-mediated repair are not explicitly and/or fully under-

stood, studies entailing aspects of bone, intervertebral 

disc degeneration (IVDD), and cartilage therapies have 

begun to focus on aspects of deciphering EV-mediated 

cargo and subsequent RNA manipulation for the genera-

tion of miRNA-engineered EVs for downstream thera-

peutic applications.

Therapies involving miRNA-engineered EVs in bone 

tissue profile two main categories; (1) the treatment of 

osteoporosis and (2) attempts to increase osteogenesis 

for larger defects. In this respect, miRNA-loaded EV 

approaches using miR-19b-3p applied to osteoporotic 

BMMSCs resulted in the promotion of osteogenic dif-

ferentiation and potential, evidenced by the significant 

upregulation of ALP, collagen type 1, and RUNX2 expres-

sion, compared to the unloaded control exosome treat-

ment [163]. Subsequent investigations of miRNA-loaded 

EV therapies in the intervertebral disc have followed 

a similar pattern in accordance to bone regenerative 

strategies, primarily using miRNA sequencing analysis 

techniques, as a means to identify potentially therapeu-

tic miRNAs. Indeed, Zhang et  al. identified a potential 

candidate miRNA by first recognizing six major protein-

ases that drive IVDD. Through functional use of IL-1β 

as a means to mimic degenerative conditions, miR-27a-

loaded EVs were applied to degenerated rat nucleus pul-

posus cells and showed significant protein alterations, 

such as upregulated collagen type II and aggrecan, and 

conversely correlated decreases in their potent deg-

radative molecule, MMP-13 [164]. Apart from IVDD, 

investigations involving cartilage tissue have almost 

exclusively honed in on the alleviation of osteoarthritis 

(OA), a habitual disease affecting the joints. Using simi-

lar approaches to those aforementioned, multiple groups 

have focused on miRNA-loaded EV strategies in ortho-

paedic tissue through the comparison of miRNA expres-

sion profiles of normal and OA-afflicted tissues. In vitro, 

exosomes from synovial fibroblasts isolated from knee 

joints of Sprague–Dawley rats loaded with miR-126-3p, 

have been shown to decrease chondrocyte apoptosis and 

suppress inflammation through decreased levels of IL-1β, 

IL-6, and TNF-α. Furthermore,  using an OA rat model 

in vivo, miR-126-3p-loaded exosomes were also shown to 

decrease the occurrence of abnormal lesion- or edema-

like inflammation, restore bone volume fraction levels, 

and to increase the articular cartilage thickness and sur-

face regularity [165]. Nevertheless, the breadth of studies 

in this regard (Table 3) contain a wide-array of interfacial 

engineering strategies that require extensive investigation 

in further developing this technology, as both a promis-

ing diagnostic and an effective therapeutic system.

Cardiovascular disorders

Accounting for almost a third of all deaths, cardiovas-

cular disease is the leading, predominant, and principal 

underlying cause of death worldwide [179]. Aside from 

established cardiac care and continued advancements in 

certain aspects of applied research, calls for novel and 

strategic alternatives, such as  therapeutically-enriched, 

miRNA-engineered EVs,  are imperative in pushing the 

threshold on the forefront of nanomedicine. Initially 

emerging as a promising diagnostic tool, the noninvasive 

nature of EV collection has propagated their exploitation 

for disease prevention, intervention, and palliation in car-

diovascular disease and repair [180]. Repair strategies for 

the heart entailing miRNA-engineered EV therapies have 

largely focused on aspects of regeneration post-heart 

attack, either through the investigation of ischemia–

reperfusion (I/R) injury or via myocardial infarction. As 

such, parameters for healing in these models are gener-

ally characterized by reduced inflammation and rates 

of apoptosis (Table  4). Hence, Chen et  al. showed that 

in vitro, miR-125b loaded exosomes applied to rat myo-

cardium cells derived from an I/R injury model led to the 

restoration of cell viability (similar values to the sham rat 

myocardium cells), as well as decreased apoptosis and 

levels of inflammatory proteins IL-1β, IL-6 and TNF-

α. Moreover, the same group showed that in  vivo, the 

cardiac function of I/R rats was restored following the 

administration of miR-125b loaded exosomes through 

lowered infarct size, reduced ratios of inflammatory cells, 

and restored left ventricular function [181]. Collectively, 

this suggests in part, the role of miR-125b in contributing 

to the remission of I/R in myocardium and its functional 
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Table 2 miRNA-engineerd EVs as an advanced drug delivery system in Oncology 

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-130 Exogenous Electroporation 4T1 breast cancer 
cells

Breast Peritoneal 
macrophages 
from female 
C57BL/6 mice

Repolarization 
of M2 mac-
rophages to M1 
phenotype; 
reprogrammed 
macrophages 
then showed 
the ability 
to reduce 4T1 
breast cancer 
cell prolifer-
taion, migration, 
and invasion 
abilities

N/A N/A Moradi-Chaleshtori 
M, et al. [125]

miR-33 Exogenous Electroporation 4T1 breast cancer 
cells

Breast Peritoneal 
macrophages 
from female 
BALB/c mice

Repolarization 
of M2 mac-
rophages to M1 
phenotype

N/A N/A Moradi-Chaleshtori 
M, et al. [126]

miR-511-3p Exogenous Exo-Fect™ Murine M1 
macropahges 
from bone 
marrow-
derived mono-
cytes

Breast M2 macropahges 
and 4T1 breast 
cancer cells

Repolarization 
of M2 mac-
rophages to M1 
phenotype

Murine 
4T1-luc xenograft 
model

Exosome hom-
ing to tumors, 
inhibition 
of tumor growth 
and increased 
presence of M1 
marcophages 
and immune-
stimulatory cells

Gunassekaran GR, 
et al. [127]

let-7i, miR-142, 
miR-155

Exogenous Electroporation 4T1 breast cancer 
cells

Breast Bone marrow-
derived dendritic 
cells, T cells, 
and 4T1 cells

Promotion 
of dendritic 
cell maturation 
and increased 
T cell prolifera-
tion and colony 
formation 
around tumor 
cells

Murine 4T1 xeno-
graft model

Significant reduc-
tion in tumor 
size and increase 
in percent 
survival 
over a 50 day 
period

Khani AT, et al. [128]

miR-34a Endogenous Lentiviral Trans-
duction

Genetically modi-
fied dental pulp 
MSCs

Breast MDA-MB-231 
breast carcinoma 
cells

Breast cancer cell 
death in a dose-
dependent man-
ner and increased 
inhibition of cell 
migration 
and invasion

N/A N/A Vakhshiteh F, et al. 
211
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

let7c-5p Exogenous Lipofectamine™ 
Transfection

HEK293T cells Breast MDA-MB-231 
breast carcinoma 
cells

Inhibition 
of breast cancer 
cell proliferation 
and migration

N/A N/A Kim, Haneul, 
and Won Jong 
Rhee. [129]

miR-1296 Exogenous Incubation/Rehy-
dration

Nanoliposomes Breast MDA-MB-231 
breast carcinoma 
cells

Significant 
reduction of cell 
viability in a dose-
dependent man-
ner and increased 
sensitization 
to cisplatin

N/A N/A Albakr, Lamyaa, 
et al. [130]

miR-3182 Exogenous Electroporation Human umbilical 
cord mesenchy-
mal stem cells 
(HUCMSCs)

Breast MDA-MB-231 
breast carcinoma 
cells

Reduction of cell 
proliferation 
and migration 
and induction 
of apoptosis 
via the down-
regulation 
of the mTOR 
and RPS6K1 
genes

N/A N/A Khazaei-Poul, Yalda, 
et al. [131]

miR-381-3p Exogenous Electroporation Adipose-derived 
mesenchymal 
stem cells

Breast MDA-MB-231 
breast carcinoma 
cells

Inhibited prolif-
eration, migra-
tion, and invasion 
capacity of cancer 
cells, as well 
as significant 
downregulation 
of genes and pro-
teins related 
to the epithelial 
to mesenchy-
mal transition 
that gives cancer 
cells increased 
motility

N/A N/A Shojaei, Samaneh, 
et al. [132]

miR-449a Endogenous Recombinant 
Plasmid Transfec-
tion

A549 human non-
small cell lung 
cancer (NSCLC) 
cells

Lung A549 human 
NSCLC cells

Inhibition of cell 
proliferation 
and promotion 
of apoptosis

Murine A549 
xenograft model

Significantly 
decreased 
tumor volume 
and increased 
survival time 
of the treated 
mice

Zhou, Wen, et al. 
[120]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-126 Exogenous ExoFectin® MDA-MB-231 
breast carcinoma 
cells

Lung A549 human 
non-small cell 
lung cancer 
(NSCLC) cells

Higher internali-
zation by A549 
cells compared 
to human 
embryonic lung 
fibroblast cells 
and strongly 
suppressed A549 
cell proliferation 
and migration

Murine A549 
xenograft model

Successful 
lung homing 
after intravenous 
injection followed 
by inhibition 
of lung metastasis 
formation

Nie, Huifang, et al. 
[133]

miR-497 Exogenous Transfection HEK293T cells Lung A549 human 
NSCLC cells 
and human 
umbilical vein 
endothelial cells 
(HUVECs)

Suppression 
of tumor growth 
and downregula-
tion of related 
genes. Addition-
ally, in the 3D 
microfluidic sys-
tem, a decrease 
of both endothe-
lial cell tube 
formation 
and migration 
of tumor cells

N/A N/A Jeong, Kyeongsoo, 
et al. [134]

miR-375 Endogenous Lipofectamine™ 
Transfection

Bone marrow-
derived MSCs 
(BM-MSCs)

Liver SNU-449 
and Huh7 human 
HCC cell lines

Reduction 
of proliferation 
rate, elevated 
levels of apopto-
sis, and decrease 
in the number 
of migratory 
and invasive HCC 
cells

Murine Huh-7 
xenograft model

Significant inhibi-
tion of Huh-7 
tumor growth 
and reduction 
in the number 
of KI67-positive 
cells

Yu, Zhaoxia, et al. 
[135]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-125b Both Transfection Huh7 human 
hepatocellular 
carcinoma (HCC) 
cells

Liver SK-HEP1 
adenocarcinoma 
and SNU-449 
hepatocellular 
carcinoma cells

Inhibition 
of migration 
and invasion, 
downregulation 
of mRNA expres-
sion of MMPs -2, 
9 and 14, disrup-
tion of TGF-ꞵ1-
induced epithelial 
to mesenchymal 
transition, 
and SMAD2 pro-
tein expression

N/A N/A Kim, Hye Seon, 
et al. [136]

miR-451a Endogenous Lipofectamine™ 
Transfection

HUCMSCs Liver Hep3B 
and SMMC-7721 
HCC cells

Reduction in cell 
survival rate 
and viability 
and promotion 
of apoptosis 
by downregulat-
ing ADAM10 
gene expression

N/A N/A Xu, Yunxiuxiu, et al. 
[137]

miR-30a-3p Exogenous Lipofectamine™ 
Transfection

Human hepatic 
stellate cells LX-2

Liver SK-Hep-1 
and SMMC-7721 
HCC cell lines

Inhibition of HCC 
cell migra-
tion, invasion 
and metastasis 
by targeting 
SNAP23

Murine SK-Hep-1 
xenograft model

Fewer metastatic 
colonies

Liu, Chengdong, 
et al. [138]

miR-199a Endogenous Lentivirus Infec-
tion

Adipose tissue-
derived MSCs

Liver PLC/PRF/5 cells Increased cancer 
cell sensitivity 
to doxorubicin 
and reduction 
in cell prolifera-
tion and viability

Murine PLC/
PRF/5 xenograft 
model

Inhibition 
of tumor growth 
and increased 
effectiveness 
of doxorubicin

Lou, Guohua, et al. 
[139]

miR-34a Exogenous CaCl2 Transfec-
tion

CT-26 
murine colon 
cancer cell line

Colorectal CT-26 
murine colon 
cancer cell line

Efficient delivery 
of functional miR-
34a mimic

Murine CT-26 
xenograft model

Significantly 
reduced tumor 
size and pro-
longed survival 
time. Induc-
tion of T cell 
polarization 
towards CD8 + T 
subtypes

Hosseini, Maryam, 
et al. [140]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-375-3p Exogenous CaCl2 Transfec-
tion

HT-29 and SW480 
human colon 
cancer cell lines

Colorectal T-29 and SW480 
EMT-induced cells

Inhibition of can-
cer cell migration 
and inva-
sion as well 
as reversed epi-
thelial to mesen-
chymal transition 
via the downreg-
ulation of mesen-
chymal markers 
and upregulation 
of epithelial 
markers

N/A N/A Rezaei, Ramazan, 
et al. [141]

miR-124-3p Exogenous CaCl2 Transfec-
tion

CT-26 
murine colon 
cancer cell line

Colorectal CT-26 
murine colon 
cancer cell line

Efficient delivery 
of functional miR-
124-3p mimic

Murine CT-26 
xenograft model

Significant tumor 
growth inhibition 
and increased 
median survival 
time

Rezaei, Ramazan, 
et al. [142]

miR-181c Endogenous Lentiviral Trans-
duction

Bone marrow 
stromal cells

Ovarian A2780 human 
ovarian cancer 
cell line 
and A2780/DDP, 
a DDP-resistant 
cell line

Suppression 
of cisplatin 
resistance in OC 
cells via down-
regulation 
of mesoderm-
specific transcript 
and subsequent 
inactivation 
of the Wnt/ꞵ-
catenin signaling 
pathway

Murine A2780/
DDP xenograft 
model

Significant reduc-
tion in tumor 
growth, mass 
and volume

Ruan, Zhengyi, 
et al. [143]

miR-484 Exogenous Electroporation HEK293T cells Ovarian HUVEC cells Inhibition 
of angiogenesis

Murine OVCAR-
3-Luc xenograft 
model

Improved vascu-
lar normalization 
and sensitization 
of ovarian tumors 
to chemothera-
peutics

Zhao, Zongxia, 
et al. [123]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-424 Endogenous Lipofectamine™ 
Transfection

Bone marrow-
derived mes-
enchymal stem 
cells from tibias 
and femurs 
of C57BL/6 mice

Ovarian Normal 
human ovarian 
epithelial cell 
line (HOSEpiC), 
human ovarian 
cancer cell 
lines (SKOV-3, 
HO8910, A2780), 
and human 
umbilical vein 
endothelial cells 
(HUVECs)

Repress prolifera-
tion, migration, 
and invasion 
of ovarian cancer 
cells, reducing 
the expres-
sion of VEGF 
and VEGFR. Fur-
thermore, inhibit 
the prolifera-
tion, migration, 
and tube forma-
tion of human 
umbilical vein 
endothelial cells

Murine SKOV-3 
xenograft model

Suppressed 
tumorigenesis 
and angiogenesis

Li, Ping, et al. [144]

miR-494-3p Exogenous Electroporation SKOV3 ovarian 
cancer cells

Ovarian OVCAR3 
and SKOV3 ovar-
ian cancer cell 
lines

Reduction of OC 
cell growth 
and promotion 
of apoptosis

N/A N/A Wang, Suli, et al. 
[145]

miR-199a-3p Exogenous Electroporation Fibroblasts 
derived 
from the nor-
mal omentum 
of patients

Ovarian CaOV3, OVCAR3 
and SKOV3 ovar-
ian cancer cell 
lines

Inhibiton of cell 
proliferation 
and invasion

Murine SKOV3-13 
xenograft model

Drastically inhib-
ited peritoneal 
dissemination 
and reduced 
expression 
of c-Met 
expression, ERK 
phosphorylation, 
and MMP-2

Kobayashi, Masaki, 
et al. [146]

miR-124a Endogenous Lentiviral Trans-
duction

BM-MSCs Brain Five Glioma stem 
cell lines (GSC267, 
GSC20, GSC6-
27, GSC8-11, 
and GSC2-14)

Significant reduc-
tion in viability 
and clonogenicity 
of glioma stem 
cells

Mnurine intrac-
ranial GSC267 
xenograft model

50% survival rate 
over a 120 day 
period, whereas 
both the PBS 
and unloaded-
exosome 
treatments had 
a 0% survival rate 
by day 70

Lang, Frederick M., 
et al. [124]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-124 Exogenous Lipofectamine™ 
Transfection

HEK293T cells Brain Human glio-
blastoma cell 
lines U373MG 
and U87MG 
and immortalized 
SV40 microglial 
cell line

Anti-tumor 
effects 
via the decreased 
expression 
levels of genes 
associated 
with tumor pro-
gression, as well 
as decreased M2 
microglial polari-
zation markers. 
Additionally, 
the use of the 3D 
microfluid-
ics experi-
ments showed 
decreased migra-
tion of both cell 
types, as well 
as increased 
tumor suppres-
sion via altered 
cytokine levels

N/A N/A Hong, Soohyun, 
et al. [147]

miR-100, anti-
miR-21

Endogenous Lipofectamine™ 
Transfection

Control neural 
stem cells (NSCs) 
and CXCR4- engi-
neered NSCs

Brain U87 glioma cells Increased che-
mosensitization 
to temozolomide

Murine miRNA-
loaded mpEVs 
intranasal deliv-
ery model

Increased 
glioblastoma 
cell sensitivity 
to the chemo-
therapeutic 
temozolomide, 
resulting 
in significant 
tumor regression 
and improved 
survival 
of the mice

Wang, Kai, et al. 
[148]

miR-744-5p Endogenous Lipofectamine™ 
Transfection

Human MSCs Brain U87 and U251 
Human glioma 
cell lines

Delayed cell pro-
liferative, invasive, 
and migration 
capabilities

Murine U87/
THP-1 + PMA 
xenograft model

Reduced rate 
of cancer 
cell growth 
and reduction 
of tumor nodules 
in lung tissue

Liu, Ling, et al. [149]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-1252-5p Exogenous Electroporation HEK293T cells Multiple myeloma RPMI-8226 B Lym-
phocyte cancer 
cells

Increased sensiti-
zation of RPMI-
8226 cells to Bort-
ezomib, leading 
to decreased cell 
viability

N/A N/A Rodrigues-Junior, 
Dorival Mendes, 
et al. [150]

miR-128-3p Endogenous Lipofectamine™ 
Transfection

HUCMSCs Pancreatic PANC-1 pancre-
atic carcinoma 
cells

Suppression 
of prolif-
eration, invasion, 
and migration 
via targeting 
Galectin 3

N/A N/A Xie, X., et al. [151]

miR-142-5p Endogenous Lentiviral Infec-
tion

5-8F and CNE-3 
nasopharyngeal 
carcinoma cells

Nasopharyngeal 
carcinoma

Radiotherapy-
resistant 5-8F 
and CNE-3 
nasopharyngeal 
carcinoma cells

Inhibition of cell 
proliferation 
and radioresist-
ance

Murine 5-8FR 
xenograft model

Inhibition 
of tumor growth 
and radioresist-
ance and acceler-
ation of apoptosis 
in radiotherapy-
resistant cells 
via inhibition 
of HGF/c-Met 
and EGF/EGFR 
pathways

Zhu, Changyu, et al. 
[152]

miR-144-3p Endogenous Plasmid Transfec-
tion/ Lentiviral 
Transduction

BM-MSCs Cervical SiHA squamous 
carcinoma cells

Suppression 
of cancer cell 
migration, inva-
sion, prolifera-
tion, and colony 
formation

Murine SiHA 
xenograft model

Increased tumor 
cell apoptosis 
and signifi-
cant decrease 
in tumor growth 
rate and size 
via downregula-
tion of CEP55

Meng, Qin, et al. 
[153]
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Table 2 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Cancer Target in vitro Model in vitro Findings in vivo Model in vivo Findings Source

miR-371b-5p Exogenous Electroporation HEK293T cells Osteosarcoma 143B osteo-
sarcoma, A549 
lung carcinoma, 
and HeLa cervical 
cancer cells

Osteosarcoma 
cells took 
up loaded-EVs 
at a much higher 
rate as com-
pared to other 
cancer cell types 
and showed 
significantly 
decreased 
cell viability 
while HeLA 
and A549 cell 
viability did 
not significantly 
change

Murine 143B 
xenograft model

Greatly decreased 
tumor volume 
as compared 
to unloaded 
exosomes 
and controls 
as well as signifi-
cantly increased 
survival time 
of mice

Xue, Qiang, et al. 
[154]

miR-7-5p Endogenous Lipofectamine™ 
Transfection

BM-MSCs Acute myeloid 
leukemia

HL60 
and MOLM13 
Myeloid Leuke-
mia cells

Significantly 
decreased 
proliferation rate 
and increased 
apoptosis rate 
via downregula-
tion of OSBPL11 
gene

Murine MOLM13 
xenograft model

Significantly 
decreased cancer 
load of splenic 
leukemia, 
increase in cancer 
cell apoptosis 
and decreased 
cancer cell prolif-
eration

Jiang, Duanfeng, 
et al. [155]

miR-21 Exogenous Electroporation Blood plasma 
from mice

Heart N/A N/A Murine Chemo-
therapy-related 
cardiotoxicity 
model

Reduction 
in cardiotoxicity 
after doxorubicin 
administration 
and restored 
cardiac function 
via increase 
in left ventricular 
ejection fraction 
and increased 
E wave/A wave 
ratio

Sun, Wenqi, et al. 
[156]
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Table 3 miRNA-engineerd EVs as an advanced drug delivery system in Musculoskeletal Disorders 

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-19b-3p Exogenous HiPerfect® Trans-
fection

Serum 
from 1-month-
old rats

Osteoporosis Osteoporotic 
BM-MSCs

Higher osteo-
genic potential 
through increased 
expression of oste-
ogenic genes 
(ALP, collagen 
type I, and RUNX2) 
and greatly 
increased collagen 
type 1 expression

N/A N/A Xun, Jingqiong, 
et al. [166]

miR-101 Endogenous Lentiviral Trans-
duction

Human BMSCs 
(hBMSCs)

Osteoporosis hBMSCs Increase 
in both osteogenic 
activity and osteo-
genic differen-
tiation of MSCs 
as demonstrated 
by increased alka-
line phosphatase 
activity and expres-
sion of osteogenic 
markers RUNX2, 
Osterix, OCN, 
and osteopontin

N/A N/A Li, Yanhong, et al. 
[167]

miR-935 Endogenous Lipofectamine™ 
Transfection

hBMSCs Osteoporosis hFOB1.19 human 
osteoblast cells

Improved osteo-
blast cell prolif-
eration and dif-
ferentiation as seen 
through increased 
RUNX2 and activat-
ing transcription 
factor 4 protein 
levels

N/A N/A Zhang, Ying, et al. 
[168]

miR-20a Endogenous Lipofectamine™ 
Transfection

hBMSCs Osteoporosis hBMSCs Successful promo-
tion of in vitro 
migration 
and osteogenesis 
of BM-MSCs as seen 
through upregula-
tion of ALP, RUNX2, 
and OCN genes

Rat osteoporosis 
model

Significantly 
increased bone 
volume fraction, 
total bone vol-
ume, and bone 
mineral density

Liu, Wei, et al. [169]
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Table 3 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-27a Endogenous riboFECT Trans-
fection

Autophagy Acti-
vated Nucleus 
pulposus cells 
(NPCs)

Intervertebral 
disc degenera-
tion (IVDD)

NPCs Protein analysis 
indicated signifi-
cantly upregulated 
collagen type II 
and aggrecan 
levels, coinciding 
with a significant 
decrease in MMP-
13 levels

N/A N/A Zhang, Qi‐Chen, 
et al. [164]

miR-129-5p Endogenous Lipofectamine™ 
Transfection

hBMSCs IVDD Human NPCs Increased cell 
viability combined 
with increased 
collagen type II 
and aggrecan 
production

Rat IVDD model Successfully 
inhibited M1 
polarization, 
reversed cel-
lular apoptosis 
and extracellular 
matrix degrada-
tion

Cui, Shaoqian, 
and Lei Zhang. 
[170]

miR-15a Endogenous Lipofectamine™ 
Transfection

Human NP-MSCs IVDD Dedifferenti-
ated MSCs 
from human NP 
tissue

Significantly 
increased MSC 
proliferation 
and colony for-
mation as well 
as increased MSC 
chondrogenic dif-
ferentiation shown 
through upregula-
tion of aggrecan 
and collagen 
type II mRNA 
levels coupled 
with the downreg-
ulation of multiple 
proteinase mRNAs

N/A N/A Zhang, Qiang, et al. 
[171]
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Table 3 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-17-5p Endogenous Lipofectamine™ 
Transfection

BMSC-bm IVDD Human NP cells Increase in human 
NP cell proliferation, 
decrease in apopto-
sis rate, and sig-
nificant increase 
in collagen type II 
and aggrecan pro-
tein levels coupled 
with significantly 
decreased MMP-13 
and ADAMTS5 
levels

Rat IVDD model Similar changes 
in protein levels 
to in vitro stud-
ies, coupled 
with lower histo-
logical grading 
score of IVDD

Zhou, Zhi-Min, 
et al. [172]

miR-125b-5p Endogenous Lipofectamine™ 
Transfection

Cartilage end-
plate stem cells

IVDD Tert-buty l 
hydroperoxide 
(TBHP) induced 
NPCs

Inhibited the apop-
tosis of TBHP-
NPCs as well 
as the expres-
sion of bax, 
MMP13, and p62 
while increased 
the expression 
of bcl2, ACAN, 
and LC3-II/I

Rat IVDD model Upregulation 
of BCL2 apop-
tosis regulator, 
ACAN, and LC3-
II/I coupled 
with the down-
regulation 
of SUV39H1 his-
tone lysine meth-
yltransferase, 
bax, MMP-13, 
and ubitquitin-
binding protein 
p62. Histological 
analysis revealed 
decreased NP 
cell apoptosis 
and reduced 
fibrotic remod-
eling of the NP

Chen, Dong, 
and Xin Jiang. [173]
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Table 3 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-126-3p Endogenous Transfection Synovial fibro-
blasts

Osteoarthritis 
(OA)

Rat chondrocytes Decrease 
in apoptosis 
in chondrocytes 
and suppression 
of their inflam-
mation as seen 
through decreased 
IL-1b, IL-6, and TNF-
a

Rat OA model Anti-apoptotic 
and anti-inflam-
matory effects 
on cartilage, sup-
pression of osteo-
phyte formation, 
decreased 
occurrence 
of abnormal 
lesion- or edema-
like inflamma-
tion, restoration 
of bone volume 
fraction levels, 
and increased 
articular cartilage 
thickness 
and surface 
regularity as seen 
through histo-
logical analysis

Zhou, Yan, et al. 
[174]

miR-361-5p Exogenous Electroporation hBMSCs OA IL-1β-treated 
chondrocytes

Significantly 
increased cell viabil-
ity and downregu-
lation of protein-
ases involved in OA 
progression

Rat OA model Downregula-
tion of protein-
ases involved 
in OA as well 
as increased 
synovial tissue 
hyperplasia 
and decreased 
OA pathological 
scoring

Tao, Yunxia, et al. 
[175]

miR-140 Exogenous Electroporation Human Chondro-
cytes

OA IL-1β-treated 
chondrocytes

Downregu-
lated MMP-13 
and ADAMTS-5 
gene expression

Rat OA model Downregula-
tion of MMP-13 
and ADAMTS-5, 
while cartilage 
tissue repair 
was nearly identi-
cal to the sham 
surgical group 
as evidenced 
by histological 
scoring

Liang, Yujie, et al. 
[176]
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Table 3 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-140 Exogenous Freeze and Thaw 
Method

Rabbit serum Cartilage regen-
eration

Rabbit BM-MSC 
and chondrocytes

Exhibited 
chondrogenic 
differentiation 
through changes 
in BM-MSC mor-
phology, as well 
as the upregulation 
of collagen type 
II, Sox9, and ACAN 
genes in BM-MSCs

N/A N/A Won Lee, Gi, et al. 
[101]

miR-29a-3p Endogenous Agonist HUCMSCs Tendon regen-
eration

N/A N/A Rat achilles ten-
don defect model

Significantly 
increased expres-
sion of tendon 
markers TNMD 
and SCXA, 
elevated COL1A1 
gene expres-
sion and higher 
average ultimate 
tensile strength, 
stiffness, 
and Young’s mod-
ulus in treated 
tendons

Yao, Zhixiao, et al. 
[177]

miR-24 Endogenous Lentiviral Trans-
duction

HMSCs Bone repair HMSCs, mac-
rophages

Enhanced 
osteoinductive 
function by activat-
ing SMAD1/5/8 
phosphorylation 
and MSC differen-
tiation

Rat calvarial bone 
defect model

Enhanced bone 
repair and anti-
inflammatory 
activity

Huang CC, et al. 
[178]
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Table 4 miRNA-engineerd EVs as an advanced drug delivery system in Cardiovascular Disorders 

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-125b Endogenous Lipofectamine™ 
Transfection

Rat BM-MSCs Ischemia reperfu-
sion (I/R) injury 
model

Rat I/R myocar-
dium cells

Restoration of cell 
viability coupled 
with a decease 
in the apoptotic 
ratio. Additionally, 
the levels of IL-1b, 
IL-6 and TNF-a 
proteins were sig-
nificantly reduced, 
indicating 
reduced cellular 
inflammation

Rat Ischemia 
reperfusion (I/R) 
model

Restored cardiac 
function as seen 
through sig-
nificantly lower 
infarct size, 
reduced ratio 
of inflammatory 
cells, and restored 
left ventricular 
function

Chen, Qi, et al. [181]

miR-494-3p Endogenous RiboFECTTM 
Transfection

Murine bone 
marrow-derived 
dendritic cells

Murine myocar-
dial infarction

Cardiac microvas-
cular endothelial 
cells

Enhanced tube 
formation

Murine myocar-
dial infarction 
model

Increased 
VEGF expres-
sion and a sig-
nificant increase 
in the mean 
number of vessels 
in the myocar-
dium

Liu, Haibo, et al. 
[182]

miR-210 Endogenous Transfection Human Adipose 
Derived Stem 
Cells

Ischemia heart 
disease

Hypoxic endothe-
lial cells and H9C2 
cardiomyocyte 
cells

Inhibition 
of EFNA3 
in endothelial 
cells and a sig-
nificant increase 
in VEGF expres-
sion combined 
with an increase 
in viability for car-
diomyocyte cells

Rat I/R injury 
model

Significant 
increase in car-
diac function 
and no sig-
nificant changes 
in fibrotic area 
ratio

Song, Byeong-
Wook, et al. [183]

miR-144-3p Exogenous Exo-Fect™ Trans-
fection

HEK293 cells Murine myocar-
dial infarction

H9C2 rat myo-
blast cells

Increased cell via-
bility, decreased 
lactate dehydro-
genase release, 
and decreased 
cellular apoptosis 
after H2O2-
induced cellular 
injury

Murine myocar-
dial infarction 
model

Reduction 
of infarct size, sig-
nificantly reduced 
cell death, 
and no systemic 
toxicity

Kang, Ji-Young, 
et al. [184]



P
a

g
e

 2
8

 o
f 4

1
M

e
n

jiv
a

r et a
l. B

io
lo

g
ica

l P
ro

ced
u

res O
n

lin
e           (2

0
2

4
) 2

6
:1

4
 

Table 4 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell 
Lines Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-126 Endogenous Lipofectamine™ 
Transfection

Human BM-MSCs Nonspecific 
angiogenesis

HUVECs Enhanced prolif-
eration, migration, 
and tube forma-
tion

Murine full-thick-
ness cutaneous 
wound model

Significantly 
increased 
wound closure 
rate, reduction 
of scar formation, 
and enhance-
ment of angio-
genesis

Zhang, Lei, et al. 
[185]

miR-186 Endogenous Lipofectamine™ 
Transfection

Human BM-MSCs Idiopathic pulmo-
nary fibrosis

LL29 human lung 
fibroblasts

Suppression 
of lung fibroblast 
activation 
and reduced 
fibroblast viability 
and invasion

Murine pulmo-
nary fibrosis 
model

Reduced expres-
sion of myofibro-
blastic markers, 
reduction 
in collagen fibers, 
impaired fibro-
blast activation, 
and suppression 
of idiopathic pul-
monary fibrosis

Zhou, Jing, et al. 
[186]

miR-146a, miR-
370, miR-126a

Endogenous Trans-IT TKO 
(Mirus)

NHDF-EVs Ischemic heart 
disease

C57BL/6 mouse 
primary neonatal 
cardiomyocytes

Therapeutic 
miRNA cluster 
acts synergisti-
cally to reduce 
cardiomyocyte 
apoptosis

N/A N/A Euscher LM, et al. 
[187]
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applicability to serve as a potential therapeutic agent for 
myocardial I/R. MicroRNA-engineered EV therapies for 
cardiovascular repair have thus far shown in vivo prom-

ise for the treatment of several prominent and deadly car-

diac pathologies, however, additional work is needed to 

exclusively translate these therapeutic applications bed-

side for the implementation in human patients.

Neurological disorders

The brain is an infinitely complex, temporally, and spa-

tially multiscale structure that is far from well under-

stood. The development of new treatments and therapies 

for brain-related diseases are furthermore hindered due 

to epithelial-like tight junctions within the brain capil-

lary endothelium that compose the blood–brain barrier 

(BBB), preventing the uptake of most pharmaceutical 

compounds [188]. Fortunately, EVs effectively traverse 

this restriction via the bidirectional BBB transendothelial 

transport, both from the blood into the brain and from 

the brain into the blood [189]. Hence, treatments for neu-

rodegenerative afflictions using miRNA-engineered EVs 

compose a strategic and novel system to combat ailments 

like subarachnoid hemorrhage, alzheimer’s disease, and 

depression (Table 5).

Implementation of miRNA-engineered EVs to treat 

brain illnesses inherently provoke query on their capacity 

to reach targets in effective concentrations after systemic/

intranasal administration, or targeted deposition. Com-

paring the global miRNA profiles from plasma exosomes 

of subarachnoid hemorrhage (SAH) and healthy patients, 

followed by extrapolation to a murine model of SAH, 

Lai et  al. functionally revealed the role of miR-193-3b-

loaded BM-MSC-derived exosomes in reducing inflam-

matory cytokine levels, improving neurological scoring, 

and decreasing brain edema post-SAH treatment, all of 

which indicate neurobehavioral impairment alleviation 

[199]. This study, along with others denoted previously, 

precisely specify the value of using multi-omics analysis 

to accurately identify differentially regulated miRNAs 

that govern health and  disease. Such studies unveiling 

the functional applicability of miRNA-engineered EVs 

using small animal models suggest their preeminent role 

as future clinical therapeutic treatments. Additionally, at 

minimum, rigorous and in-depth studies are still needed 

to optimize various aspects of EV production, loading, 

and administration, prior to potential clinical EV-based 

therapy commercialization.

Therapeutic use of miRNA‑loaded EVs 
under clinical trial
EV therapies have been investigated amid multiple clini-

cal trials, demonstrating acceptable safety profiles and 

therapeutic proof of efficacy in humans [200–203]. While 

promising, at least 1 miRNA-engineered EV therapy 

exists under clinical trial, although its results have yet to 

be substantiated and published. Additionally, phase I/II 

testing of allogenic MSC-derived exosomes loaded with 

miR-124 for the treatment of acute ischemic stroke is also 

currently in the recruiting phase, with the trial expected 

to consist of 5 patients (NCT03384433). Aside from EVs, 

several miRNA-based therapies have already undergone 

and completed clinical trials. In the past several years, in 

total, at least 4 miRNAs (miR-16, miR-29, miR-34a, and 

miR-124) have shown clinical relevance for subsequent 

translation to EV-based therapeutics.

A multicenter phase 1 clinical trial completed sev-

eral years back used miR-16 to treat mesothelioma and 

non-small cell lung cancer (NCT02369198). Twenty-six 

pleural mesothelioma patients received weekly doses of 

miR-16 loaded into non-living bacterial minicells (Tar-

gomiRs), which revealed an acceptable safety profile, 

producing an objective response in 1 of 22 patients. The 

foremost side-effect observed was a heightened inflam-

matory response, although unable to pinpoint and deci-

pher its origins as the delivery of miR-16, the bacterial 

origin of the TargomiRs, or an antitumor effect [204, 205]. 

Aside,  the confirmation of an acceptable safety profile is 

conclusively promising for miR-16’s clinical use, which 

has also shown effects in the attenuation of lung inflam-

mation and the reduction of lung injury in mice, when 

targetly delivered via ADSC-derived exosomes [206]. 

Moreover, a phase 1 clinical trial was also conducted on 

MRG-201, a synthetic drug designed to mimic the bioac-

tivity of miR-29 (NCT02603224). In total 54 healthy vol-

unteers were enrolled to the study and assigned to either 

intact or incised skin groups. Volunteers received intra-

dermal injections of either a single or multiple doses of 

MRG-201, considered safe and well-tolerated at all levels, 

with a total of 139 doses given to 47 subjects. Collectively, 

it was shown that MRG-201 treatment decreased wound 

fibroplasia with no evidence of wound dehiscence [207]. 

Efficacy and tolerance of MRG-201 permits significant 

credibility to the clinical potential of miR-29-engineered-

EVs, which have recently shown promising results as a 

strategic effort in tendon regeneration [177].

To date, miR-34a delivered intravenously to patients 

with solid tumors refractory to standard treatment 

has been investigated within two phase 1 clinical trials 

(NCT01829971 and NCT02862145). The first trial aimed 

to establish and optimize miR-34a dosing associated with 

its  acceptable safety. One patient with HCC evidenced 

the confirmation of a prolonged response (at minimum 

a 30% decrease in the longest diameter sum of the target 

lesions), while four others experienced the persistence of 

stable disease (neither sufficient shrinkage, nor sufficient 

increase in the longest diameter sum) [208]. The second 
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Table 5 miRNA-engineerd EVs as an advanced drug delivery system in Neurological Disorders 

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell Lines 
Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-194 Endogenous Lentiviral Infec-
tion

Murine BM-MSCs Neurovascular 
endothelial cell 
injury

Human brain micro-
vascular endothelial 
cells

Restoration 
of cell viability 
and migratory 
ability after oxy-
gen–glucose 
deprivation/
reoxygena-
tion treatment 
and inhibition 
of ferroptosis

N/A N/A Li, Xu, et al. [190]

miR-223-3p Endogenous Lentiviral Infec-
tion

Murine BM-MSCs Cerebral ischemic 
injury

Murine BV-2 micro-
glia cells

Promotion of M1 
to M2 pheno-
typic conversion 
of microglia cells 
as well as modu-
lation of inflam-
matory cytokine 
expression, 
indicating a shift 
towards an anti-
inflammatory 
remodeling 
phenotype

Rat middle 
cerebral artery 
occlusion 
and reperfusion 
model

Improved 
neurological 
dysfunction 
and decreased 
infarct volume 
over a 28-day 
period

Zhao, Yangmin, 
et al. [191]

miR-17-5p Endogenous Lipofectamine™ 
Transfection

Rat primary 
astrocytes

Hypoxic-ischemic 
brain damage

Immortalized H19-7 
microglial cell line

Promotion 
of cell viability 
and reduced 
inflammation 
after OGD-
induced damage

Neonatal 
rat model 
of hypoxic-
ischemic brain 
damage

Treatment 
alleviated 
brain damage 
and coincided 
with high expres-
sion of miR-
17-5p. Addition-
ally increased 
the healing 
by reducing neu-
ronal apoptosis 
and inflamma-
tion

Du, Lin, et al. [192]
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Table 5 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell Lines 
Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-210 Endogenous DharmaFECT 
Transfection

Human endothe-
lial progenitor 
cells

Ischemia-
induced neuronal 
damage

SH-SY5Y human 
neuroblastoma cells

Reduced hypoxia 
and reoxy-
genation (H/R) 
induced apopto-
sis, attenuation 
of intracellular 
reactive oxygen 
species levels, 
and increased 
neuroblastoma 
proliferation

N/A N/A Yerrapragada, Sri 
Meghana, et al. 
[193]

miR-193-3b Exogenous Electroporation Murine BM-MSCs Neuroinflamma-
tion follow-
ing subarachnoid 
hemorrhage

N/A N/A Murine subarach-
noid hemorrhage 
(SAH) model

Reduced 
inflammatory 
cytokine levels, 
improved neu-
rological scoring, 
and decreased 
brain edema 
after SAH treat-
ment, which indi-
cates alleviation 
of neurobehavio-
ral impairments

Lai, Niansheng, 
et al. [194]

miR-22 Endogenous HiPerfect® Trans-
fection

Mouse Adipose-
derived MSCs

Alzheimer’s 
disease

PC12 rat adrenal 
medulla cells

Inhibition 
of apoptosis 
and significantly 
decreased release 
rate of inflamma-
tory factors

Murine APP/PS1 
model

Increased 
nerve func-
tion and motor 
ability, improved 
survival 
of nerve cells, 
and decreased 
expression 
of inflammatory 
factors

Zhai, Liping, et al. 
[195]
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Table 5 (continued)

Therapeutic 
miRNA

miRNA 
Enrichment

Incorporation 
method

Source of EVs Target in vitro Cell Lines 
Utilized

in vitro Findings in vivo Model in vivo Findings Source

miR-26a Endogenous Lipofectamine™ 
Transfection

Human BM-MSCs Depression Neonatal rat hip-
pocampal neurons

Elevated super-
oxide dismutase 
levels and inhibi-
tion of inflam-
matory factors 
in hippocampal 
neurons as well 
as increased hip-
pocampal neuron 
proliferation 
and restriction 
of apoptosis

N/A N/A Guo, Huirong, et al. 
[196]

miR-146a Endogenous Lipofectamine™ 
Transfection

Murine BM-MSCs Diabetic periph-
eral neuropathy

Human dermal 
microvascular 
endothelial cells

Inhibition 
of inflammatory 
activation

Murine diabetic 
peripheral neu-
ropathy model

Significantly 
increased 
intraepidermal 
nerve fiber 
density, restora-
tion of nerve 
fiber diameter, 
increased axonal 
remyelination, 
and inhibition 
of inflammatory 
effects

Fan, Baoyan, et al. 
[197]

miR-494 Exogenous Exo-Fect™ Trans-
fection

Rat BM-MSCs Spinal cord injury Rat dorsal root gan-
glion cells and alveo-
lar macrophages

Significantly 
increased 
ganglion cell 
viability and pro-
motion of M2 
macrophage 
polarization

Rat spinal cord 
injury model

Homing to spinal 
cord lesion, 
reduction 
of lesion volume, 
regenera-
tion of neu-
rofilaments, 
and recovery 
of rat behavioral 
function

Huang, Wei, et al. 
[198]
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trial was  abruptly closed early due to serious immune-

mediated adverse events within four patients, yet demon-

strated a manageable toxicity profile in the majority [209]. 

These studies corroborate the proof-of-concept required 

in establishing miR-34a therapeutics, while engineered-

EV treatments have been recently studied in light of 

breast [119], and colorectal [122] cancer suppression. 

Alas, a phase IIa clinical trial has also been conducted 

on ABX464, an orally administered small molecule that 

induces the splicing of miR-124 (NCT03093259). A total 

of 32 participants with moderate to severe ulcerative coli-

tis were recruited to the study and enrolled in an 8-week 

induction phase, followed by an optional long-term 

extension phase. ABX464 was shown to be safe and well-

tolerated, while also greatly increasing both the  clinical 

remission and response amid the treatment group over 

the initial 8-week period. During the extension phase, a 

high maintenance of remission rates persisted, with the 

majority of patients remaining in clinical remission to the 

12 and 24-month time points. Currently, the safety and 

efficacy of ABX464 is ongoing and being further investi-

gated within a phase IIb clinical trial, with 254 recruited 

participants (NCT03760003). Preliminary results aid 

in the promising perspective for miR-124-engineered-EV 

therapeutics, which have duly recently been investigated 

in glioblastomas [124, 147], colorectal cancer [210], and 

spinal cord ischemia–reperfusion injury [211] treatment. 

Taken together, the  clinical evaluation of miRNA-engi-

neered EV therapies is still in its relative infancy. How-

ever, with one therapy under clinical trial thus far, and 

multiple successful proposed examples of miRNA-loaded 

EV strategies published, it is highly likely that the number 

of proposed miRNA-engineered EVs for therapeutic use 

will steadily rise within the next decade.

miRNA loaded EVs: limitations hindering clinical 
progression in nanomedicine
Outlined in Fig.  4, the premise to move miRNA-engi-

neered EV therapeutics from benchtop and small animal 

models, to clinical trials is a time and resource-inten-

sive process. In order to produce a potential therapeu-

tic treatment for clinical testing, standards in EV purity 

must be met. In addition, such therapeutics require the 

isolation of a large number of EVs, underscoring the 

need for reproducible and scalable methods. To meet 

purity standards set forth for EV-based treatments, sev-

eral methodologies have been developed to meet Good 

Manufacturing Practices (GMP), a system of process-

ing, standardized procedures, and documentation that 

establishes quality standards. This includes GMP strate-

gies for the production and isolation of EVs from MSCs 

[212–214], HEK293 human embryonic kidney cells 

[215], and cardiac progenitor cells [216]. Established 

methodologies have helped to lay the groundwork for 

EV-based therapeutics in achieving GMP standards, not 

only in terms of isolation and purification, but duly in 

their scale-up production. To further scale-up the pro-

duction of EVs in a controlled manner, a number of bio-

reactor systems have been developed [217–219], which 

have resulted in high-yields of EVs, while also serving 

as a platform to mechanically or chemically stimulate 

cells, as a means  to augment the cargo of  EVs. A full 

review was recently published focusing on large-scale 

cell culture platforms to increase EV yields, which fur-

ther details the use of scale-up strategies currently being 

implemented in clinical trials [220].

Several groups have also attempted to generate clinically 

relevant numbers of EVs through the isolation of common 

biologics such as blood and milk. These methods drastically 

reduce the amount of time needed to obtain large amounts 

of EVs, removing the production time necessary to expand 

large quantities of cells in vitro. In addition, this method also 

avoids the need in standardizing cell culture strategies, by 

instead utilizing pre-existing GMP protocols for the  stand-

ardized collection of biologics. Large-scale EV isolation from 

blood has been developed by several groups, either through 

the isolation of large quantities of cells to rapidly farm EVs 

or through direct isolation of the EVs themselves. A novel 

method developed to induce rapid EV production over a 

48-h window has duly been established via isolating natural 

killer cells from 30-50 mL of donor blood [221]. Alternatively, 

direct isolation of EVs from blood plasma has equitably dem-

onstrated high EV yields and purities [222]. Moreover, timely 

isolation methods also exist that were originally designed for 

the rapid and efficient isolation of EVs for proteomic analysis, 

which yield ~ 1*1011 EVs per milliliter of serum in 15 min, a 

promising method to generate clinically relevant numbers of 

EVs to be successfully scaled-up or scaled-out [223]. Combin-

ing established large-scale EV isolation methods from blood 

with the partnerships of blood banks and hospitals, further 

the applicability of such methods in collecting large quantities 

of GMP-grade EVs in the advancement of future clinical tri-

als. On the other hand, milk-derived exosomes are even more 

readily available offering an alternative promising source 

of GMP-grade EVs for clinical trials. Marsh et al. developed 

protocols for the scalable production of EVs from bovine 

milk, creating ultra-dense isolates of sEVs that accounted 

for 10–15% of the total starting milk volume, resulting in 

incredibly high concentrations of EVs isolatable from an 

additional  common biologic [224]. The use of milk-derived 

EVs for miRNA delivery have also recently been investigated, 

finding that hsa-miR148a-3p, can be successfully loaded into 

raw bovine milk derived-exosomes with confirmed uptake 

by hepatic and interstitial cell lines [225]. Although miRNA 

loading into milk-derived EVs has not yet been widely 

investigated, such studies effectively outline an additional, 
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potentially promising, strategy to propagate miRNA-loaded 
EV therapies on a large scale that caters to satisfactory purities 
and reproducibility standards. Albeit therapeutically promis-
ing studies exist and in part, some of the prominent hurdles 
are currently being overcome, plausible concern still remains 

regarding the efficacy/dose optimization, biodistribution, 

and the target site bioavailability and engagement, which all 

require an increased and more developed understanding of 

EV biology prior to wide-scale clinical implementation.

Concluding remarks and future perspectives
Over the past decade compounding knowledge of the 

structure of EVs, as well as their biogenesis and function, 

have catapulted advancements for their novel potential in 

pharmaceuticals as a next-generation drug delivery system. 

Functional studies denoting the roles of EV-coupled miR-

NAs continue to accumulate aiding in their incorporation 

in preclinical and clinical settings alike. Given the complex 

effects of miRNAs in post-transcriptional gene regulation, 

in combination with the additonal ambiguities that under-

mine their precise functions, a need to further elucidate 

such systems both in vitro and in vivo still persist. More-

over, predetermined  mechanistic approaches to modify 

EVs for the incorporation of therapeutic miRNAs requires 

further technical optimization in managing dosage and 

other pharmacokinetic  factors, prior to their  large-scale 

distribution as a new frontier drug delivery platform. Fur-

ther advancements in EV biology and the mechanistic 

Fig. 4 Treatment Perspective of EV-miRNAs for Clinical Use as Therapeutics. EVs carrying host molecules, readily isolated from systemic fluids, 
propagate EVs as an effective screening perspective or diagnostic tool in the identification of biomarkers for many diseases and their potential 
application as an effective therapeutic treatment
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approaches to effectively modify EVs with repeatability will 

favor the clinical translation of miRNA-engineered EVs 

for precise therapeutic application in treating a number of 

disease pathologies, continuing to push their implementa-

tion as novel payers on the forefront of nanomedicine.
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Abstract

Efforts to implement effective assisted reproductive technologies (ARTs) for the conservation of the northern white rhinoceros (NWR;
Ceratotherium simum cottoni) to prevent its forthcoming extinction, could be supported by research conducted on the closely related southern
white rhinoceros (SWR; Ceratotherium simum simum). Within the follicle, extracellular vesicles (EVs) play a fundamental role in the bidirectional
communication facilitating the crucial transport of regulatory molecules such as microRNAs (miRNAs) that control follicular growth and oocyte
development. This study aimed to elucidate the dynamics of EV-miRNAs in stage-dependent follicular fluid (FF) during SWR ovarian antral
follicle development. Three distinct follicular stages were identified based on diameter: Growing (G; 11–17 mm), Dominant (D; 18–29 mm), and
Pre-ovulatory (P; 30–34 mm). Isolated EVs from the aspirated FF of segmented follicle stages were used to identify EV-miRNAs previously
known via subsequent annotation to all equine (Equus caballus; eca), bovine (Bos taurus; bta), and human (Homo sapiens; hsa) miRNAs. A
total of 417 miRNAs were detected, with 231 being mutually expressed across all three stages, including eca-miR-148a and bta-miR-451 as the
top highly expressed miRNAs. Distinct expression dynamics in miRNA abundance were observed across the three follicular stages, including
31 differentially expressed miRNAs that target various pathways related to follicular growth and development, with 13 miRNAs commonly
appearing amidst two different comparisons. In conclusion, this pioneering study provides a comprehensive understanding of the stage-specific
expression dynamics of FF EV-miRNAs in the SWR. These findings provide insights that may lead to novel approaches in enhancing ARTs to
catalyze rhinoceros conservation efforts.

Summary Sentence
Stage-specific miRNA cargo encapsulated within follicular fluid-derived extracellular vesicles possess intrinsic functions to modulate cell–cell
communication during follicular growth in the rhinoceros.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/b

io
lre

/io
a
e
0
8
1
/7

6
7
9
3
9
4
 b

y
 C

o
lo

ra
d
o
 S

ta
te

 U
n
iv

e
rs

ity
 u

s
e
r o

n
 0

4
 J

u
n
e
 2

0
2
4

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

 5548 21319 a 5548 21319 a
 

 5548 21319 a 5548 21319 a
 
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu
mailto:dawit.tesfaye@colostate.edu


2 EV-encapsulated miRNA transport

Graphical Abstract

Key words: rhinoceros, ovarian follicle, follicular fluid, extracellular vesicles, miRNA.

Introduction

Wild rhinoceros populations are facing extinction due to con-
stant threats; increased conservation measures are critically
necessary to protect these species. As one of the few mega
vertebrate herbivores living in the world, rhinoceros play a
vital role as a keystone species of the African landscape. With
just two non-reproductive living individuals, global attention
has been focused on rescuing the northern white rhinoceros
(NWR) from extinction [1, 2]. Conservation efforts have
been focused on using the NWR’s closest relative, the SWR
to overcome rhinoceros population decline and to develop
effective propagation strategies using assisted reproductive
technologies (ARTs). Numerous ART procedures have been
developed for different rhinoceros species, including ovum
pickup (OPU), which enables oocytes to be retrieved for
in vitro maturation and intracytoplasmic sperm injection,
resulting in blastocyst production and cryopreservation for
future use [2]. In addition, advanced ARTs, such as stem cell-
associated techniques and artificial gamete production, could
also pose promising strategies to support conservation efforts
in rhinoceros [3].
Unfortunately, working with the rhinoceros comes with

inherent management challenges and limited procedure oppor-
tunities. Therefore, to advance our reproductive knowledge
and develop conservation technologies, domestic species are
used to aid in the lesser accessible species, including the
NWR and SWR. The domestic horse is phylogenetically
related to the white rhinoceros, hence it can be a valuable
model for reproductive studies [2]. Other domestic species,

as well as humans, may also provide scientific context to
advance rhinoceros reproductive knowledge and promote
conservation efforts, although there is less comparative and
translational work reported. Like the domestic horse, the
white rhinoceros is a mono-ovulatory species, exhibiting a
3- to 5-day period of estrus behavior [4, 5], accompanied by
the growth and ovulation of a single follicle (30–40 mm) [6],
preceeded by a single pre-ovulatory LH surge. Throughout
folliculogenesis, many antral follicles exist, segmented into
multiple stages based on follicle diameter size (also known as
selection, dominance, and ovulation). The nature of follicle
dynamics and subsequent mechanisms of development are
largely based on a series of systemic processes involving
hormonal interaction and various intrafollicular constituents
[7].
In the rhinoceros, serial ultrasound examinations have pro-

vided detailed characterizations of normal follicular growth
and ovulation, as well as the documentation of anovula-
tory cycles amidst other irregularities. In captivity, cyclic
females exhibit estrous cycles from 20 (similar to the horse)
to 80 days in duration [8]. These two cycle lengths are
deemed short (clustered around 30 days) and long (clustered
around 70 days), but no mechanistic difference has been
found to explain these differences in cycle length [4, 6, 9–
13]. It was previously thought that the long cycle was either
infertile or subfertile, but recent work has resulted in estab-
lished pregnancies from long estrous cycles [8]. Regardless
of the cycle length, the SWR cycle has been successfully
manipulated with gonadotropin-releasing hormone (GnRH)
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to induce ovulation when follicles reach 30–35 mm [6, 8,
14, 15]. Moreover, in domesticated species like horses and
cattle, GnRH treatment is correspondingly used to obtain
high-quality oocytes and achieve greater pregnancy rates [16–
18]. Ultimately, this unusual pattern of an irregular estrous
cycle length, potentially complicates the development of ARTs
in the SWR.
More recently, in a variety of domesticated species, includ-

ing the horse, primary attention has focused on the role of EVs
in governing intrafollicular communication, follicle dynamics,
and reproductive function. Extracellular vesicles are lipid-
bound nanoparticles secreted by cells [19] and encompass
a heterogenous population of exosomes, microvesicles, and
apoptotic bodies, which are primarily differentiated by their
size and mode of biogenesis. These vesicles contain lipids,
nucleic acids, and proteins, and are a functional system regu-
lating the bidirectional communication between cells present
within most body fluids. In addition, EVs are evolutionarily
conserved structures secreted from a variety of cell types
through exocytosis [20]. Previously discovered within the
FF of various mammalian species and presiding over events
including folliculogenesis and oogenesis [21–23], EVs of fol-
licular, oviductal, and uterine fluid origin [24–28] have suit-
ably proved to be beneficial in promoting oocyte competence
and embryo development [29–31].
Recently, stage-specific expression profiles of follicular

fluid EV-miRNAs during equine follicular development were
performed using high-throughput miRNA sequencing to
elucidate the patterns of EV-miRNAs and their association
during specific stages of follicle development [24]. As such, in
this study, critical miRNAs regulating follicular development
were identified, proposing novel approaches using EV-
mediated signaling to improve in vitro technological outcomes
that span a multitude of species. These findings could
be used for comparative approaches in understanding the
potential role of EV-coupled miRNA dynamics in regulating
follicular growth in the rhinoceros. Furthermore, the EV-
miRNA patterns observed during follicle development could
duly be used to distinguish physiological and pathological
reproductive conditions, aid in defining fertility parameters,
and to identify targets of future intervention, ultimately
improving ART outcomes.

Materials and methods
Animal management and transrectal ovum pick up

Animals for this study were housed and managed at the
San Diego Zoo Wildlife Alliance’s Safari Park in Escondido,
CA. All experimental procedures and methods involving the
specific use of animals were reviewed and approved by the San
Diego Zoo Wildlife Alliance’s Institutional Animal Care and
Use Committee (IACUC; protocol number #18-018, United
States Department of Agriculture Certificate #93-R-0151).
For this study, two southern white rhinoceros females

were stimulated prior to transrectal OPU similar to previous
protocols [32, 33], facilitating the in vivo collections of FF
aspirate from antral follicles of distinct sizes. Females orally
received synthetic chlormadinone acetate (CMA) at 3 mg/day
for 35 days. Two days after CMA withdrawal, both animals
received 3 mg of Deslorelin (GnRH analog) followed by
2 mg of Deslorelin every 48 h prior to OPU (7 mg total)
via injection. Both rhinoceroses were anesthetized using a
combination of etorphine (2 mcg/kg), butorphanol (20–
24 mcg/kg), medetomidine (23–25 mcg/kg), and azaperone

(14–16 mcg/kg) administered intramuscularly using a
remote drug delivery system. Propofol was administered
intravenously during the initial positioning to facilitate
intubation (0.5 mg/kg). Concluding collection procedures,
anesthesia reversal was achieved using atipamezole delivered
intramuscularly at a 5:1 ratio to medetomidine (116–125
mcg/kg) and naltrexone delivered intramuscularly at a target
50:1 ratio to etorphine (53–61 mcg/kg).
Following fecal removal, rinsing, and disinfection, OPU

was achieved using a customized, ultrasound-guided probe
enclosing three double-lumen needles. Follicle contents were
aspirated, and each follicle was rinsed with a warmed (37◦C)
flushing solution (Vigro) containing 12.5 I.U./mL of heparin.
The complete experimental design is illustrated in Figure 1.

Ovarian follicle grouping and FF collection

Prior to ultrasound-guided aspirations, antral follicles were
assigned to one of three predetermined categories based on
their diameters: growing (G; 11–17 mm), dominant (D; 18–
29 mm), and pre-ovulatory (P; 30–34 mm), adapted from pre-
vious work [24]. Follicle aspirates were maintained at 37◦C
and immediately transported to the laboratory, where they
were filtered through a 0.22-µm embryo filter (Professional
Embryo Transfer Supply Inc.). Prior to storage, EV-bearing FF
was centrifuged at 300 × g for 10 min, with the uppermost
aqueous phase transferred and re-centrifuged at 2000 × g for
10 min, and 16 500 × g for 30 min. The final supernatant
was passed through a 0.20-µm sterile syringe filter, removing
particles larger than 200 nm in diameter, and stored at −80◦C
for further processing [34].

EV isolation and characterization

EVs were isolated using the dual-targeted approach of ultra-
centrifugation followed by precipitation and elution through
size exclusion chromatography columns. Initially, in three
technical replicates, frozen-thawed aliquots of 2 mL of FF
aspirate from individual animals were subjected to ultra-
centrifugation using an SW 55Ti rotor on the Optima XE-
90 Ultracentrifuge (Beckman Coulter; Pasadena, CA, USA)
system at 120 000 × g for 70 min at 4◦C, as previously
described [28, 31]. Pelletized EVs were then washed with 3mL
of Dulbecco’s Phosphate Buffered Saline without calcium and
magnesium chloride [DPBS (1X)] (Sigma-Aldrich; St. Louis,
MO, USA) and ultracentrifuged once more under the same
parameters. Following ultracentrifugation, washed EV pellets
were resuspended in Exo-spin™ Buffer and left to precipitate
overnight at 4◦C prior to processing through Exo-spin™
mini columns (CELL guidance systems; St. Louis, MO, USA)
according to the manufacturer’s protocol. Final 180-µL EV
aliquots were then stored at −80◦C for RNA extraction.
Identification and characterization methods of EVs (west-

ern blotting, transmission electronmicroscopy, and nanoparti-
cle tracking analysis) were carried out as recommended by the
International Society for Extracellular Vesicles in the proposed
Minimal Information for Studies of Extracellular Vesicles
(“MISEV”) guidelines [35, 36]. Detailed experimental proce-
dures have been submitted to the EV-TRACK knowledgebase
(https://evtrack.org/) (EVTRACK ID: EV240017) [37].

Western blot

Isolated EV samples suspended in DPBS (1X) were combined
with RIPA Ready to use [RIPA-RTU; 890-µL RIPA Buffer
(Sigma R0278), 10-µL phosphatase inhibitor cocktail (Fisher
78420), 100-µL10X protease inhibitor cocktail (Sigma
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4 EV-encapsulated miRNA transport

Figure 1. Schematic experimental illustration of the data analysis pipeline. Experimental pipeline outlining the design and workflow for the analysis of

extracellular vesicle-coupled miRNAs from stage-specific rhinoceros FF. Given the rairity of the sample collections, following in vivo FF collections and

subsequent EV isolation, the first-factor variable of differences in individual animals were removed. Total RNA including small RNAs were isolated from

equal volumes of pooled EV technical replicates of two biologically dissimilar females (three pooled replicates/follicle stage, pool consisting of two

animals).

11836170001)] to detect EV and cellular marker proteins.
Protein lysate mixtures were vortexed for 30 s and kept on
ice prior to suspension in 4x Laemmli Sample Buffer (Bio-
Rad 1610747) and 2-Mercaptoethanol (Bio-Rad 1610710).
Loading mixtures were then boiled at 95◦C for 5 min,
and protein samples were separated using Sodium Dodecyl
Sulfate-PolyAcrylamide Gel Electrophoresis on a gradient (4–
15%)Mini-PROTEANTGX Stain-Free Precast Gels (Bio-Rad

4568084) and transferred to a 0.20-µm pore nitrocellulose
membrane (Bio-Rad 1620112). Membranes were blocked
for 1 h at room temperature in 5% (w/v) Non-Fat Dry
Milk (Bio-Rad 1706404) in 1X Tris-buffered saline-Tween
20 (TBS-T) buffer and further incubated overnight at 4◦C
with respective primary antibodies. Membranes were then
incubated with the suitable secondary antibody conjugated
with horseradish peroxidase (System Biosciences; Goat
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anti-Rabbit HRP, 1:200 dilution) for 1 h at room temperature.
Membranes were each probed and developed once with
SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(ThermoFisher Scientific 34,579) and imaged using the
ChemiDoc XRS+ chemiluminescence system with Image
Lab™ Software (version 6.0.1 build 34) (Bio-Rad).
The following rabbit anti-human antibodies were used for

western blot: rabbit polyclonal TSG101 (System Biosciences;
EXOAB-TSG101-1; 1:100 dilution), rabbit polyclonal HSP70
(System Biosciences; EXOAB-Hsp70A-1; 1:100 dilution), and
rabbit polyclonal Cytochrome C (Sino Biological; 102139-
T42; 1:200 dilution). All antibodies were diluted in 5% (w/v)
Non-Fat Dry Milk (Bio-Rad 1706404) in TBS-T.

Transmission electron microscopy

The morphological shape and size of EVs were determined
using a particle beam of electrons for visualization on a
FEI/TFS Tecnai T12 Spirit transmission electron microscope
(FEI Company; Hillsboro, OR, USA), operating at 100 kV,
with an AMT CCD. Briefly, a small volume of isolated EV
samples (6-8µL) was applied to a carbon-coated, copper mesh
grid for 1–2 min., followed by negative staining with 2%
aqueous uranyl acetate. After fixing, samples were allowed
to dry prior to imaging. Multiple frames were visualized per
sample with approximately 15–20 captured for assessment.

Nanoparticle tracking analysis

The size distribution and collective particle concentration
in isolated EV samples were analyzed using a ZetaView®

QUATT 4 Nanosight Instrument (Particle Metrix). Briefly,
isolated EVs were diluted in sterile DPBS (1X) and injected
into the device for analysis. Measurements were taken at
11 positions via scatter mode using a 488-nm laser. Analy-
sis of EV concentrations was calculated using the Zetaview
Software (version 8.05.12 SP1) and re-analyzed based on
the dilution factors to reveal the approximate number of
particles/mL for each sample.

Exosomal RNA extraction, library preparation, and
sequencing

Total RNA to include miRNAs were isolated from equal
volumes of pooled EV technical replicates of two biologically
dissimilar females (three pooled replicates/follicle stage, pool
from 2 animals) using the Norgen Exosomal RNA Isolation
kit (Norgen Biotek Corp.; Thorold, ON, CA.) following the
instructions for the Mini Kit provided by the manufacturer,
and as carried out previously [24, 38]. Objective measure-
ments for RNA quality using RINs (RNA Integrity Number),
concentration, and size distribution were characterized using
an Agilent RNA 6000 Pico kit in an Agilent 2100 Bioanalyzer
(Agilent Technologies; Santa Clara, CA, USA). Small-RNA
library preparations for Next Generation Sequencing were
prepared by Novogene Co., LTD (Sacramento, CA, USA)
using a TruSeq Small RNA Library Prep Kit (Illumina RS-200)
according to the manufacturer’s instructions. Library quantity
and quality assessments were performed using a Qubit® DNA
HS Assay Kit on a Qubit® 2.0 Fluorometer and an Agilent
DNA High Sensitivity Kit in an Agilent 2100 Bioanalyzer,
respectively. Explicit library concentrations were calculated
using quantitative PCR measures then pooled in equimolar
ratios and sequenced in a NovaSeq6000 sequencing instru-
ment (Illumina) as single-end (50 bases) reads.

Bioinformatic analysis and identification of miRNA
clustering

FASTQ files were generated for individual samples using
the software bcl2fastq (Illumina) with quality assurance per-
formed using FastQC tool version 0.11.9. Raw FASTQ files
and processed comma-separated value (CSV) files have been
deposited into NCBI’s Gene Expression Omnibus (GEO)
and are accessible through the GEO Series accession num-
ber (GSE246260). Formal analysis of the data was con-
ducted using the CLCGenomicsWorkbench software, version
21 (www.qiagenbioinformatics.com). After removing adapter
sequences, raw sequencing reads were trimmed based on qual-
ity score (Q-score>30), ambiguous nucleotides (maximum
two nucleotides allowed), and read length (≥15 nucleotides).
As miRNAs have not been sequenced for the rhinoceros
species, reads were annotated against the equine, bovine, and
human precursor and mature miRNAs listed in the mirBase
database (release 22) using the CLC Genomics Workbench
Quantify miRNA tool after applying default software param-
eters and allowing a maximum of two mismatches within the
read. We used these three species to annotate the rhinoceros’s
sequence reads as they have well-annotated genomes and
miRNAs and well-developed ARTs, with equine given priority
based on the phylogenetic relationship [39]. Normalization
of raw expression data was conducted using the trimmed
mean of the M-values method (TMM normalization) [40]
and correspondingly presented as TMM-adjusted Counts Per
Million (CPM). Any miRNA with a CPM value greater than
10 in a minimum of two out of the three biological replicates
of each group was considered as expressed. Additionally, the
expression analysis comparison was performed using the CLC
Genomics Workbench Differential Expression tool. Differen-
tially expressed (DE) miRNAs were determined on the criteria
of exhibiting a fold change (FC)≥2 and p-adjusted value
(FDR)<0.1 [41]. miRNAs were grouped in different cluster
patterns according to their expression profiles among the
different developmental stages using the Mfuzz Bioconductor
package [42].

miRNA-target gene prediction and ontological
classification

Target genes of the DE-miRNAs were identified using
the human DE-miRNAs and the human homologous
miRNAs for the equine and bovine DE-miRNAs to cover
all possible validated and predicted target genes appearing
in the miRWalk database [43]. Validated target genes from
miRTarBase (version 7.0) and predicted commonly targeted
genes by TargetScan (version 7.1) and miRDB (release 5.0)
were selected for ontological classification analysis using the
DAVID bioinformatics web tool (https://david.abcc.ncifcrf.
gov/). Significant pathways and biological processes were
determined from the KEGG pathway database [44], and
the GOTERM_BP_DIRECT annotation set, respectively. The
interaction network of the DE-miRNAs from the different
comparisons were constructed using Cytoscape [45].

Results
Rhinoceros EVs bear conventional EV-like physical
and biochemical traits

Stage-specific FF was collected from two female rhinoceros’
and subjected to a dual-targeted approach to isolate
high-grade EVs for small RNA sequencing, as outlined
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6 EV-encapsulated miRNA transport

Figure 2. Rhinoceros extracellular vesicle morphological and biochemical validation. (A) Immunoblots indicating traditionally expressed EV-associated

marker proteins (TSG101 and HSP70), and the absence of cellular contamination marker (CYCS). (B) Representative transmission electron microscopy

images revealing the ultrastructure cup-like morphology of rhinoceros FF-derived EVs, indicated by arrows. Scale bars: 100 nm. Nanoparticle tracking

analysis of the concentration (C) and size distribution (D) of rhinoceros FF-derived EVs from diverging stages. (E) Representative graphical overview of

the quality and integrity of exosomal RNA samples used for small RNA sequencing.

in the workflow diagram (Figure 1). The analysis of the
isolated EVs and independent rhinoceros granulosa cells
revealed the presence of EV markers (TSG101 and HSP70)
in all samples, assessed by western blot analysis, as well
as the absence of cellular mitochondrial protein marker
cytochrome c (CYCS) from the EV samples (Figure 2A).
Transmission electron microscopy images captured of
pooled EV samples from each respective stage, revealed
that rhinoceros EVs exhibit hallmark cup-like morphology,
characteristics indicative of long-established EVs (Figure 2B).
Additionally, we evaluated six technical replicates of EVs
[three per follicle stage, per individual animal (n = 2)], and
according to nanoparticle tracking analysis, EVs collected
from stage-specific FF differ in concentration (Avg. Conc.:

G = 2.93E±09, D=8.17E±09, P = 7.05E±09) and dif-
fer in size [G=173.78 nm, D=225.76 nm (p = 0.0072),
P = 237.41 nm (p = 0.0015)], compared to those EVs collected
from growing follicles (Figure 2C and D). The quality and
integrity of the isolated exosomal RNA samples were used to
sequence small RNAs (n = 9) and were additionally analyzed
with a representative electropherogram revealing peaks for
small RNAs amid EVs with the absence of 18S and 28S
cellular ribosomal RNAs (Figure 2E).

Expression profiles and DE miRNAs

A total of nine small-RNA libraries were constructed with
an average of 18 million reads per library that passed the
QC parameters. An average of 0.4% of reads were annotated
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A. Gad et al. 7

Figure 3. Small-RNA sequencing data overview. (A) Principal component analysis. (B) Heatmap and hierarchical clustering of expressed miRNAs. (C)

Venn diagram for commonly and exclusively expressed miRNAs in the FF EVs at different stages of follicular development. MicroRNAs with a value of

CPM >10 in at least two replicates of the three biological replicates was considered detected. Exclusively expressed miRNAs that exhibited a significant

difference are presented in the Venn diagram with arrows indicating significantly up or downregulated miRNAs in the corresponding comparison. G:

Growing; D: dominant; P: preovulatory.

to the equine, bovine, and human miRNAs from the mir-
Base database (Supplementary Table S1). Principal component
analysis (PCA) and hierarchical heatmap exhibited clear clus-
terings of the D and P replicates, while this was not the case
for the replicates of the G group (Figure 3A and B). A total
of 351, 296, and 329 miRNAs were expressed (>10 CPM in
at least two replicates) in the G, D, and P groups, respectively,
with 231 miRNAs being commonly expressed across the three
groups (Figure 3C). The top 20 highly expressed miRNAs are
presented in Table 1 and the complete list of all expressed
miRNAs is presented in Supplementary Table S2. Among
the top 20 expressed miRNAs, 13 miRNAs were commonly
detected in the three groups. Interestingly, eca-miR-148a and
bta-miR-451 were among the top three miRNAs in the three
groups (Table 1). Among the exclusively expressed miRNAs,
or the ones that were expressed in only two groups, 13 miR-
NAs exhibited differences in either one or two comparisons,
as shown in Figure 3(C).
In addition, a total of 31 miRNAs, among the 231

commonly expressed miRNAs, were DE (FC ≥ 2, FDR
< 0.1) in the three different comparisons (Figure 4A).
The DE-miRNAs in the G vs. D, P vs. G, and P vs. D
comparisons are presented in Figure 4(B), (C), and (D),
respectively and in the Supplementary Table S3. Out of
the 31 DE-miRNAs, 13 commonly appeared in atleast
two different comparisons. Three miRNAs, eca-miR-486-
5p, eca-miR-31, and bta-miR-142-5p were downregulated
in the P group compared to both the G and D groups.
In the G group, bta-miR-215, hsa-miR-4492, and hsa-
miR-4497 were downregulated, while bta-miR-2478 and

bta-miR-11980 were upregulated compared to both the P
and D groups. In the D group, bta-miR-9-5p, eca-miR-9a,
and eca-miR-381 were downregulated, while eca-miR-148a
and hsa-miR-155-5p were upregulated compared to both the
G and P groups (Figure 4).

miRNA cluster analysis

The abundance of EV-coupled miRNAs across the stages of
follicular development was sorted according to the abundance
in each stage of development and shown to have distinct
clustering patterns. Cluster analysis showed that the miRNAs
expressed in the FF-EVs were clustered into nine different
patterns (Figure 5A, Supplementary Table S4). Each cluster
pattern was composed of a variable number of miRNAs, as
well as, DE-miRNAs, in which, clusters 3, 5, and 6 contained
the highest numbers of DE-miRNAs compared to the other
clusters (Figure 5B).
Cluster 3 comprises a group of 67 miRNAs that exhibited

an increase in their expression from the G until the D stage and
then a reduction at the P stage (Figure 6A). Among this cluster,
eight miRNAs, including eca-miR-148a, were differentially or
exclusively expressed amidst the different groups (Figure 6B).
Pathways associated with the exclusive and DE-miRNA target
genes of this cluster exhibited that several signaling pathways
(including RAS, P13K-Akt, P53, mTOR, and MAPK), focal
adhesion, cellular senescence, and endocrine resistance were
among the top significantly targeted pathways (Figure 6C).
Cluster 5 comprises a group of 53 miRNAs that exhibited
a sharp reduction in their expression in the D and P stages
but not in the G stage (Figure 7A). Among this cluster, seven
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8 EV-encapsulated miRNA transport

Table 1. List of the top 20 most abundant miRNAs amidst EVs obtained from rhinoceros FFs at different follicular stages

miRNA G CPM miRNA D CPM miRNA P CPM

bta-miR-11980 185 839.3 eca-miR-148a 872 829.2 eca-miR-148a 94 882.4
eca-miR-148a 85 922.45 bta-miR-451 96 984.29 hsa-miR-10400-5p 54 664.73
bta-miR-451 83 159.52 hsa-miR-10400-5p 91 187.32 bta-miR-451 38 476.65
bta-miR-2478 50 026.85 eca-miR-21 45 580.34 bta-miR-99a-5p 38 245.91
hsa-miR-3168 47 238.03 eca-miR-122 32 587.91 eca-miR-99a 30 796.38
eca-miR-21 34 231.73 eca-miR-486-5p 30 169.45 bta-let-7i 24 071.29
bta-let-7i 29 962.76 bta-let-7i 28 037.44 eca-miR-21 23 430.8
hsa-miR-10400-5p 24 243.74 hsa-miR-3168 26 703.2 eca-miR-10b 21 032.38
bta-miR-99a-5p 24 046.17 bta-miR-99a-5p 23 336.02 eca-miR-143 20 767.12
eca-miR-26a 20 774.92 eca-miR-26a 21 300.4 eca-miR-26a 18 064.75
eca-miR-1 20 262.69 bta-miR-192 17 449.7 bta-let-7b 17 731.89
eca-let-7g 16 584.2 eca-let-7g 14 136.19 eca-let-7a 16 031.34
eca-let-7f 16 230.58 eca-miR-423-5p 13 883.41 bta-miR-192 15 927.29
eca-miR-486-5p 16 206.56 bta-let-7b 13 142.76 eca-miR-122 15 727.23
bta-miR-151-3p 15 349.26 eca-miR-126-3p 12 884.64 eca-miR-100 15 330.03
eca-miR-143 13 270.89 eca-miR-143 11 875.72 eca-miR-1 13 948.54
eca-miR-423-5p 12 834.61 eca-let-7f 11 162.91 eca-miR-128 12 321.1
bta-let-7b 12 829.24 eca-miR-128 10 955.84 eca-let-7f 12 199.41
eca-miR-122 12 587.2 bta-miR-151-3p 10 827 bta-miR-151-3p 11 359.67
eca-miR-100 11 683.97 eca-miR-10b 10 642.12 eca-miR-423-5p 9912.52

miRNA: microRNA; CPM: counts per million; G: growing; D: dominant; P: pre-ovulatory.

Figure 4. DE miRNAs. (A) All DE-miRNAs from the three different comparisons. Up- and down regulated miRNAs from each comparison are presented

as red and green lines, respectively. Volcano plots of expressed miRNAs. Up- (upper right), and downregulated (upper left) miRNAs in (B) G vs. D, (C) P

vs. G, and (D) P vs. D comparisons. The number of up and downregulated miRNAs in each comparison are presented on the up and down arrows,

respectively. G: growing; D: dominant; P: preovulatory.

miRNAs were differentially or exclusively expressed amidst
the different groups, including bta-miR-11980 with approxi-
mately a 36-fold increase in the G groups compared to both
the D and P groups (Figure 7B). Pathways associated with the
exclusive and DE-miRNA target genes of this cluster showed

that oocyte meiosis, cellular senescence, and cell cycle were
among the top significantly targeted pathways (Figure 7C).
Cluster 6 comprises a group of 47 miRNAs that exhibited
a high expression level at the G and D stages and then a
sharp reduction at the P stage.Among this cluster, 10miRNAs,
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A. Gad et al. 9

Figure 5. Clustering analysis of EV-coupled miRNAs across the stages of follicular development. (A) Nine different miRNA expression patterns in the FF

EVs during follicular development. (B) The counts of total and DE miRNAs in each cluster. G: growing; D: dominant; P: preovulatory.

including eca-miR-486-5p and eca-miR-31,were differentially
or exclusively expressed amidst the different comparisons.
Pathways associated with the exclusive and DE-miRNA target
genes of this cluster showed similar pathways as in cluster 3,
including several signaling pathways and endocrine resistance
(Figure 8C).

Discussion

Recent achievements in ARTs in the white rhinoceros [1, 16–
18] have elucidated numerous aspects of reproduction and
improved in vitro technologies for this species. Ovum pick up,
in vitro oocyte maturation, fertilization, and embryo culture,
as well as embryo transfer [1] have been implemented in the
white rhinoceros, providing hope for the successful restora-
tion of the genetic diversity necessary for a self-sustainable
population. However, with very few scientific groups working
on this challenging task worldwide, innovative approaches to
increase the efficiency of in vitro technologies are imperative.
Molecular mechanisms of follicle dynamics and ovarian func-
tion are still unmapped in the rhinoceros, hence the need to
develop more sophisticated tools used in other model species.
At their core, EVs establish and liaise the molecular dialog

between the growing oocyte and maternal tissues, through
which miRNAs are the essential elements regulating follicular
maturation [46, 47]. Previous studies from our group have
implicated the role of EV-coupled miRNAs from FF in mediat-
ing the strictly coordinated and intricate crosstalk of follicular
cells to ultimately ensure the ovulation of a competent oocyte
[21]. Given that EVs [31] containing miRNAs [48] are readily
uptaken by growing oocytes and embryos, and that FF-EVs
categorically have been shown to stimulate cumulus expan-
sion (morphologic and via gene regulation) in vitro [49], the
aim of this study encompasses elucidating the dynamics and

potential roles of EV-miRNAs from stage-specific FF amidst
follicle growth for the first time in the SWR.
The presented data identify deviations among groups in

miRNA expression levels from FF-EVs implying the probable
regulatory machinery affecting the developing oocyte and the
circumambient microenvironment. Due to the nature and rar-
ity of the sample collections, to our knowledge, this is the first
comparative analysis of FF-EVs and miRNAs, aimed toward
a better understanding of the reproductive complexities and
the prospective preservation of the rhinoceros species through
potential improvements in ART efficiencies. Although the
differences in individual animals were the first-factor variable
removed, the PCA of quantified miRNAs clearly segments
group D from P, which are more defined and structured in
stage, while the fate of group G remains undifferentiated at
the time of collection. This is a clear indication revealing
that the EV-coupled miRNA fingerprint within the rhinoceros
FF is directly associated with their follicular differentiation.
Overall, a total of 231 miRNAs (55.4%) were identified to
be commonly expressed among the three groups, while 34
(8.2%), 23 (5.5%), and 32 (7.7%), represent those exclusively
expressed within the G, D, and P groups, respectively. These
data suggest prominent alterations in the EV-miRNA cargo
during different stages of follicle development, in accordance
with previous work in bovine [21], humans [46], goats [50],
and equine [24].

Functional implications of miRNA expression and
DE-miRNAs during segmented early stages of
follicular development

Amidst the top highly expressed miRNAs, based on read
counts, from the top 20 most abundant miRNAs (Table 1) in
all groups include, eca-miR-148a, bta-miR-451, eca-miR-21,

D
o

w
n

lo
a

d
e

d
 fro

m
 h

ttp
s
://a

c
a

d
e

m
ic

.o
u

p
.c

o
m

/b
io

lre
p

ro
d

/a
d

v
a

n
c
e

-a
rtic

le
/d

o
i/1

0
.1

0
9

3
/b

io
lre

/io
a

e
0

8
1

/7
6

7
9

3
9

4
 b

y
 C

o
lo

ra
d

o
 S

ta
te

 U
n

iv
e

rs
ity

 u
s
e

r o
n

 0
4

 J
u

n
e

 2
0

2
4



10 EV-encapsulated miRNA transport

Figure 6. Cluster 3 consists of 67 miRNAs. (A) A group of 67 miRNAs exhibited an increase in their expression from the G until the D stage and

then a reduction at the P stage. (B) Among this cluster, eight miRNAs were differentially or exclusively expressed amidst the different comparisons.

(C) Pathways associated with the exclusive and DE-miRNA target genes of this cluster. G: growing; D: dominant; P: preovulatory.

Figure 7. Cluster 5 consists of 53 miRNAs. (A) A group of 53 miRNAs exhibited a sharp reduction in their expression in the D and P stages, however, not

in the G stage. (B) Among this cluster, seven miRNAs were differentially or exclusively expressed in different comparisons. (C) Pathways associated with

the exclusive and DE-miRNA target genes of this cluster. G: growing; D: dominant; P: preovulatory.

and bta-let-7i. To this point, the abundant expression patterns
of eca-miR-148a and eca-miR-21, harmoniously follow suit
with our previous publication of FF-EVs from stage-specific
follicles in the mare, an adjacent representative model for
reproduction in the rhinoceros [24]. Furthermore, a similar
approach using FF-EVs in humans demonstrated the correla-
tion of hsa-miR-148a with Day-3 embryo quality [51], and
miR-21 in mouse oocyte maturation, blastocyst formation,
and pre-implantation embryo development [52]. Analogously,

the low expression of miR-451 in FF from endometriosis
patients has been suggested to significantly affect oocyte
competence for fertilization and pre-implantation embryo
development via the aberrant expression of genes regulating
the WNT signaling pathway [53]. Thus, it is likely that the
integrative roles of these highly abundant EV-miRNAs may
play critical function in regulating the timely undertaking
needed to ovulate a competent gamete with the high-yielding
capacity to develop past the blastocyst stage.Additionally, and
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A. Gad et al. 11

Figure 8. Cluster 6 consists of 47 miRNAs. (A) A group of 47 miRNAs exhibited a slight increase in their expression from the G to the D stage and then a

sharp reduction at the P stage. (B) Among this cluster, 10 miRNAs were differentially or exclusively expressed in the different comparisons. (C) Pathways

associated with the exclusive and DE-miRNA target genes of this cluster. G: growing; D: dominant; P: preovulatory.

consistent with our results, a previous study in cattle from
different-sized follicles noted stable expression patterns of bta-
let-7i in cumulus-oocyte complexes (COCs), denuded oocytes,
and granulosa cells, albeit, a tendency for an increased expres-
sion of DICER1 (miRNA processing machinery) in COCs
from larger follicles [54]. These results suggest that during
oogenesis, as follicles increase in size, the interaction between
the oocyte and the surrounding follicular somatic cells may
trigger miRNA machinery that directly involves the process
of follicular maturation and ovulation. Further studies war-
rant the necessity to unveil the expression of such candidate
miRNAs in biologically divergent samples collected from
individual follicles based on size and subsequent maturation
capacity in vitro.
Investigation of the effect of follicle size on the abundance of

EV-miRNAs permitted the venture to transitionally decipher
the alterations in small RNA cargoes governing follicle
growth. The significant and exclusively expressed miRNAs in
the D and G groups that don’t meet the expression threshold
in the P group include eca-miR-146b-5p, eca-miR-200a, and
eca-miR-205, as observed by the green arrows in Figure 3(C).
Recent studies found that EVs collected from failed embryonic
development (non-blastocyst) contained high expression of
bta-miR-146b [48], while the use of synthetic bta-miR-
146b mimics revealed its transcriptional regulatory role in
inducing apoptosis and encumbering embryo development
and quality [55]. On the other hand, the absence of miR-
378 in the G group may be dually regulated by the precise
stage of the developing follicle. MicroRNA-378 has been
posed to regulate intrafollicular estradiol production by
targeting aromatase (CYP19A1) during specific stages of
follicular development [56–58]. In accordance, levels of FF

estradiol are increased in larger follicles further participating
in the selection of a dominant preovulatory follicle [59],
whereas the fate of growing follicles may be undetermined to
this point.
Numerous DE-miRNAs amidst the three comparisons (G

vs. D, P vs. G, and P vs. D; Figure 4) involve critical regulatory
roles in the potential to govern follicular growth. Case in
point, bta-miR-200b and eca-miR-379 upregulated in the G
vs. D group, have been previously shown to be essential
for ovulation and fertility in mice [60, 61], while granulosa
cell-secreted exosomal miR-379-5P was shown as a prolifer-
ative response to androgenic stimulation in preantral stage
follicular development [62]. Taken together, these data sug-
gest a firmly integrated association between the EV-miRNA
intrafollicular response and follicle growth/size. MicroRNA-
200c downregulated in the P vs. G comparison, aligns in
accordance with a study in humans where diminished expres-
sion of hsa-miR-200c-5p positively correlated with embryos
permitting successful pregnancy [63]. Also in this study, eca-
miR-423-3p (up-), eca-miR-155 (down-), were DE (P vs. D),
and have been shown to inhibit granulosa cell apoptosis [64]
and negatively regulate cumulus cell function, oocyte matu-
ration, and blastocyst formation [65]. Whether the aforemen-
tioned DE-miRNAs serve as potential biomarkers governing
follicle status for ovulation of a competent gamete remains to
be determined.

miRNA cluster involvement via pathway regulation
in developing follicles

The miRNA cluster analysis identified nine different expres-
sion patterns during the three follicular developmental stages.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/b

io
lre

/io
a
e
0
8
1
/7

6
7
9
3
9
4
 b

y
 C

o
lo

ra
d
o
 S

ta
te

 U
n
iv

e
rs

ity
 u

s
e
r o

n
 0

4
 J

u
n
e
 2

0
2
4



12 EV-encapsulated miRNA transport

Three out of the nine clusters involved a higher number of
DE-miRNAs. Clusters 3 and 6 shared a similar pattern, in
which the miRNAs exhibited peak expression at the D stage
compared to the G and P stages. Although both clusters
include different DE-miRNAs, they showed similar targeted
signaling pathways. Several studies have demonstrated the
role of signaling pathways in coordinating ovarian follicle
development [66]. During follicle development, primordial
follicle activation and oocyte growth are under the con-
trol of PI3K/AKT/FOXO3 signaling pathways [67]. Targeting
PI3K via the abundant expression of miR-214-3p disrupts
PI3K/AKT/FOXO3 signaling pathways, leading to the inhi-
bition of primordial follicle development [68]. Additionally,
miRNAs are known to be involved in regulating the prolifer-
ation and apoptosis of granulosa cells [69, 70], and follicular
development [71]. In bovine, a cluster of miRNAs, includ-
ing miR-183-96-182, was among the top most significantly
upregulated miRNAs in granulosa cells of dominant follicles
compared to subordinate follicles [72]. In that study, we
suggested that this miRNA cluster regulates and promotes
granulosa cell proliferation by targeting the proapoptotic
gene FOXO1. Similarly, in the current study, miR-183 was
among cluster 3 with a significantly higher expression in the
D compared to the P stage. Another interesting miRNA in
cluster 6 is miR-92a,which exhibited the same pattern as miR-
183. Previously, it has been reported that miR-92 coordinately
regulates granulosa cell proliferation and differentiation by
targeting PTEN and BMPR2 genes [73]. The upregulation
of miR-92 promoted granulosa cell proliferation, while its
downregulation increased differentiation.
Cluster 5 exhibited a consistent declining expression pattern

from the G toward the D and P stage groups. Interestingly,
oocyte meiosis, cellular senescence, and cell cycle were among
the top pathways targeted by the miRNAs of this cluster. In
most mammals, it is well known that antral follicles maintain
the first meiotic arrest of the oocytes during the diplotene
stage of prophase I through the elevation of the intracellular
cAMP levels that inactivate the oocyte maturation-promoting
factor [74]. Additionally, several studies have demonstrated
the potential role of miRNAs in regulating oocyte meiosis
[75]. In yak oocytes, miR-342-3p was reported to play an
important role in meiotic maturation by targeting DNMT1
[76]. The same miRNA is involved in different biological
processes to include inducing cancer cell proliferation arrest
[77, 78]. Moreover, the role of miRNAs in regulating several
biological functions in granulosa cells including cell cycle and
senescence has been reported [79]. Among these miRNAs,
miR-200b, one of the DE-miRNAs in cluster 5, was recently
reported to suppress proliferation and induce senescence in
ovine granulosa cells [80], indicating its role in follicular
atresia. This may explain the pattern of this miRNA clus-
ter with a higher abundance during the G phase, in which
follicular atresia will take place, compared to the D and
P phases. These findings together with our results, indicate
the potential crucial role of EV-coupled miRNAs in follicu-
logenesis, atresia, and oocyte maturation in the rhinoceros,
as it has been reported in various other domestic species
[38, 71, 81]. Comprehensive studies on the precise roles of
miRNAs in ovarian follicular development and oocyte meio-
sis will provide important insights into female reproductive
fertility aiding to improving ARTs in this near-threatened
species. Although in vitro maturation and culture systems
have been developed for the SWR [1, 32], in vitro results

remain largely suboptimal compared to domestic species, and
improvements are necessary to have a large scale impact
on the outcome of assisted reproduction. The possibility of
using EVs to better understand EV-coupled miRNA dynamics
regulating follicular growth to aide in improving the in vitro
development of SWR embryos provides an uncharted and
novel approach to support and facilitate conservation efforts
in this species. Moreover, potential crossovers of EV-coupled
molecular signaling during folliculogenesis in the SWR, could
also provide valuable input to the identification of physio-
logical and pathological reproductive conditions propagating
abnormal fertility, and ultimately to the development of new
reproductive strategies to improve ART outcomes for this
species and many others.
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Seasonal influence on miRNA expression 
dynamics of extracellular vesicles in equine 
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Abstract 

Background Ovarian follicular fluid (FF) is a dynamic environment that changes with the seasons, affecting follicle 
development, ovulation, and oocyte quality. Cells in the follicles release tiny particles called extracellular vesicles (EVs) 
containing vital regulatory molecules, such as microRNAs (miRNAs). These miRNAs are pivotal in facilitating commu-
nication within the follicles through diverse signaling and information transfer forms. EV-coupled miRNA signaling 
is implicated to be associated with ovarian function, follicle and oocyte growth and response to various environmen-
tal insults. Herein, we investigated how seasonal variations directly influence the ovulatory and anovulatory states 
of ovarian follicles and how are they associated with follicular fluid EV-coupled miRNA dynamics in horses.

Results Ultrasonographic monitoring and follicular fluid aspiration of preovulatory follicles in horses during the ano-
vulatory (spring: non-breeding) and ovulatory (spring, summer, and fall: breeding) seasons and subsequent EV isola-
tion and miRNA profiling identified significant variation in EV‑miRNA cargo content. We identified 97 miRNAs with dif‑
ferential expression among the groups and specific clusters of miRNAs involved in the spring transition (miR‑149, 
‑200b, ‑206, ‑221, ‑328, and ‑615) and peak breeding period (including miR‑143, ‑192, ‑451, ‑302b, ‑100, and let‑7c). 
Bioinformatic analyses showed enrichments in various biological functions, e.g., transcription factor activity, transcrip‑
tion and transcription regulation, nucleic acid binding, sequence‑specific DNA binding, p53 signaling, and post‑trans‑
lational modifications. Cluster analyses revealed distinct sets of significantly up‑ and down‑regulated miRNAs associ‑
ated with spring anovulatory (Cluster 1) and summer ovulation–the peak breeding season (Clusters 4 and 6).

Conclusions The findings from the current study shed light on the dynamics of FF‑EV‑coupled miRNAs in relation 
to equine ovulatory and anovulatory seasons, and their roles in understanding the mechanisms involved in seasonal 
shifts and ovulation during the breeding season warrant further investigation.

Keywords Extracellular vesicle, Follicle growth, Follicular fluid, Horse, Mare, Ovulation, Pre‑ovulation, Seasonal 
breeding
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Introduction
Folliculogenesis is a well-orchestrated regulatory process 
involving autocrine, paracrine, and endocrine signaling 
steadily influenced by intrinsic and extrinsic factors in 

the female body [1–3]. Seasonal variations in tempera-

ture extremes, daylight duration, and relative humidity are 

among the many extrinsic factors that disrupt intrafollicu-

lar molecular interactions, leading to impaired fertility in 

livestock species [1, 4, 5]. Numerous studies have reported 

the negative impacts of seasonal variation at the cellular 

(e.g., cell proliferation and apoptosis) and endocrine (e.g., 

increased production of steroids) levels, affecting tissue 

organization (e.g., reduction in follicle diameter and lute-

olytic failure) in farm animals [6–8]. Consistent with these 

observations, in  vitro studies have demonstrated such 

adverse effects on ovarian follicle growth, oocyte matura-

tion, and embryo production [9–11]. Understanding how 

environmental factors affect the reproductive capabilities 

of animals like horses can help improve animal husbandry 

practices.

The mare is considered a seasonal breeder and is often 

studied to understand potential changes in fertility dur-

ing different seasons of the year [1, 12]. The mare typi-

cally experiences a major ovulatory wave every 21 to 

24 d. During this time, one large follicle of the wave, typ-

ically at least 28 mm in diameter, becomes the dominant 

follicle [13, 14], eventually growing to preovulatory size 

(around 30–45  mm in diameter) and ovulating in the 

spring (SOV), summer (SUM), and/or fall (FOV) ovu-

latory seasons. Meanwhile, homologous dominant fol-

licles regress during the non-breeding seasons, such as 

the transient spring (SAN) and fall anovulatory seasons. 

The mare enters deep anestrus during the winter with 

follicles less than 20 mm in diameter [1, 15, 16]. Previous 

research suggests that during anovulatory seasons and 

low ovarian activity, the difference in ovarian activities 

between small and large follicles influences the poten-

tial for exogenous gonadotropin-releasing hormone 

to induce ovulation [1, 17]. These findings underscore 

the importance of studying preovulatory follicles in the 

context of seasonal variations, as it has the potential to 

significantly enhance our understanding and thereby 

improve female fertility in seasonally inactive species.

Various studies have demonstrated continuous changes 

in ovarian activity of non-pregnant mares throughout the 

year, with periods of high activity during the summer, low 

activity during the winter, and irregular and interspaced 

activity during the spring and fall transitional seasons 

[1, 18, 19]. Additionally, aberrant blood flow, hormo-

nal levels, and gene expression changes have previously 

been observed among follicles from different seasons 

[19–21]. Recent studies in horses focusing on the effects 

of seasons demonstrated further aberrations in the gene 

expression profiles of follicular cells [22], as well as the 

proteomic profiles [23, 24] and miRNA signatures [25] 

from follicular fluid (FF) and follicular fluid-derived 

extracellular vesicles (FF-EVs), respectively. The miRNA, 

the small noncoding RNA molecules of approximately 22 

nucleotides long, are expressed in the ovary to regulate 

various aspects of follicle growth post-transcriptionally. 

This includes miR-224, miR-378, and miR-383 in follicle 

growth, miR-34 in atresia, miR-21 in ovulation, miR-

175p and let-7b in angiogenesis, and miR-23a, miR-92, 

and miR-143 in steroidogenesis [26, 27]. The detection 

of miRNAs encapsulated in EVs in the ovarian FF of 

livestock such as cows, pigs, sheep, and mares and their 

profiles were associated with long-term effects during 

in vitro fertilization [28]. Research also shows that these 

miRNAs have effects during heat stress [29, 30] and sea-

sonal changes [31]. Together, these studies conclude that 

season-specific factors comprising the FF may inherently 

affect follicle function and oocyte maturation, and the 

understanding of miRNA dynamics in FF-EVs provides 

insights into reproductive health and potential therapies.

This study aims to explore the miRNAs associated with 

equine FF-EVs, which are small lipid-enclosed particles 

released by various cell types and classified as exosomes 

(30–130  nm) and microvesicles (50–1,000  nm). These 

particles are essential in cell-to-cell communication and 

transferring genetic information within the follicular 

environment [32, 33]. They transport and shuttle regula-

tory molecules such as lipids, proteins, and small RNAs 

to the target cells in a timely delivery system [34, 35]. A 

recent study observed changes in the miRNA profiles of 

bovine FF-EVs collected during summer and winter, sug-

gesting the possible role of EV-coupled miRNAs in regu-

lating ovarian response to environmental variations and 

controlling follicular activity [31]. Here, we hypothesize 

that the miRNA content of equine FF-EVs varies depend-

ing on the ovulatory and anovulatory seasons and influ-

ences follicular activity during seasonal variations, which 

can impact mares’ fertility. Our study aims to investi-

gate the expression and dynamics of the equine FF-EV 

miRNA profiles in preovulatory follicles during ovulatory 

(SOV, SUM, and FOV) and anovulatory (SAN) seasons.

Materials and methods
See Additional file 1 for further details.

Animals, transrectal ultrasonography and seasonal 

grouping

The study used 19 multiparous Quarter Horse mares, 

weighing between 400 and 600 kg and aged 8 to 14 years, 

grazed freely in the northern hemisphere (latitude, 37.7o 

N) under natural light conditions with unlimited access 

to fresh water and trace-mineralized salt. During the 
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non-ovulatory season (SAN) and ovulatory seasons 
(SOV, SUM, and FOV), transvaginal ultrasound-guided 
ablations of all ovarian follicles were carried out 10–11 d 

after the ovulation of the previous cycle to induce a new 

follicular wave [36]. Then, daily ultrasonographic track-

ing was performed until the dominant follicle reached a 

preovulatory diameter. Only animals showing continuous 

ultrasonographic follicle growth for at least three consec-

utive days, uterine edema (estrus-like), and the absence 

of a corpus luteum at the time of FF aspiration were used 

for sample collection.

Follicular‑fluid sample collection

All mares were adequately prepared and sedated before 

follicular ablation and FF sampling procedures, as 

described in previous studies [37, 38]. Preovulatory 

follicles with a diameter of 30–35  mm were aspirated 

into sterile vials during specific seasons: SAN (March), 

SOV (April and May), SUM (June to July), and FOV 

(September). Following the abovementioned restric-

tions, only 6 to 12 mares per seasonal group were used, 

resulting in 42 clear FF samples collected throughout 

the year. These FF samples were promptly centrifuged 

(1,600 × g for 10  min at 4  °C), and the supernatants 

were then subjected to subsequent centrifugation 

(3,200 × g for 15 min at 4  °C) and stored at −80  °C for 

downstream analysis.

Isolation of extracellular vesicles from follicular fluid

The experiment combined two to three FF samples of 

individual mares (0.5  mL) to create four biological rep-

licates (1.0–1.5  mL/replicate) for isolating extracellu-

lar vesicles (EVs). The FF samples underwent a series of 

centrifugation steps to remove cells (500 × g for 5  min) 

and debris (4,000 × g for 5  min) and were then filtered 

(0.22  µm) to exclude large particles. The EVs were then 

isolated using centrifugation (25,000 × g for 30  min at 

4  °C) and ultracentrifugation (120,000 × g for 70  min at 

4  °C) procedures. Finally, the isolated EVs were washed, 

resuspended in PBS, and stored at −80  °C for further 

analysis.

Morphological and molecular characterization of FF‑EVs

Specific proteins of frozen-thawed EVs were ana-

lyzed using the JESS Simple Western™ instrument 

 (ProteinSimple®, Bio-Techne, Minneapolis, MN, USA). 

Proteins CD81, FLOT-1, and TSG101 were checked, 

while the absence of cytochrome C (CYCS) was 

ensured. Protein lysate (10 µL) was extracted using 

RIPA lysis buffer and run under JESS’s Assay Module for 

Protein Normalization (AM-PN001). The analysis used 

25 capillary cartridges and specific antibodies, followed 

by detection and analysis using Compass for Simple 

Western software. The size distribution and concentra-

tion of EVs were measured using the Zetaview Particle 

Metrix (Particle Metrix, Germany). EV samples were 

diluted (1,000×) in sterile PBS and analyzed using the 

ZetaView Laser scattering microscope with an LM14C 

laser. For each sample, 11 independent video measure-

ments were recorded at 11 independent positions, and 

video files were analyzed using ZetaView software ver-

sion 8.05.12. The morphology of EVs was analyzed using 

a transmission electron microscope (TEM) according to 

the methods previously reported [39]. Purified EVs were 

placed on grids, stained, and viewed using an FEI/TFS 

Tecnai T12 Spirit TEM. All relevant data have been sub-

mitted to the EV-TRACK knowledgebase (https:// evtra 

ck. org) with the EV-TRACK ID EV231010 [40].

Total RNA extraction, library preparation, and sequencing

The EV samples from different experimental groups 

were used to isolate total RNA, including miRNAs, 

using a Norgen Exosomal RNA Isolation kit (Norgen, 

Canada). Genomic DNA contaminants were eliminated 

using on-column DNA digestion, and RNA concentra-

tion and size distribution were assessed using an Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa Clara, 

CA, USA). Small-RNA libraries were prepared for next-

generation sequencing with Illumina’s TruSeq Small 

RNA Library Prep Kit. Library quantity and quality were 

assessed using a Qubit 2.0 Fluorometer and an Agilent 

2100 Bioanalyzer. The libraries were then sequenced 

using a NovaSeq6000 instrument (Illumina, Inc., San 

Diego, CA, USA), as single-end reads (50 bases).

Small RNAseq data analysis

The FASTQ files for each sample were generated using 

the bcl2fastq software. Data analysis was performed 

using CLC Genomics Workbench version 21. Raw 

sequencing reads were trimmed based on quality score 

(Q-score > 30), ambiguous nucleotides (≤ 2 nucleo-

tides), read length (≥ 15 nucleotides), and removal 

of adapter sequences. The reads were mapped to the 

equine reference genome (EquCab3.0) and annotated 

against equine precursor and mature miRNAs (miBase 

database, release 22). Raw expression data were nor-

malized using the TMM normalization method [41] 

and presented as TMM-adjusted Counts Per Million 

(CPM). MiRNAs exhibiting a fold change (FC) ≥ 2 and 

a P‐adjusted value (FDR) < 0.05 [42] were considered 

differentially expressed (DE). The raw FASTQ and pro-

cessed CSV files have been deposited in the NCBI’s 

Gene Expression Omnibus (GEO) under accession 

number GSE249220.

https://evtrack.org
https://evtrack.org
https://evtrack.org
https://evtrack.org
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Cluster analysis, target gene prediction, and ontological 

classification

The expressed miRNAs were grouped into different clus-

ters based on their expression profiles during different 

seasons using the Mfuzz Bioconductor package [43]. The 

genes targeted by the DE-miRNAs were identified using the 

human homologous miRNAs in the miRWalk database [44]. 

Validated target genes from miRTarBase (version 7.0) and 

standard target gene predictions by TargetScan (version 7.1) 

and miRDB (release 5.0) within miRWalk were chosen for 

pathway analysis using the DAVID bioinformatics web tool 

(https:// david. ncifc rf. gov/) and the KEGG pathway database 

[45]. Furthermore, a network of all DE-miRNAs from differ-

ent comparisons was created using Cytoscape [46].

Results
Seasonal alterations dynamically impact the intrafollicular 

secretion of EVs

The FF-EVs isolated from mares in SAN, SOV, SUM, and 

FOV underwent thorough morphological and molecu-

lar characterization, strictly following the guidelines of 

the International Society of Extracellular Vesicles (ISEV) 

[47]. A detailed summary of the FF-EVs’ characteriza-

tion is presented in Fig.  1, highlighting the use of TEM 

Fig. 1 EV characterization. A Transmission electron microscope (TEM) imaging shows EVs with typical structure (red arrow), scale bar = 100 nm. 
B Western blot analysis of EVs marker proteins CD81, FLOT-1, and TSG101 and cellular protein contamination indicator CYCS. C The NTA analysis 
reveals the size distribution (upper panel) and concentration (lower panel) of the isolated EVs, with the asterisk indicating a significant difference 
between groups. Data were analyzed and graphs were generated using GraphPad Prism version 8.4.2 (GraphPad; San Diego, CA, USA). Statistical 
differences were assessed between the mean values of more than two groups using One‑way Analysis of Variance (ANOVA) followed by Tukey’s 
Multiple Comparisons tests. Data are presented as the Mean ± SEM of biological replicates. Statistical significance was identified at P ≤ 0.05

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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(A), immunoblotting (B), and NTA (C) techniques for 
all samples. The isolated FF-EVs exhibited nanoscale, 

spherical structures with high purity and expressed 

typical exosomal protein markers, including CD81, 

FLOT-1, and TSG101, while showing the absence of the 

mitochondrial cellular contamination marker CYCS. 

Each seasonal group displayed varying EV sizes, averag-

ing 85.9 nm for SAN, 81.2 nm for SOV, 84.4 nm for SUM, 

and 79.6 nm for FOV. The SOV-derived samples had the 

lowest EV concentration, averaging 3.03 ×  1011 particles/mL, 

which significantly differed from the EV concentration 

in the SUM samples, averaging 1.35 ×  1012 particles/mL 

(P < 0.05). Nevertheless, the EV concentration in the SOV 

samples did not significantly differ from that of the SAN 

and FOV groups.

Sequencing and miRNA expression profiles

The small RNA sequencing analysis revealed an average 

of 23 million raw reads, resulting in nearly 22 million 

clean reads after QC trimming per sample. On average, 

70% of the reads are successfully mapped to the equine 

reference genome. In Fig.  2, the principal component 

analysis (Fig. 2A) and heatmap (Fig. 2B) display distinct 

miRNA expression profiles and sample clustering for 

each seasonal group, excluding the FOV_1 sample from 

further analysis. A total of 282 unique miRNAs were 

expressed (> 10 CPM), with 235 in the SAN, 231 in the 

SOV, 238 miRNAs in the SUM, and 249 in the FOV group 

(Fig.  2C). Around 72% (203) of total detected miRNAs 

were found in all groups, and 13 of the 20 most abundant 

miRNAs were common to all datasets (Table 1). Among 

these, six miRNAs (miR-148a, miR-143, miR-99a, miR-

192, miR-21, and miR-10b) accounted for 61%–72% of all 

20 miRNA expressions. MiR-143 had the lowest expres-

sion level in the SUM group (3.8%) compared to 32.1% 

in the other groups, while miR-192 showed a similar pat-

tern with 7.2% in the SAN group versus 31% in the oth-

ers (Table 1). A detailed list of all expressed miRNAs per 

season is provided in Additional file 2.

Differential expression, target gene prediction, 

and bioinformatic analyses

The volcano plots in Figs.  3 and 4 depict the results of 

pairwise comparisons. A total of 97 unique miRNAs were 

Fig. 2 Principal component analysis (PCA), heatmap, and miRNA expression profiles. Small‑RNA sequence data and miRNA expression profile 
overviews. A Principal component analysis. B Heatmap and hierarchical clustering of expressed miRNAs. Red and green colors represent high 
and low expressed miRNAs, respectively. C miRNA expression profiles in each seasonal group. Experimental groups are represented as SAN (Spring 
Anovulatory), SOV (Spring Ovulatory), SUM (Summer), and FOV (Fall Ovulatory) seasons. EVs and miRNAs were obtained from four independent 
samples, harboring different suffices (1, 2, 3, or 4) in each group. In the FOV group, however, FOV_1 was removed from further analyses (Fig. 2B 

and 2C) due to similarity to the SAN group (PCA analysis)
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found to be differentially expressed (FC > 2.0, FDR < 0.05, 

CPM > 10), with 11, 14, 74, 06, 67, and 8 miRNAs identi-

fied in SOV vs. FOV (Fig.  3A), SUM vs. FOV (Fig.  3B), 

SOV vs. SUM (Fig.  3C), SAN vs. SOV (Fig.  4A), SAN 

vs. SUM (Fig.  4B), and SAN vs. FOV (Fig.  4C), respec-

tively. Venn diagrams in Figs.  3D and 4D illustrate the 

list of differentially expressed miRNAs shared between 

two comparisons. These miRNAs were either down-

regulated (in green) or upregulated (in red) in the joint 

seasonal group of both comparisons. Additionally, all 

differentially expressed miRNAs in the six comparisons 

are presented in Fig. 5 and Additional file 3. Among the 

findings, miR-143 and miR-192 were the two most abun-

dant dysregulated in pairwise comparisons. For example, 

miR-143 was significantly downregulated in the SUM 

group compared to SOV (−11.33 FC, FDR = 7.3 ×  10−18), 

SAN (−7.64 FC, FDR = 2.78 ×  10−12), and FOV (−6.43 

FC, FDR = 1.62 ×  10−8). Similarly, miR-192 expression 

was downregulated in the SAN group compared to 

SUM (−5.63 FC, FDR = 3.9 ×  10−4) and FOV (−5.46 FC, 

FDR = 5.97 ×  10−3), as well as in the SOV group com-

pared to SUM (−3.08 FC, FDR = 2.02 ×  10−2). Addition-

ally, several miRNAs appeared unique (e.g., miR-328 and 

miR-451) or paired (e.g., 302b and miR-429) in different 

comparisons, such as SAN vs. SOV, SUM vs. FOV, and 

SOV vs. FOV.

The subsets of differentially expressed miRNAs, 

including miR-143 and miR-192 (among the top 20 

most abundant), as well as miR-149, miR-200b, miR-

206, miR-221, miR-328, and miR-615 (spring tran-

sition), were chosen for target gene prediction and 

bioinformatic analyses. Results in Table  2, miR-143, 

targeting 74 genes, are mainly associated with post-

translation modifications like phosphoprotein, iso-

peptide bound, Ubl conjugation, and methylation. 

Conversely, miR-192, targeting 49 genes, did not show 

significant enrichments. All six miRNAs upregulated in 

SAN vs. SOV targeted 634 genes, significantly enriched 

in diverse biological functions including DNA-, RNA-, 

and miRNA- “binding”, “transcription factor activity”, 

“sequence-specific DNA binding”, and post-translation 

modifications such as acetylation and methylation. 

The specific upregulation of miR-328 in SAN (vs. 

SOV; +3.48 FC), targeting 46 genes, showed significant 

enrichment in the “endoplasmic reticulum” cellular 

components. Additionally, the specific upregulation of 

miR-302b in SUM (vs. FOV; −68.13 FC) targeted 118 

genes, enriched in various biological pathways related 

to cellular component (i.e., “nucleoplasm”), molecu-

lar function (i.e., “DNA-binding,” “transcription factor 

activity,” and “sequence-specific DNA binding”), and 

biological process (i.e., transcription and transcription 

Table 1 List of top 20 most abundant FF-EV miRNAs from different seasonal groups

The 20 most abundant miRNAs are listed from the highly to the lesser abundant in each season, measured as Count Per Million (CPM). The 13 commonly shared 

miRNAs are bolded. Experimental groups are represented as SAN (Spring Anovulatory), SOV (Spring Ovulatory), SUM (Summer), and FOV (Fall Ovulatory) seasons

Name SAN Name SOV Name SUM Name FOV

eca‑miR‑148a 153217.5 eca‑miR‑143 220236.4 eca‑miR‑148a 185229.96 eca‑miR‑148a 130802.1

eca‑miR‑99a 152297.6 eca‑miR‑99a 139358.2 eca‑miR‑21 110374.93 eca‑miR‑143 124999.3

eca‑miR‑143 148564.7 eca‑miR‑148a 127656.7 eca‑miR‑99a 88377.861 eca‑miR‑99a 85233.95

eca‑miR‑21 66253.57 eca‑miR‑21 112097.5 eca‑miR‑192 61590.064 eca‑miR‑192 59664.31

eca‑miR‑10b 32721.78 eca‑miR‑26a 41150.8 eca‑miR‑10b 59013.673 eca‑miR‑21 47142.89

eca-let-7c 32308.23 eca‑miR‑10b 31779.63 eca‑miR‑423‑5p 47375.737 eca-miR-100 33616.31

eca‑miR‑26a 31335.63 eca‑let‑7 g 27746.73 eca‑miR‑10a 38047.633 eca‑miR‑10b 27615.29

eca‑miR‑10a 27625.71 eca‑miR‑423‑5p 25721.44 eca-miR-486-5p 28771.487 eca‑miR‑423‑5p 27610.03

eca‑let‑7 g 23924.93 eca‑let‑7f 23289.82 eca-miR-218 27141.321 eca‑miR‑10a 24416.9

eca‑miR‑423‑5p 20638.59 eca‑miR‑27b 23034.01 eca-miR-215 22536.951 eca‑miR‑26a 23407.8

eca‑let‑7a 18658.87 eca‑miR‑192 19979.72 eca‑let‑7 g 21758.141 eca-miR-215 22890.12

eca-miR-100 17932.95 eca‑let‑7a 18330.15 eca-miR-128 21423.475 eca-miR-24 18177.65

eca‑let‑7f 16062.56 eca-let-7c 16168.63 eca‑miR‑26a 19879.521 eca‑let‑7 g 17308.86

eca‑miR‑27b 14922.12 eca-miR-100 14713.95 eca‑miR‑143 19513.78 eca‑miR‑27b 16276.16

eca-miR-9a 14392.11 eca‑miR‑10a 13075.2 eca‑miR‑27b 19296.781 eca-miR-128 14358.85

eca-miR-1 13990.02 eca-miR-215 12377.61 eca‑miR‑7f 18443.203 eca-miR-27a 12482.74

eca‑miR‑192 10933.04 eca-miR-1 9928.538 eca-miR-22 18431.73 eca-miR-451 12127.98

eca-miR-30d 10138.15 eca-miR-126-3p 9608.478 eca-miR-24 17516.918 eca‑let‑7f 12126.65

eca-miR-24 9319.776 eca-miR-199a-3p 9071.105 eca-let-7c 14230.575 eca‑let‑7a 11556.09

eca-miR-128 7818.761 eca-miR-30d 8234.176 eca‑let‑7a 12710.04 eca-miR-486-5p 10986.71
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regulation). Both miR-100 and let-7c were significantly 

dysregulated in multiple comparisons. MiR-100 was 

downregulated in SOV vs. FOV (−2.28 FC) and SUM 

vs. FOV (−4.06 FC) and upregulated in SAN vs. SUM 

(+2.17 FC), targeting 20 genes significantly enriched 

for “protein binding”. Meanwhile, let-7c was upregu-

lated in SAN vs. FOV (+3.2 FC) and vs. SUM (+2.27 

FC), targeting 311 genes enriched in various biological 

pathways, including the “p53 signaling pathway”, “gluta-

matergic synapse”, “response to gamma radiation”, and 

“endoplasmic reticulum.”

Cluster analysis revealed nine distinct patterns of 

miRNA expression across seasons (Fig. 6A), with a sub-

stantial number of miRNAs associated with each cluster 

(Fig. 6B). Three clusters demonstrating critical seasonal 

patterns displayed significant numbers of DE-miRNA 

(12, 25, and 19 for Clusters 1, 4, and 6, respectively), 

thereby allowing for further pathway analyses. Cluster 

1 exhibited the highest expression levels of 37 miRNAs 

in the SAN group (Fig. 7A). In contrast, both Cluster 4 

(Fig. 8A) and Cluster 6 (Fig. 9A) displayed similar high-

est expressions of 43 and 48 miRNAs, respectively, in the 

SUM group. DE-miRNAs were found in 4 (Clusters 1 

and 4; Figs. 7B and 8B) and 3 (Cluster 6; Fig. 9B) different 

comparisons, leading to significant enrichments of vari-

ous pathways (Figs. 7C, 8C, and 9C).

Discussion
The molecular mechanisms governing ovarian dynam-

ics during different seasons remain mysterious. Extra-

cellular vesicles in follicular fluid are crucial in causing 

functional adjustments in target cells [48, 49]. A pre-

vious study demonstrated that mares’ follicular fluid-

derived extracellular vesicles’ miRNA profiles are 

closely associated with follicle development, selection, 

and ovulation. However, little is known about EVs and 

their effectual miRNA profiles during the ovulatory 

and anovulatory seasons. This study compares miRNA 

cargo of extracellular vesicles collected from mares’ fol-

licular fluid during ovulatory and anovulatory seasons, 

and significant seasonal variations are unveiled. These 

findings enhance our understanding of extracellular 

vesicle–coupled miRNA control over ovarian activity 

during seasonal reproductive changes.

Fig. 3 Differential expression and group comparisons. Volcano representations of pairwise comparisons between SOV and FOV (A), SUM 
and FOV (B), and SOV and SUM (C) are shown. The Venn diagram (D) provides the lists of miRNAs that are shared between pairwise comparisons 
(Red = downregulation and Green = upregulation). Experimental groups are represented as SAN (Spring Anovulatory), SOV (Spring Ovulatory), SUM 
(Summer), and FOV (Fall Ovulatory) seasons
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EV identification, total and abundant miRNA in equine 

follicular fluid across seasons

The follicular fluid contains vital components for oocyte 

and follicular maturation and cellular communication. 

Studies have shown that FF-EV–derived miRNAs are 

crucial in mediating cellular communication [50] and 

responding to stress within the follicle [51–53]. Our find-

ings revealed a higher accumulation of EVs in the SUM 

group, which may implicate an increased EV release 

from the follicular cells in response to high environmen-

tal temperature. Previous in vivo and in vitro studies have 

demonstrated these EVs can shuttle protective signals in 

the form of miRNAs, which can induce tolerance to high 

temperatures if delivered to recipient cells [30, 31, 39, 54], 

indicating their potential to regulate the response to ele-

vated thermal temperatures for maintaining intrafollicular 

homeostasis.

Our analysis found that 203 out of 282 (72%) of the 

uniquely detected miRNAs were shared across seasons, 

indicating that they may represent the core miRNA 

profile of equine FF-EVs, which may have a housekeep-

ing role in follicular dynamics in mares irrespective of 

the season. During the winter-to-summer comparison, 

a similar core miRNA profile was observed in bovine 

FF-EV–derived miRNAs (89.6%: 232/259) [31]. Studies 

on equine [25] and porcine [55] follicle development also 

reported high percentages of shared miRNA across fol-

licle developmental stages (82% and 86%, respectively). 

The expression levels of the number of these FF-EV–cou-

pled miRNAs were altered across seasons (Cluster analy-

sis), which observation was in agreement with previous 

reports in short-day breeder sheep [56, 57] and buffalo 

oocyte- and follicular cell-derived miRNAs [58]. Consid-

ering their involvement in various cancers, miRNAs have 

been suggested as potent regulators of follicular atresia 

and degeneration [59], playing a crucial role in follicular 

development, meiotic resumption, and ovulation by tar-

geting genes involved in signaling pathways such as AKT, 

Fig. 4 Differential expression and group comparisons. Volcano representations of pairwise comparisons between SAN and SOV (A), SAN 
and SUM (B), and SAN and FOV (C) are shown. The Venn diagram (D) shows the miRNAs that are shared between pairwise comparisons 
(Red = downregulation and Green = upregulation). Experimental groups are represented as SAN (Spring Anovulatory), SOV (Spring Ovulatory), SUM 
(Summer), and FOV (Fall Ovulatory) seasons
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WNT1, GDF9, BMP15, MAPK, ErbB, PTEN, PI3K-Akt, 
P53, mTOR, FOXO1, and TGFβ1 [60–62].

The current study found that miR-148a, miR-143, miR-

192, miR-99a, miR-21, miR-10a, and miR-10b are abun-

dant miRNAs across all seasons. These miRNAs regulate 

ovarian development, including ovarian cell prolifera-

tion and steroidogenesis [63–65]. They have been shown 

to have diverse beneficial effects on livestock species, 

such as sheep [66, 67] and pigs [68, 69], with reported 

effects on embryo quality [28]. High expression levels 

of these miRNAs were found in FF-EVs of large antral 

follicles, granulosa, and luteal cells throughout follicu-

logenesis, and their upregulation in late corpus luteum 

and atretic follicles during SAN, SUM, and FOV was 

observed in various livestock species, including sheep 

[70], cows [31, 71], horses [25], and pigs [33]. Previous 

studies have indicated positive correlations between 

these miRNAs and oocyte maturation [72] and IVF out-

comes [28], highlighting the potential of these abundant 

miRNAs as essential molecules in regulating ovarian 

function throughout all seasons and as potential markers 

for improving female fertility.

Seasonal variations in FF‑EV–coupled miRNAs

The cluster analysis found that about 34% of all detected 

miRNAs are differentially expressed across seasons, likely 

impacting follicular function and ovulatory capacity in 

various seasons. The discussion will focus on selected 

miRNAs with high abundance and significant differen-

tial expression, especially those related to spring (SAN vs. 

SOV) and fall (SUM vs. FOV) transitions or involved in 

selected clusters (1, 4, and 6) or comparisons across mul-

tiple seasons.

Two abundant miRNAs, miR-192 and miR-143, varied 

significantly across seasons. Despite no significant path-

way enrichment of the miR-192 gene targets, its higher 

expression during SUM (vs. SAN and SOV) and FOV 

(vs. SAN) suggests a link to ovulation. Noteworthy, the 

miR-192 has been proposed as a potential biomarker 

for early pregnancy screening in sows due to its higher 

Fig. 5 All differentially expressed (DE) miRNAs. All DE-miRNAs from the six different comparisons. Up- and down-regulated miRNAs from each 
comparison are presented as red and green lines, respectively. Experimental groups are represented as SAN (Spring Anovulatory), SOV (Spring 
Ovulatory), SUM (Summer), and FOV (Fall Ovulatory) seasons
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Table 2 Enrichment analysis of selected miRNA clusters

DE Differentially expressed or Differential expression, Down Downregulated, Up Upregulated, CC Cellular component, MF Molecular function, BP Biological process, 

PTM Post-translational modification, GO Gene Ontology, KW Key word, KEGG Kyoto Encyclopedia of Genes and Genomes. Experimental groups are represented as SAN 

Spring Anovulatory, SOV Spring Ovulatory, SUM Summer, and FOV Fall Ovulatory seasons

miRNA Seasonal comparisons Biological pathways (P < 0.1)

Expression status IDs
(# of Gene targets)

(Expression in  1st stated group)

Abundant DE miR-143
(74)

SUM-SOV (Down)
SUM-SAN (Down)
SUM-FOV (Down)

➢ KW-1017 ~ Isopeptide bond (PTM)
➢ KW-0832 ~ Ubl conjugation (PTM)
➢ KW-0597 ~ Phosphoprotein (PTM)
➢ KW-0488 ~ Methylation (PTM)

miR-192
(49)

SAN-FOV (Down)
SOV-SUM (Down)
SAN-SUM (Down)

No significant enrichments

Transitional Spring
(DE)

miR‑149
miR‑200b
miR‑206
miR‑221
miR‑328
miR‑615
(Total of 634)

SAN‑SOV (Up) ➢ KW‑0832 ~ Ubl conjugation (PTM)
➢ KW‑1017 ~ Isopeptide bond (PTM)
➢ GO:0000381 ~ Regulation of alternative mRNA splicing (BP)
➢ KW‑0694 ~ RNA‑binding (MF)
➢ KW‑0227 ~ DNA damage (BP)
➢ KW‑0238 ~ DNA‑binding (MF)
➢ GO:0000785 ~ chromatin (CC)
➢ GO:0003700 ~ transcription factor activity, sequence‑specific 
DNA binding (MF)
➢ GO:0008139 ~ nuclear localization sequence binding (MF)
➢ GO:0035198 ~ miRNA binding (MF)

➢ KW‑0597 ~ Phosphoprotein (PTM)
➢ KW‑0007 ~ Acetylation (PTM)
➢ KW‑0488 ~ Methylation (PTM)

Spring
(Specific)

miR‑328
(46)

SAN‑SOV ➢ KW‑0256 ~ Endoplasmic reticulum (CC)

Fall
(Specific)

miR‑451
(1)

SUM‑FOV ➢ Interleukin 6 receptor (IL6R)

miR‑302b
(118)

SUM‑FOV ➢ KW‑0010 ~ Activator (MF)
➢ KW‑0805 ~ Transcription regulation (BP)
➢ KW‑0804 ~ Transcription (BP)
➢ KW‑0597 ~ Phosphoprotein (PTM)
➢ GO:0003700 ~ transcription factor activity, sequence‑specific 
DNA binding (MF)
➢ GO:0003677 ~ DNA binding (MF)
➢ GO:0005654 ~ Nucleoplasm (CC)
➢ GO:0005634 ~ Nucleus (CC)
➢ GO:0000978 ~ RNA polymerase II core promoter proximal 
region sequence‑specific DNA binding (MF)
➢ GO:0003682 ~ chromatin binding (MF)
➢ GO:0001228 ~ transcriptional activator activity, RNA polymer‑
ase II transcription regulatory region sequence‑specific binding 
(MF)

miR‑429
(none)

SOV‑FOV N/A

Multi‑seasonal Let‑7c
(311)

SAN‑FOV
SAN‑SUM

➢ GO:0098978 ~ glutamatergic synapse (CC)
➢ GO:0005783 ~ endoplasmic reticulum (CC)
➢ GO:0010332 ~ response to gamma radiation (BP)
➢ KW‑0597 ~ Phosphoprotein (PTM)
➢ hsa04115: p53 signaling pathway (KEGG)
➢ GO:0005739 ~ mitochondrion (CC)
➢ GO:0005829 ~ cytosol (CC)
➢ GO:0005654 ~ nucleoplasm (CC)
➢ GO:0005737 ~ cytoplasm (CC)

miR‑100
(20)

SOV‑FOV
SUM‑FOV
SAN‑SUM

➢ GO:0005515 ~ protein binding (MF)
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detection in blood serum [73]. On the other hand, the 
downregulation of miR-143 in SUM (vs. SAN, SOV, and 
FOV) is associated with post-translational modifica-

tions impacting protein functions, especially apoptosis. 

Overexpression of miR-143-3p has been found to have 

steroidogenesis inhibitory and pro-apoptotic effects, 

targeting intracellular signaling factors like TGF-β in 

porcine granulosa cells and follicular atresia [74], as well 

as BMPR1A/SMAD1/5/8 in polycystic ovary syndrome 

(PCOS). This endocrine disorder leads to abnormal fol-

licular development, chronic anovulation, and infertil-

ity [75]. Higher levels of miR-143-3p expression have 

also been reported in FF-EVs of women with PCOS 

[76]. Therefore, the contrasting expressions of miR-192 

(upregulation) and miR-143 (downregulation) in healthy 

equine preovulatory follicles during summer could 

potentially serve as predictive markers for success-

ful ovulation and promise improved early pregnancy 

screening methods in mammalian reproduction.

Spring transition

In this study, the principal component analysis (PCA) 

comparing the  spring anovulatory season (SAN) and 

the  spring ovulatory season (SOV) showed minimal 

overlap, regardless of the PC1/PC2 (Additional file 4) and 

PC1/PC3 combination.  The factors contributing to the 

onset of normal ovarian cyclicity during the spring tran-

sition remain unknown. Here, we found that during this 

transition, specific miRNAs (miR-149, miR-200b, miR-

206, miR-221, miR-328, and miR-615) were overexpressed 

in the SAN compared to the SOV season, suggesting their 

role in maintaining oocyte meiotic arrest and regulating 

the cell cycle. These miRNAs are identified in Cluster 1, 

characterizing the expression profiles of the anovula-

tory or non-breeding season. Twelve related differentially 

expressed miRNAs may promote cellular senescence over 

apoptosis by influencing pathways that regulate stable cell 

cycle arrest and/or cell survival. The overexpression of 

these miRNAs may contribute to maintaining oocytes in 

a meiotic arrest state (e.g., miR-206) through ERα target-

ing [77, 78], regulating the cell cycle by promoting pro-

liferation or inducing arrest (e.g., miR-221, miR-149, and 

miR-615) via targets such as FoxO, MAPK, and estrogen 

signaling pathways [61], and ensuring the developmental 

transition from the follicular to luteal phase (e.g., miR-

221-5p) through targeting genes associated with Ras and 

PI3K-Akt signaling pathways [79]. These differentially 

expressed miRNAs significantly enrich these signaling 

Fig. 6 Clustering analysis of extracellular vesicle–coupled microRNAs across the different seasons. A Nine different miRNA expression patterns 
in the follicular fluid extracellular vesicles across the seasons. B The counts and percentages of expressed microRNAs (miRNAs) and the differentialy 
expressed (DE) miRNAs from the different comparisons in each cluster. Each line represents one miRNA that fits (better: red, purple, and blue 
lines; lesser: yellow or green lines) with its pattern of expression within the cluster. Experimental groups are represented as SAN (Spring 
Anovulatory), SOV (Spring Ovulatory), SUM (Summer), and FOV (Fall Ovulatory) seasons
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pathways during the spring transition and have been 
identified in the preovulatory follicle cells and FF-EVs of 

humans [80, 81], pigs [68, 82], and sheep [83, 84], playing 

a crucial role in regulatory processes. In the current study, 

these miRNAs exert their impacts through regulating 

target genes affecting biological functions such as post-

translational modifications, RNA- and DNA-binding, 

DNA damage, chromatin, transcription activity, nuclear 

localization sequence binding, and miRNA binding, all 

associated with steroidogenesis and/or cell cycle [33, 81, 

83]. These intricate regulatory roles are key to their func-

tion during follicular development and oocyte matura-

tion [33, 85, 86], with the potential to positively influence 

female reproductive performance [85, 87, 88]. Nutritional 

studies have reported dysregulations of miR-328 and 

miR-200 impacting fertility outcomes [28], and miR-200 

inspires further research through appropriate nutritional 

measures during the non-breeding season, as reported in 

sheep [83, 89].

Summer ovulatory season, the peak of breeding

Our research has identified 2 key Clusters, 4 and 6, shed-

ding light on the distinct roles of miRNAs during the 

summer ovulatory season (SUM). The biological functions 

within both clusters converge on sustaining cell prolifera-

tion, growth, and survival processes in ovarian follicles. 

Cluster 4 is linked to cellular senescence, while Cluster 6 is 

linked to the MAPK signaling pathway and the regulation 

of pluripotency in stem cells, especially within the oocyte. 

These findings underscore the intricate balance between 

non-dividing oocytes and dividing somatic cells in the 

ovarian follicle during the peak of breeding. Understand-

ing these clusters could enhance the sustainability of cell 

proliferation, growth, and survival processes in the folli-

cles, potentially positively influencing seasonal fertility.

Fall transition

Preovulatory follicles in various species, including humans 

[90, 91], horses [20], cows [60], pigs [82], chickens [92], 

and mice [93, 94], have been found to contain specific 

miRNAs such as miR-302b, 429, and 451. The expression 

of miR-302b was specific to the transition from summer to 

fall ovulation, showing higher levels in the summer com-

pared to the fall. In chickens, reduced expression of miR-

302b in primordial germ cells has been linked to decreased 

cell proliferation and increased apoptosis, potentially 

Fig. 7 Cluster 1 of microRNAs (miRNAs). A group of 37 miRNAs exhibited a sharp reduction in their expression from the SAN till the FOV seasons (A). 
Among this cluster, 12 miRNAs were differentially expressed (DE) in four comparisons (B). Top 20 pathways associated with the DE-miRNAs target 
genes of this cluster (C). Experimental groups are represented as SAN (Spring Anovulatory), SOV (Spring Ovulatory), SUM (Summer), and FOV (Fall 
Ovulatory) seasons
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contributing to the decline in intrafollicular processes 
leading to the end of the ovulatory season [92]. On the 
other hand, miR-429 expression was detected in both the 
spring and fall ovulatory seasons and has been associated 
with luteinizing hormone synthesis in the pituitary gland 
[62, 94], likely linked to the transition from the follicular 
phase to the luteal phase. Similarly, the overexpression 
of miR-451 in the summer compared to the fall suggests 
potential benefits during ovulation. In cows, miR-451 is 

overexpressed in large healthy follicles (12–17  mm) [95], 

while in women with endometriosis, decreased miR-451 

expression in FF and oocytes is associated with reduced 

fertility potential such as decreased number of oocytes, 

fertilization rate, and embryo quality compared to healthy 

women [93]. Altogether, these findings emphasize the 

importance of further exploring these miRNAs’ functional 

roles and practical applications in reproductive health, 

especially the overexpression of miR-302b and miR-451 in 

the SUM group (compared to FOV) during ovulation.

Comparing multiple seasons

It was found that miR-100 and let-7c are significant 

miRNAs that are present in various ovarian cell types, 

FF, and FF-EVs and play a role in promoting follicle 

development and regulating ovarian follicle pathways 

in different species, including human [96], horses [25], 

and cows [31, 60]. MiR-100 has multiple roles in cells 

and may affect oocyte reprogramming through its inter-

action with SMARCA5, a key regulator of global chro-

matin structure [97, 98]. Previous studies showed that 

miR-100 triggers the resumption of meiosis in human 

oocytes by negatively regulating genes encoding inhibi-

tory factors of follicular maturation via mTOR [96, 99, 

100] or supports tumor suppression in ovarian cancer 

via mTOR, inducing apoptosis [99]. Thus, controlling 

the mTOR by reduced expression of miR-100 during 

SOV and SUM could maintain the oocyte in meiosis 

arrest for further cytoplasmic maturation to optimal 

developmental competence acquisition and the survival 

of other follicular cells. On the other hand, the overex-

pression of let-7 family members (let-7c, let-7a-5p, and 

Fig. 8 Cluster 4 of microRNAs (miRNAs). A group of 43 miRNAs exhibited a sharp increase in their expression during the summer and then a slight 
reduction during the fall ovulatory season (A). Among this cluster, 25 miRNAs were differentially expressed (DE) in four comparisons (B). Top 20 
pathways associated with the DE-miRNAs target genes of this cluster (C). Experimental groups are represented as SAN (Spring Anovulatory), SOV 
(Spring Ovulatory), SUM (Summer), and FOV (Fall Ovulatory) seasons
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let-7 g-5p) in FF-EVs is directly linked to human oocyte 

failure to fertilize [28, 101], with significantly higher 

expressions in developmentally arrested oocytes at the 

GV stage, as compared to their MI and MII counter-

parts [102]. These reports support the findings of the 

present study, which identifies the upregulation of let-

7c during anovulatory (SAN) versus ovulatory seasons 

(SUM and FOV) as potentially contributing to oocyte 

meiotic arrest during SAN.

Conclusions
This study presents the miRNA profiles of equine FF-

EVs collected during anovulatory or non-breeding 

(SAN) and ovulatory or breeding (SOV, SUM, and 

FOV) seasons. The EVs were isolated from domi-

nant 30–34  mm follicle sizes, which are absent in 

ovaries during deep winter anestrus (contain only 

follicles < 20  mm in diameter). The study has unveiled 

seasonal dynamic patterns of FF-EV–coupled miRNAs, 

which are pivotal for advancing fertility research. A 

group of miRNAs appeared as potential regulators of 

spring transition (SAN-SOV), with specific miRNAs 

upregulated in the SAN season (miR-149, miR-200b, 

miR-206, miR-221, miR-328, and miR-615). Further-

more, the study has revealed that specific miRNAs play 

a crucial role in maintaining continued folliculogenesis, 

leading up to ovulation during the ovulatory seasons 

(SOV, SUM, and FOV), with consistent downregulation 

compared to SAN (miR-100, let-7c, and miR-143) and 

FOV (miR-302b) and upregulation compared to SAN 

(miR-192). These findings shed light on the potential 

involvement of EV-coupled miRNAs in seasonal vari-

ations on breeding and fertility, offering insights into 

ovulatory failure mechanisms.

Fig. 9 Cluster 6 of microRNAs (miRNAs). A group of 48 miRNAs exhibited a sharp increase in their expression during the summer compared 
to the other seasons (A). Among this cluster, 19 miRNAs were differentially expressed (DE) in three different comparisons (B). Top 20 pathways 
associated with the DE-miRNAs target genes of this cluster (C). Experimental groups are represented as SAN (Spring Anovulatory), SOV (Spring 
Ovulatory), SUM (Summer), and FOV (Fall Ovulatory) seasons
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Abstract

Background Examining the mechanistic cellular responses to heat stress could aid in addressing the increasing 
prevalence of decreased fertility due to elevated ambient temperatures. Here, we aimed to study the differential 
responses of oocytes and granulosa cells to thermal fluctuations due to seasonal differences. Dry beef cows (n = 10) 
were housed together, synchronized and subjected to a stimulation protocol to induce follicular growth before ovum 
pick-up (OPU). Two OPU’s were conducted (summer and winter) to collect cumulus-oocyte-complexes (COCs) and 
granulosa cells. In addition, rectal temperatures and circulating blood samples were collected during OPU. Oocytes 
were separated from the adherent cumulus cells, and granulosa cells were isolated from the collected OPU fluid. 
RNA was extracted from pools of oocytes and granulosa cells, followed by library preparation and RNA-sequencing. 
Blood samples were further processed for the isolation of plasma and leukocytes. The transcript abundance of HSP70 
and HSP90 in leukocytes was evaluated using RT-qPCR, and plasma cortisol levels were evaluated by immunoassay. 
Environmental data were collected daily for three weeks before each OPU session. Data were analyzed using MIXED, 
Glimmix or GENMOD procedures of SAS, according to each variable distribution.

Results Air temperatures (27.5 °C vs. 11.5 °C), average max air temperatures (33.7 °C vs. 16.9 °C), and temperature-
humidity indexes, THI (79.16 vs. 53.39) were shown to contrast significantly comparing both the summer and winter 
seasons, respectively. Rectal temperatures (Summer: 39.2 ± 0.2 °C; Winter: 38.8 ± 0.2 °C) and leukocyte HSP70 transcript 
abundance (Summer: 4.18 ± 0.47 arbitrary units; Winter: 2.69 ± 0.66 arbitrary units) were shown to increase in the 
summer compared to the winter. No visual differences persisted in HSP90 transcript abundance in leukocytes and 
plasma cortisol concentrations during seasonal changes. Additionally, during the summer, 446 and 940 transcripts 
were up and downregulated in oocytes, while 1083 and 1126 transcripts were up and downregulated in the 
corresponding granulosa cells, respectively (Fold Change ≤ -2 or ≥ 2 and FDR ≤ 0.05). Downregulated transcripts in the 
oocytes were found to be involved in ECM-receptor interaction and focal adhesion pathways, while the upregulated 
transcripts were involved in protein digestion and absorption, ABC transporters, and oocyte meiosis pathways. 
Downregulated transcripts in the granulosa cells were shown to be involved in cell adhesion molecules, chemokine 
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Background
With the rise of climate change becoming more preva-
lent over the years, it has been postulated that the dura-
tion and severity of heat stress will continually increase, 
posing detrimental impacts to the livestock industry, 
notably the beef and dairy sectors [1]. Excessive heat 
loads on animals negatively impact animal welfare and 
performance, with evident reductions in reproduc-
tive efficiencies, as one of the leading heat stress-related 

impacts affecting livestock productivity [2]. Additionally, 

it is well-documented that heat stress negatively impacts 

the reproductive performance of dairy and beef cattle 

through alterations in follicular development, oocyte 

maturation, and granulosa cells’ function [3, 4]. There-

fore, understanding the molecular changes in oocytes 

and follicular cells associated with environmental heat 

stress in beef cows could provide a unique opportunity to 

identify molecular targets for future managerial interven-

tions and the development of therapeutic strategies.

Seasonal studies in cattle have shown that elevated 

temperatures compromise oocyte development [5]. 

Rocha et al. [6] observed the effects of environmental 

temperatures and humidity on the quality and develop-

mental capacity of bovine oocytes from Holstein cows 

[6]. Results from this study showed that a higher percent-

age of morphologically normal oocytes were produced 

during the cooler season than during the warmer season, 

while the percentage of fertilized oocytes that developed 

to the 2-cell, 8-cell, and morula stages, were also greater 

during the cooler season. Moreover, previous studies 

have duly indicated that altered oocyte developmental 

competence from direct exposure to heat stress also neg-

atively hampers their mitochondrial function by impact-

ing ATP levels and redox regulation [7].Furthermore,, 

heat stress also has negative impacts on the function of 

granulosa cells. Disturbances in granulosa cells’ qual-

ity and impairments to their proliferation capacity may 

indirectly affect follicular development and oocyte mat-

uration, resulting in impaired embryo development and 

subsequent failures in pregnancy establishment [4]. Fur-

thermore, in mice, it was shown that the exposure to heat 

stress increased the proportion of granulosa cells under-

going apoptosis and the number of atretic follicles, while 

reducing the intrafollicular aromatase activity, as well 

as circulating estradiol concentrations [8]. Additional 

studies are required to examine the molecular mecha-

nisms underlying the response of oocytes and granulosa 

cells to heat stress, specifically in beef cattle.

A recent study from our group [9] investigated the 

encapsulated microRNA cargo of extracellular vesicles 

(EVs) derived from the follicular fluid of beef cows in 

response to seasonal environmental changes. In that 

study, several miRNAs were differentially expressed in 

EVs derived from the summer versus the winter, with 

precise candidates like miR-10a, miR-10b, miR-184, miR-

19b, and miR-452 upregulated and miR-1246, miR-199b, 

and miR-370 downregulated during summer compared 

to the winter groups. Interestingly, those DE-miRNAs 

were found to be involved in the regulation of signal-

ing pathways including WNT-, p53-, mTOR-, Hippo, 

and FoxO-signaling pathways, which are the dominant 

regulatory pathways involved in mammalian follicular 

development. As follicular fluid EV molecular cargos are 

direct determinants and a reflection of the physiology of 

the cells amidst the follicular microenvironment includ-

ing cumulus cells, granulosa cells, and theca cells, the 

results of our previous study led us to hypothesize that 

the oocytes and the surrounding granulosa cells respond 

to environmental seasonal fluctuations in heat stress via 

altering their transcriptome profile. Therefore, in the 

present study, we aimed to investigate the transcriptome 

dynamics of GV-stage oocytes and granulosa cells, deter-

mining their response to fluctuating environmental tem-

peratures during summer and winter seasons.

Materials and methods
Animals

This experiment was conducted at the UF/IFAS North 

Florida Research and Education Center in Marianna, 

FL, and was approved by the Institutional Animal Care 

and Use Committee (IACUC ID: IACUC202200000706). 

Eleven non-pregnant and non-lactating, multiparous 

Bos taurus cows crossbreed were clinically examined 

via transrectal ultrasound to evaluate their reproductive 

tract and cyclicity status. Only animals without clinical 

abnormalities showing at least one corpus luteum were 

enrolled in the study. Cows remained together for the 

duration of the experiment (February-August) and were 

maintained in outdoor pens with Bahia grass and fed ber-

mudagrass hay to meet the nutritional requirements of 

signaling, and cytokine-cytokine receptor interaction pathways, while those upregulated transcripts were involved in 
protein processing and metabolic pathways.

Conclusion In conclusion, seasonal changes dramatically alter the gene expression profiles of oocytes and granulosa 
cells in beef cows, which may in part explain the seasonal discrepancies in pregnancy success rates during diverging 
climatic weather conditions.

Keywords Oocytes, Granulosa cells, Heat stress, Seasonality, Transcriptome, Beef cows
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mature cows with ad libitum access to water and mineral-
ized salt during the duration of the study. One cow died 
before the second OPU session and therefore, was com-
pletely removed from the study.

Synchronization, follicular stimulation, and ovum pick-up

Cows were subjected to a synchronization and FSH-
based stimulation protocol to induce follicular growth 
as indicated in the hormonal experimental design out-
lined in Fig.  1. On day 0, an intravaginal P4 device 

(Eazi-Breed™ CIDR®; 1.38 gr P4; Zoetis Animal Health; 

Kalamazoo, MI, USA) was inserted and an intramuscular 

injection of a GnRH analog (100 µg of synthetic gonad-

orelin hydrochloride; Factrel; Zoetis Animal Health; 

Kalamazoo, MI, USA) was administrated. Follicular 

growth was stimulated by administering exogenous FSH 

(porcine pituitary-derived follicle-stimulating hormone; 

Folltropin®; Vetoquinol; Canada). Briefly, on day 3, 105 IU 

of FSH were administrated intramuscularly twice, once 

in the morning (7 am) and once in the afternoon (6 pm). 

Next, on day 4, one injection of 70 IU of FSH was admin-

istered in the morning (7 am). Finally, the CIDR was 

removed on day 5 (morning), and rectal temperature was 

collected. Transrectal ultrasounds were then conducted 

to assess the number of antral follicles and the presence 

of a CL. OPU was performed as previously reported 

[9] using a real-time B-mode ultrasound scanner (Min-

dray 2200; Mindray Bio-Medical Electronics, Shenzhen, 

China) equipped with a 5-MHz micro-convex transducer 

(Mindray model 65C15EAV, Mindray Bio-Medical Elec-

tronics, Shenzhen, China) and coupled to a follicular 

aspiration guide (WTA, São Paulo, Brazil) and a stain-

less-steel guide. The follicular puncture was performed 

using a disposable 18 G hypodermic needle connected 

to a 50-mL conical tube via a suitable silicon tubing sys-

tem (WTA). The pressure for aspiration was maintained 

using a vacuum pump (WTA model BV-003, WTA) with 

negative pressure adjusted between 60 and 80 mmHg. 

Only follicles from ~ 4  mm to ≤ 8  mm were aspirated. 

Follicles ≥ to 9 mm were starting a dominance phase and 

were not aspirated. After the OPU of both ovaries, the 

aspiration system was replaced with a new one before 

conducting OPU for the next cow. OPUs from winter and 

summer were conducted in February and August, respec-

tively by the same operator.

Sample collections

Collection of cumulus-oocyte-complexes and oocyte 

isolation

Following OPU procedures for each animal, COCs were 

allowed to settle to the bottom of the collection tube. 

The uppermost aqueous fluid above the pelleted aspi-

rate was then collected with a pipette and transferred to 

a new tube. Following searching the dense collection of 

cellular debris and tissue remnants, COCs were washed 

three times with holding media (ABT complete flush; 

ABT 360, LLC; Pullman, WA, USA). Grading of COCs 

was performed based on the criteria set by the Interna-

tional Embryo Technology Society [10]. Grade 1: >5 lay-

ers of even cumulus cells with even cytoplasm; Grade 2: 

three to five layers of cumulus cells, mostly even distrib-

uted, and even cytoplasm; Grade 3: < 3 layers of dense 

compact cumulus cells, often uneven, and abnormally 

small oocytes with clear, granular, and uneven cytoplasm; 

Grade 4: degenerated. Grade 3 and 4 COCs were dis-

carded and not included in further analyses of this study.

Collected grades 1 and 2 COCs were immediately sub-

jected to enzymatic and mechanical efforts to remove 

adhered cumulus cells using 10,000 units/mL hyaluroni-

dase (Sigma H-4272) and a high-speed vortex. One ml 

of holding medium was added to each tube, and the con-

tents were transferred to a separate petri dish. Denuded 

oocytes (germinal vesicle stage, GV) were then isolated 

and washed twice in PBS. Every oocyte was closely 

checked for the presence of somatic cells under a stereo-

microscope. Finally, the oocytes were transferred indi-

vidually to a new tube with minimal volume of PBS and 

immediately snap-frozen in liquid nitrogen. All samples 

were stored at -80oC until further analysis.

Fig. 1 Hormonal protocol used in the present study. Briefly, a 5-day CIDR and FSH synchronization and stimulation protocol was used to induce follicular 
growth before each OPU session (Winter and Summer). Created with BioRender.com
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Collection of granulosa cells

For individual animals, the uppermost aqueous phase of 
the OPU collection fluid was transferred to a new 15 ml 

falcon tube and centrifuged at 750 ×g for 5 min to pellet-

ize the cells. Granulosa cells were then immediately snap-

frozen and stored at -80oC until further use.

Collection of plasma samples

At the time of each OPU, blood samples were collected 

using EDTA blood collection tubes (K2 EDTA BD Vacu-

tainer®; Ref. 366643; BD Vacutainer; United Kingdom). 

OPU session happened in the morning period for both, 

summer and winter collections. Collection tubes con-

taining the blood samples were centrifuged at 3000 ×g for 

15 min to separate the plasma from the blood cells. The 

plasma was pipetted into microtubes and stored at -80oC 

for downstream analysis.

Leukocytes isolation

The white blood cell layer resulting from harvesting the 

plasma was then used to harvest the buffy coat. Briefly, 

the white layer was transferred into a 15 ml falcon tube 

using a sterile pipette and diluted in 3x the volume 

(~ 6  ml) of distilled water. Cells were mechanically sus-

pended via pipetting, followed by centrifugation at 500×g 

for 15  min at 18oC. The supernatant was removed, and 

the pellets were scraped against a rack to unstick the cells. 

This step was repeated until the pellet was cleared of all 

red blood cells (2–3 times). Finally, the resuspended cells 

were transferred to a 2 ml microtube and centrifuged at 

4000 ×g for 10 min. Without disturbing the cell pellet, the 

supernatant was removed, and the ensuing leukocytes 

were then immediately snap-frozen and stored at -80oC 

for downstream application.

Climatic conditions

Data for climatic conditions were collected daily for three 

weeks before each OPU session using the Florida Auto-

mated Weather Network (FAWN) [11]. The following 

weather measurements were taken from FAWN: temper-

ature (average and maximum) and relative humidity. The 

temperature humidity index (THI) was calculated using 

the following equation: THI = (1.8 × T + 32) - [(0.55–

0.0055 × RH) × (1.8 × T − 26)]. Where T = air temperature 

(°C) and RH = relative humidity (%) [12].

Plasma cortisol assay

Circulating plasma cortisol concentrations were quanti-

fied using the automated IMMULITE® 2000 Xpi cortisol 

Immunoassay kit (Cat. No. L2KCO2, Siemens Health-

care, CA, USA). Briefly, per the manufacturer’s recom-

mendations, the cortisol kit was adjusted for each lot 

number with a calibration range of 10 to 500 ng/mL. 

Commercially available tri-level (26.8, 149, and 254 ng/

mL) quality control samples (Lyphocheck Immunoassay 

Plus Control, Cat. No. 370, Bio-Rad, Hercules, CA, USA) 

were run daily before the experimental samples. Quality 

control samples were considered to pass if the coefficient 

of variation (CV) was below 10% for each level and the 

replicates were within the manufacturer’s reported range. 

Before analysis, samples were thawed at room tempera-

ture and run in duplicates. An internal calculation of 

quantification was reported for each duplicate, and these 

values were averaged to determine the CV. All concentra-

tions reported have a CV of less than 10%.

Total RNA extraction, reverse transcription, and 

quantitative real-time PCR of leukocytes

Total RNA was extracted from leukocytes using the Pure-

Link™ RNA Mini Kit (Cat. No. 12183025; Thermo Fisher 

Scientific™; Austin, TX, USA) according to the manufac-

turer’s instruction. Samples were homogenized in 600 µL 

of lysis buffer containing 1% mercaptoethanol. The “On-

Column PureLink® DNase Treatment Protocol” from 

the PureLink™ DNase Set (Cat. No. 12185010; Thermo 

Fisher Scientific™) was performed on individual samples 

to remove DNA contaminants. RNA yield and purity 

were analyzed using the NanoDrop™ One Spectropho-

tometer (Thermo Fisher Scientific™) with criteria set that 

the yield (> 20 ng/µL) and the purity (absorbance 260/280 

ratio ~ 2). Cows containing valid samples from summer 

and winter, were keep for further analysis. Samples were 

then stored at -80 °C until further use.

RNA samples (n = 7 in summer and n = 7 in winter) 

were reverse transcribed to cDNA using the High-Capac-

ity cDNA Reverse Transcription Kit (Cat. No. 4368814; 

Thermo Fisher Scientific™) following the manufacturer’s 

instruction. Briefly, 500 ng of RNA and ensuing reagents 

were combined and subjected to incubation in a Bio-Rad 

C1000 Touch™ Thermal Cycler at an initial temperature 

of 25oC for 10 min, followed by 37oC for 120 min, 85oC 

for 5 min, and then 4oC. The final output volume of 20 µL 

of cDNA was then diluted 1:80 with DEPC-treated water 

and stored at -20 °C for further qRT-PCR reactions.

Primers used for quantitative real-time PCR (qPCR) 

are indicated in Supplementary Table 1. The characteris-

tics of the primers were checked in The OligoAnalyzer™ 

Tool software, (Integrated DNA Technologies, Biody-

namics, https://www.idtdna.com/pages/tools/oligoanaly

zer?returnurl=%2Fcalc%2Fanalyzer), while the specific-

ity was compared by BLAST1 (NCBI, http://blast.ncbi.

nlm.nih.gov). each primer pair were previously validated 

to establish primer pair efficiency (standard curves) and 

optimal primer concentration (concentration test). For 

all reactions (target and reference genes), a master mix 

containing SYBR Green (Cat. No. 1725274; SsoAdvanced 

Universal SYBR Green Supermix; Bio-Rad), forward and 

reverse primers, and DEPC-treated water were prepared 

https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov


Page 5 of 20Joyce et al. Journal of Ovarian Research          (2024) 17:201 

in a 2 ml microtube. qPCR reactions were conducted in 

triplicates and prepared in a 96-well PCR plate (Cat. No. 

HSP9601; Bio-Rad) containing 16 µL of the master mix 

and 4 µL of the diluted cDNA samples. No template con-

trols (NTC) without cDNA were run in each PCR plate. 

The Bio-Rad CFX software was used to run the protocol 

as follows: denaturation at 95oC for 3  min, followed by 

40 cycles of 95oC for 10 s, and 60oC for 30 s, and finally, 

annealing/extension and plate read at 65oC for 5  s and 

then melting curve analysis at 95oC + 0.5oC. No ampli-

fication was detected in NTC. RefFinder [13, 14] was 

used to determine the stability of the reference genes, 

and according to their Cq, ACT-B, and RPL15 were the 

most stable reference genes. Analysis to determine the 

relative expression of the genes of interest was done using 

the PFAFFL equation [15], considering each primer’s 

efficiency and following normalization using the geo-

metric mean of the selected reference genes (ACT-B and 

RPL15). qPCR products from reactions containing target 

and reference genes primers were submitted to agarose 

gel electrophoresis and sequencing and identities were 

confirmed.

Preparation of RNA from oocytes and granulosa cells for 

sequencing

Total RNA extraction of oocytes was performed after 

pooling 2–4 oocytes from a single cow and using the 

Arcturus™ PicoPure™ RNA (Thermo Fisher Scientific™) 

according to the manufacturer’s instruction Total RNA 

from granulosa cells was extracted using the miRNeasy 

mini kit (Qiagen, Hilden, Germany). For both types of 

samples (oocytes and granuloma cells), on-column DNA 

digestion was performed using the RNase-Free DNase 

Set (Qiagen) to remove genomic DNA contaminants. The 

concentration and integrity of the isolated samples were 

then assessed with NanoDrop 8000 spectrophotometer 

(Thermo Fisher Scientific™) and Agilent 2100 Bioanalyzer 

(Agilent Technologies, CA), respectively. RNA samples 

were pooled from two individual animals to create five 

biological replicates (n = 2 cows/pool, 5 pools per season) 

for both oocytes and granulosa cells, collected during the 

summer and winter. RNA samples were stored at -80 °C 

until sequencing.

Library preparation and RNA-sequencing

For library preparation, messenger RNA was purified 

from total RNA using poly-T oligo-attached magnetic 

beads. After fragmentation, the first strand of cDNA was 

synthesized using random hexamer primers, followed 

by the second strand of cDNA synthesis. The library 

was ready after the end repair, A-tailing, adapter liga-

tion, size selection, amplification, and purification. The 

libraries were checked with a Qubit DNA HS Assay Kit 

in a Qubit 2.0 Fluorometer (Thermo Fisher Scientific™) 

for concentration, qPCR for quantification, and a bio-

analyzer (Agilent Technologies) for the size distribution. 

Quantified libraries were pooled and sequenced using a 

NovaSeq6000 sequencing instrument (Illumina, Inc., San 

Diego, CA, USA) as paired end reads (150 bases).

Sequencing data analysis

FASTQ files were generated for each sample using the 

software bcl2fastq (Illumina Inc., San Diego, CA), and 

their quality was checked using the FastQC tool version 

0.11.9. Data were analyzed using the CLC Genomics 

Workbench, version 21 (Qiagen). Raw sequencing reads 

were trimmed based on quality score (Q-score > 30), 

ambiguous nucleotides (maximum two nucleotides 

allowed), read length (≥ 15 nucleotides), and after remov-

ing adapter sequences. One replicate from oocyte/

summer group didn’t pass the quality control check. 

Therefore, we decided to exclude this replicate and its 

corresponding oocyte/winter and granulosa cell repli-

cates from further analysis. Reads were mapped to the 

bovine reference genome (ARS-UCD1.3) applying the 

default software parameters. Data were normalized 

using the trimmed mean of the M-values normalization 

method (TMM normalization) [16] and presented as 

transcripts per million (TPM). The expression threshold 

was determined by the zFPKM method using the zFPKM 

R package v.1.16.0 [17]. Genes with zFPKM > − 3 in all 

replicates were considered expressed. Differential expres-

sion analysis was done using the Differential Expression 

tool based on a negative binomial Generalized Linear 

Model (GLM) function. Differentially expressed genes 

(DEGs) were filtered based on fold change (FC ≥ 2) and 

the P-adjusted value (FDR < 0.05) [18]. The raw FASTQ 

files and processed CSV files have been deposited into 

NCBI’s Gene Expression Omnibus (GEO) with the acces-

sion numbers (GSE235170, GSE235171) for the oocytes 

and granulosa cells, respectively.

After the identification of the DEGs in each cell type 

separately, a comparative analysis has been conducted 

to elucidate the unique and shared molecular responses 

of oocytes and granulosa cells to elevated environmen-

tal temperatures. Specifically, we focused on genes that 

were commonly dysregulated in both cell types during 

the summer followed by pathway enrichment analysis to 

identify the biological pathways impacted by these DEGs.

Pathways and ontological classification analysis

The DEGs were submitted to the Database for Annota-

tion, Visualization, and Integrated Discovery (DAVID) 

Bioinformatics web tool v. 2021 [19] for pathways and 

ontological classification enrichment analysis. Pathways 

and biological processes (BP) were determined from the 

KEGG database [20] and GOTERM_BP_DIRECT anno-

tation set, respectively.



Page 6 of 20Joyce et al. Journal of Ovarian Research          (2024) 17:201 

Statistical analysis

Rectal temperature, plasma cortisol concentration, and 
HSP70 and HSP90 transcript abundance in leukocytes 
were analyzed using the MIXED procedure of SAS ver-
sion 9.3 (SAS/STAT®, SAS Inst. Inc., Cary, NC) with cow 
as a random effect. The number of follicles and oocytes 

were analyzed by negative binomial regression analyses 

using the GENMOD procedure. The proportion of grade 

1, 2, 3, and 4 oocytes were analyzed by ANOVA using 

the GLIMMIX procedure with logit function. Square-

root transformation was applied when residuals were 

not normally distributed according to the Shapiro-Wilk 

and Kolmogorov-Smirnov tests. For all models, cow was 

considered the experimental unit, and data are presented 

as mean ± standard error of the mean. We set the signifi-

cance level for rejecting the null hypothesis to P ≤ 0.05 

and considered trends significant at 0.05 ≤ P ≤ 0.10.

Results
Climatic conditions

As expected, the average air temperature (27.5  °C vs. 

11.5  °C), average maximum air temperature (33.7  °C vs. 

16.9  °C), and relative humidity (82.3% vs. 83.5%) during 

the summer and winter, respectively, differed consider-

ably (Fig. 2). After using the equation to calculate the THI 

for the 3 weeks prior to each sample collection, the sum-

mer estimate was 79.2, while the winter was 53.4 (Fig. 2; 

Table 1). Accordingly, the Livestock Safety Weather Index 

[21], a common resource used to classify the intensity 

of the THI values, recognizes four primary categories: 

normal, alert, danger, and emergency. Based on this cri-

terion, over the three weeks preceding the OPU collec-

tions, the winter had 100.0% normal THI days, while the 

summer had 59.1% of the days considered as ‘alert’ and 

40.9% considered as ‘danger’ THI thresholds (Table 1).

Rectal temperature and plasma cortisol concentration

Average rectal temperatures were higher (P = 0.03) in the 

summer (39.2 ± 0.2  °C) than in the winter (38.8 ± 0.2  °C; 

Fig.  3A). However, plasma cortisol concentrations did 

not differ when comparing collections from the summer 

(29.4 ± 3.0 ng/mL) and winter (34.4 ± 4.2 ng/mL) seasons 

(Fig. 3B).

HSP70 and HSP90 transcript abundance in leukocytes

Quantitative analysis of HSP70 and HSP90 in leukocytes 

isolated from cows during the summer and winter sea-

sons revealed that HSP70 tended to have a higher abun-

dance during the summer season, with no difference in 

the expression of HSP90 (Fig. 3C and D).

Follicular observations and oocyte recovery

No significant difference in the total number of follicles 

(summer 23.9 ± 3.9 vs. winter 18.9 ± 4.8) and the total 

number of oocytes recovered (summer 13.0 ± 3.6 vs. win-

ter 9.0 ± 1.6) between seasonal collections was observed 

(Table  2). However, oocyte quality differed when com-

paring the seasons. In summer, both the number (sum-

mer 1.09 ± 0.5 vs. winter 6.4 ± 1.7; P = < 0.01) and the 

proportion (summer 7.1% ± 2.5 vs. winter 57.8% ± 12.0; 

P = < 0.01) of grade 1 oocytes decreased, while the num-

ber (summer 4.1 ± 1.1 vs. winter 1.2 ± 0.7; P = 0.09) and 

the proportion (summer 30.5% ± 5.5 vs. winter 12.3% ± 

5.2; P = 0.04) of grade 4 oocytes increased or tended to 

increased. The number of grade 2 and grade 3 oocytes 

did not differ significantly between seasonal collections, 

however, the proportion of grade 2 (summer 26.3% ± 8.4 

vs. winter 11.4% ± 5.6; P = 0.05) and grade 3 (summer 

36.1% ± 5.4 vs. winter 8.3% ± 8.3; P = < 0.01) oocytes was 

higher from collections during the summer compared to 

the winter (Table 2).

Oocyte transcriptome analysis

After quality control, data from 8 libraries (n = 4 for sum-

mer and n = 4 for winter) were used for the bioinformatic 

analyses. The eight cDNA libraries had an approximate 

average of 53  million clean reads per library, with an 

average of 98.4% of the reads mapped to the bovine ref-

erence genome. The principal component analysis (PCA) 

in Fig. 4A and hierarchical heatmap in Fig. 4B displayed 

clear separation and distribution based on the expres-

sion of genes for each group. A total of 12,489 and 13,129 

genes were expressed (zFPKM > -3 in the four replicates) 

in the summer and winter groups, respectively with 

12,239 genes being mutually expressed during both sea-

sons. Alternatively, 250 genes were expressed exclusively 

in the summer, while 890 genes were expressed exclu-

sively in the winter (Fig. 4C). Among the top 20 expressed 

genes, 16 were detected in both groups, including Ubiq-

uitin B (UBB), Serglycin (SRGN), Inhibin Subunit Alpha 

(INHA), Cytochrome C Oxidase I (COX1), Cytochrome 

C Oxidase III (COX3), and Heat Shock Protein Family B 

(Small) Member 1 (HSPB1) (Table 3).

Differential expression analysis indicated a total of 

1,386 genes differentially expressed between the two 

groups (FC ≥ 2; FDR = ≤ 0.05; zFPKM>-3) in all biological 

replicates of the enriched group (Supp Table 2). During 

the summer, there was an up-regulation of 446 genes and 

a downregulation of 940 genes compared to the winter 

(Fig. 4D). Matrix Metallopeptidase 2 (MMP2) was the top 

downregulated gene (FC = -1628.99) and Tumor necrosis 

factor Receptor Superfamily Member 13B (TNFRSF13B) 

was among the top upregulated genes; (FC = 213.56; 

Table 4).

Gene enrichment analysis of the oocytes identi-

fied protein digestion and absorption, ABC transport-

ers, oocyte meiosis, and progesterone-mediated oocyte 

maturation as the top significant pathways upregulated 
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Fig. 2 Climatic conditions were collected for twenty-one days before each OPU session. A) Average air temperature, B) Relative humidity, C) Temperature 
humidity index (THI). Data were collected using the Florida Automated Weather Network (FAWN; https://fawn.ifas.ufl.edu/data/reports/)

 

https://fawn.ifas.ufl.edu/data/reports/
https://fawn.ifas.ufl.edu/data/reports/
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Table 1 Descriptive statistics for the temperature humidity index (THI) average values for 21 days before each OPU session
Season Mean SD Min Max CV, % % Days THI normal % Days THI alert % Days THI danger

Winter 53.4 7.1 40.4 67.3 13.3 100.00 0 0

Summer 79.2 1.6 75.5 82.4 2.0 0 59.1 40.9

SD, Standard deviation; Min, Minimum; Max, Maximum; CV, Coefficient of variation

Thresholds cutoff points from Livestock Weather Safety Index (LCI, 1970): THI ≤ 74 = Normal, 74 > THI ≤ 79 = Alert, 79 > THI ≤ 84 = Danger, and THI 84 = Emergency

Fig. 3 Mean ± SEM of rectal temperature (A), plasma cortisol concentration (B), and HSP70 (C) and HSP90 (D) transcript abundance from beef cows dur-
ing the summer and winter (n = 11). *** Denotates statistical differences when P ≤ 0.05 and * denotates statistical tendencies when P ≥ 0.05 still P < 0.1
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in summer (Fig.  5A). While ECM receptor interaction, 

phosphoinositide 3-kinase (PI3K)–AKT (PI3K-AKT) sig-

naling, and focal adhesion pathways were the top-signif-

icant pathways downregulated (Fig.  5B). Moreover, the 

meiotic cycle and DNA methylation involved in gamete 

generation were the top significant biological processes 

upregulated in summer and extracellular matrix organi-

zation was the top downregulated (Fig. 5C & D).

Granulosa cells transcriptome analysis

Data from 8 libraries (n = 4 for summer and n = 4 for win-

ter) were used in the bioinformatic analyses following 

quality control. The eight cDNA libraries had an approxi-

mate average of 42 million clean reads per library, with an 

Table 2 Number of follicles visualized at OPU and of recovered 
oocytes and their quality in summer and winter
Variables (Mean ± SEM) SUM WIN P value

Numbers

Total follicles 23.9 ± 3.9 18.9 ± 4. 0.57

Total oocytes 13.5 ± 0.2 9.3 ± 1.6 0.36

Grade 1 1.09 ± 0.5 6.4 ± 1.7 < 0.01

Grade 2 3.2 ± 1.3 1.4 ± 0.7 0.13

Grade 3 5.1 ± 1.5 0.6 ± 0.6 0.64

Grade 4 4.1 ± 1.1 1.2 ± 0.7 0.09

Percentage

Grade 1 7.1 ± 2.5 57.8 ± 12.0 < 0.01

Grade 2 26.3 ± 8.4 11.4 ± 5.6 0.05

Grade 3 36.1 ± 5.4 8.3 ± 8.3 < 0.01

Grade 4 30.5 ± 5.5 12.3 ± 5.2 0.04

Fig. 4 Transcriptomic analyses and differentially expressed genes (DEGs) during summer and winter of oocytes in beef cows. Principal component 
analysis (PCA; A) and hierarchical heatmap (B) indicating the expression of genes in oocyte’s during summer and winter. Venn diagram (C) showing 
exclusively and mutually expressed genes between summer and winter and Volcano plot (D) indicating the differentially expressed genes from summer 
compared to the winter [Individual red and green dots represent the number of up- and downregulated genes, respectively (FC ≥ 2; FDR p-value ≤ 0.05)]. 
Summer = SUM (n = 4) and Winter = WIN (n = 4)
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average of 98.57% of the reads mapped to the bovine ref-
erence genome. The PCA (Fig. 6A) and hierarchical heat-

map (Fig. 6B) displayed clear separation and distribution 

based on the expression of genes for each group. A total 

of 12,504 and 12,030 genes were expressed (zFPKM > -3 

in the four replicates) in the summer and winter groups, 

respectively, with 11,488 genes being mutually expressed 

in both groups. Alternatively, 1016 genes were expressed 

exclusively in the summer, while 542 genes were 

expressed exclusively in the winter (Fig.  6C). Among 

the top 20 expressed genes, 16 genes were also mutually 

represented amongst both groups (Table  5), including 

COX1-3, ND1-6, ATP6, and ATP8 with COX1 and COX3 

represented as the top 2 genes in both seasons.

Differential expression analysis indicated a total of 

2,209 genes significantly differentially expressed between 

the two seasons (FC ≥ 2; FDR = ≤ 0.05; zFPKM>-3) in all 

replicates of the enriched group; Supp Table 3). Compar-

ing the granulosa cells collected during the summer and 

the winter groups, there was an up-regulation of 1083 

genes and a down-regulation of 1126 genes (Fig.  6D). 

Table  6 represents the top 10 up- and downregulated 

DEGs. Gene enrichment analysis of DEGs in granulosa 

cell samples identified protein processing in the endo-

plasmic reticulum and cell cycle as the top-significant 

upregulated pathways in summer, while chemokine sig-

naling and Th17 cell differentiation were the top down-

regulated (Fig.  7A & B). When analyzing biological 

processes enrichment, microtubule-based movement and 

cell division were the top upregulated, while the inflam-

matory response was the top downregulated in summer 

(Fig. 7C & D).

Comparative gene expression analysis of oocyte and 

granulosa cells

Differential expression analysis revealed a set of 270 

genes commonly dysregulated in both oocyte and gran-

ulosa cell datasets (Fig.  8). Within this set, 127 genes 

exhibited a similar expression pattern in which 13 were 

upregulated and 114 were downregulated in both oocytes 

and granulosa cells during summer compared to winter 

conditions. Conversely, 101 genes were upregulated in 

granulosa cells and downregulated in oocytes while 42 

genes showed the opposite pattern, being upregulated 

in oocytes, and downregulated in granulosa cells (Fig. 8). 

Pathway analysis of these 270 common DEGs identi-

fied several pathways including transforming growth 

factor-β (TGF-beta), TNF, mitogen-activated protein 

kinase (MAPK), and PI3K-Akt signaling pathways, as 

well as cytokine-cytokine receptor interaction, Th1 and 

Th2 cell differentiation, focal adhesion, ECM-receptor 

interaction, and protein digestion and absorption path-

ways as the top affected pathways. The interaction net-

work of these pathways and their corresponding DEGs 

Table 3 The top 20 most abundant expressed genes in 
the oocytes from the summer (SUM) and the winter (WIN), 
represented as the mean of TPM. Common genes in SUM and 
WIN are bolded
Gene symbol SUM, TPM Gene symbol WIN, TPM

UBB 8675.86 SRGN 7458.34

SRGN 6404.08 INHA 6818.34

HSPB1 4652.46 COX3 6490.96

VIM 4635.51 VIM 6143.22

ACTG1 4398.71 UBB 5878

COX3 4098.08 ACTG1 5643.2

RPLP0 4082.57 COX1 5413.63

RPS15 4031.76 HSPB1 5185.75

RPLP1 3724.83 RPS15 4297.18

ACTB 3655.07 RPLP0 4251.25

RPS5 3647.72 ATP6 4164.03

ACCSL 3629.19 ACTB 4132.6

COX1 3460.1 RPLP1 4119.52

INHA 3214.14 TPT1 4013.41

GAPDH 3181.01 ENO1 3948.27

TPT1 3156.35 ND3 3906.64

RPL7A 3153.91 GAPDH 3719.85

ENO1 2934.14 SERPINE2 3687.72

RPL18A 2807.29 RPS5 3619.45

ZP3 2770.11 ND2 3455.46

TPM-Transcript per million

Table 4 Top 10 up- and downregulated, genes in the oocytes 
from the summer (SUM) compared to the winter (WIN) groups
Name FC FDR

TNFRSF13B 213.56 0.008224

ENSBTAG00000050942 15.23 0.033098

GAST 9.56 0.040492

ENSBTAG00000030892 9.41 0.003428

DRD5 5.62 0.023822

PPYR1 5.18 0.038289

EFNA3 4.82 0.009969

VSX1 4.57 0.016235

TLX3 4.52 0.008296

ENSBTAG00000018583 4.20 0.013834

COL3A1 -98.37 3.38E-18

TEAD4 -113.22 0.000543

TNFRSF8 -124.88 0.028745

TNFSF4 -141.01 0.023035

C1QTNF5 -200.22 0.011001

XCL1 -223.48 1.18E-21

EMP1 -456.81 1.04E-12

ANXA8L1 -457.97 1.34E-13

TMEM26 -1198.66 0.000143

MMP2 -1628.99 4.78E-36

FC-Fold change, FDR-False discovery rate
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is presented in Fig.  9. Most of these pathways involved 

genes that were mutually downregulated in both datas-

ets, as depicted in Fig. 10.

Discussion
Our study aimed to identify differences in the transcrip-

tome of oocytes and granulosa cells collected from beef 

cows during the summer and winter months. Through-

out our study, the THI during the summer period con-

tinually deviated from normal levels, likely indicating 

that the animals within the study were exposed to envi-

ronmental heat stress as evidenced by their increased 

rectal temperatures. In Bos taurus beef cattle, a THI over 

75 signifies a level of heat stress [22], which was repli-

cated in the present study with the average summer THI 

being 79.2. While THI has been commonly used as an 

indicator of heat stress in livestock [23, 24], it does come 

with certain limitations given that other factors, such as 

solar radiation and wind speed, are not included in its 

calculation [25, 26]. In our study, plasma cortisol con-

centrations did not differ between collections during the 

summer and winter. Cortisol is a steroid hormone regu-

lated by the hypothalamic-pituitary-adrenal axis [27], in 

which previous studies in dairy cattle [28–30] have found 

a significant increase in plasma cortisol concentrations 

in animals exposed to heat stress. Such discrepancies in 

cortisol results might be due to the fact that our obser-

vations included chronic (long-term) rather than acute 

(short-term) exposure to levels of heat stress. Addition-

ally, in our study the transcript abundance of HSP70 in 

leukocytes tended to increase in the summer (P = 0.06), 

while levels of HSP90 remained stable during both sea-

sons. In peripheral blood mononuclear cells of beef 

calves, Kim et al. [31] found that HSP70 expression was 

higher during conditions of heat stress, while the expres-

sion of HSP90 showed no differences, concluding that 

HSP70 exhibits a more sensitive mechanism than HSP90, 

aiding in the adaptation to heat stress. A major function 

of HSPs are via their role as indicators of thermotoler-

ance [32], defined as an animal’s ability to balance heat 

production/dissipation under ambient temperatures 

above the thermoneutral zone [33]. Therefore, the combi-

nation of increased rectal temperatures and the tendency 

of increased HSP70 expression in leukocytes during the 

summer, may indicate that our experimental animals 

have experienced heat stress prior to the summer OPU 

collections.

Heat stress affects oocyte quality and subsequently 

oocyte competence [34], nuclear maturation rate [35], 

fertilization rate [35], and blastocyst production in vitro 

Fig. 5 Top 20 enriched pathways (A. Upregulated pathways; B. Downregulated pathways) and biological processes (BP; C. Upregulated BP; D. Downregu-
lated BP) in oocytes collected during summer (SUM) and winter (WIN) in beef cows
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[34]. Similarly, in the present study while a higher pro-
portion of grade 1 oocytes was collected during winter, 
the proportion of grade 4 oocytes was higher in summer 
collections. In addition, heat stress disturbs the synthe-
sis of steroid hormones (i.e., decrease estradiol although 
increase progesterone concentration in the follicular 
fluid) [36] which are directly involved in the mechanisms 

regulating oocyte maturation. The consistency in these 

results among different studies should be a concern for 

the beef industry, where there is low adoption of repro-

ductive biotechnologies that would help improve fertil-

ity and pregnancy rates in the summer (such as in vitro 

embryo production and embryo transfer programs) and 

where reproductive programs consisting of natural mat-

ing with no controlled breeding season (i.e., bulls are 

allowed to breed cows continuously during the year) are 

predominantly used [37].

In the current study we showed that oocytes and granu-

losa cells respond to environmental fluctuations between 

the summer and winter seasons through the activation or 

inhibition of genes involved in several pathways associ-

ated with ovarian function. We reported here that 1,386 

genes were differently expressed in oocytes during the 

summer and winter. The top upregulated protein-cod-

ing genes for oocytes collected during the summer were 

TNFRSF13B, Gastrin (GAST), Dopamine Receptor D5 

Fig. 6 Transcriptomic analyses and differentially expressed genes (DEGs) during summer and winter of granulosa cells in beef cows. Principal component 
analysis (PCA; A) and hierarchical heatmap (B) indicating the expression of genes in granulosa cells during summer and winter. Venn diagram (C) showing 
exclusively and mutually expressed genes between summer and winter and Volcano plot (D) indicating the differentially expressed genes from summer 
compared to the winter [Individual red and green dots represent the number of up- and downregulated genes, respectively (FC ≥ 2; FDR p-value ≤ 0.05)]. 
Summer = SUM (n = 4) and Winter = WIN (n = 4)
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(DRD5), Pancreatic Polypeptide Receptor 1 (PPYR1), 
Ephrin A3 (EFNA3), Visual System Homeobox 1 (VSX1), 
and T Cell Leukemia Homeobox 3 (TLX3). On the other 
hand, Collagen Type III Alpha 1 Chain (COL3A1), TEA 
Domain Transcription Factor 4 (TEAD4), TNF Recep-
tor Superfamily Member 8 (TNFRSF8), TNF Super-
family Member 4 (TNFSF4), C1q and TNF Related 5 
(C1QTNF5), X-C Motif Chemokine Ligand 1 (XCL1), 
Epithelial Membrane Protein 1 (EMP1), Annexin A8 Like 
1 (ANXA8L1), Transmembrane Protein 26 (TMEM26), 
and Matrix Metallopeptidase 2 (MMP2) were among the 
top downregulated genes in summer. These dramatic dif-

ferences in the transcriptome of oocytes collected during 

the summer and winter seasons indicate both oocytes 

response to elevated environmental THI and its subse-

quent impact on the physiology of the oocyte.

Genes involved in regulating cellular proliferation were 

upregulated in oocytes collected during the summer sea-

son. Among the transcripts upregulated, TNFRSF13B is 

a tumor necrosis factor receptor superfamily member 

previously identified in human and mouse oocytes [38]. 

GAST, which encodes for a peptide hormone key in gas-

tric acid secretion in stomach G cells, was reported to be 

associated with positive regulation of cell proliferation 

[39–41]. EFNA3 is a member of the ephrin (EPH) family, 

a group of molecules known for playing a role in embry-

onic development, cellular proliferation, migration, and 

adhesion [42–44]. DRD5 is expressed in several types of 

cancers, and treatment with DRD5 agonists can induce 

apoptosis and autophagy [45]. These upregulated genes 

are members of the meiotic cell cycle and cell differentia-

tion pathways, enriched in oocytes collected during the 

summer season. The upregulation of cellular proliferation 

markers in immature oocytes from summer compared 

to winter could be a protective response to the challeng-

ing conditions caused by heat stress. However, it can also 

disrupt the normal developmental process of the oocyte 

which relies on the balance between proliferation and 

apoptosis in the COCs, leading to suboptimal matura-

tion or developmental competence [46]. Additionally, the 

cumulus cells surrounding the oocyte normally undergo 

a shift from proliferation to differentiation as the oocyte 

matures. Persistent proliferation markers could suggest 

incomplete differentiation of these supporting cells [47].

Interestingly, Gendelman and Roth (2012) described 

an abundance of Proto-Oncogene C-Mos (C-MOS), 

Growth Differentiation Factor 9 (GDF9), POU Class 5 

Homeobox 1 (POU5F1), and Glyceraldehyde-3-Phos-

phate Dehydrogenase (GAPDH) transcripts as higher in 

MII-stage oocytes collected in the cold season than in 

those from the hot season [48]. However, in their study, 

this seasonal variation was not present in GV-stage 

oocytes [48]. In contrast, our study found that MOS and 

GDF9 were upregulated in oocytes during the summer 

Table 5 The top 20 most abundantly expressed genes in the 
granulosa cells of the summer (SUM) and the winter (WIN) 
groups, represented as the mean of TPM. Common genes in SUM 
and WIN are bolded
Gene symbol SUM,

Avg TPM

Gene symbol WIN,

Avg TPM

COX1 193,132 COX1 212,379

COX3 125,826 COX3 165,935

ATP6 72772.2 ND3 126,366

ND1 53169.8 ATP6 83449.6

CYTB 51791.2 COX2 72552.4

COX2 48233.7 ND1 59318.4

ND3 45521.3 CYTB 54185.6

ND4 43397.3 ND4 39361.5

ND2 32595.8 ND2 24648.4

ND5 22146.8 ND6 19,144

ND6 14126.5 ND5 18328.2

INHA 10505.2 ND4L 9892.43

SRGN 5114.24 ENSBTAG00000043570 9711.51

ENSBTAG00000043570 5063.53 ENSBTAG00000043567 5481.22

ND4L 4927.43 ATP8 2139.79

GSTA1 4899.34 GSTA1 1694.48

SERPINE2 4193.81 RPLP1 1181.72

ATP8 3699.33 INHA 1064.28

HSPB1 3475.47 RPL18A 1023.44

INHBA 2863.98 HBA 868.832

TPM-Transcript per million

Table 6 Top 10 up- and downregulated genes in the granulosa 
cells from the summer (SUM) compared to the winter (WIN)
Name FC FDR

ENSBTAG00000050418 134.88 0.006551

DNAH10 108.88 0.009549

LRRC71 98.71 0.011828

DNAH11 84.21 1.19E-05

ACCSL 79.89 0.018649

DNAH6 68.15 0.024894

TMEM151B 65.44 0.028451

PLEKHS1 63.40 0.027665

ZP2 61.61 0.029016

CCDC13 61.03 0.030493

NKX2-3 -70.50 0.046237

CABLES1 -71.73 0.000577

WNT2 -72.44 0.000320

CIDEC -79.70 0.035243

ZNF831 -95.60 0.028134

GASK1A -98.00 0.024834

NRN1 -100.16 0.027999

RNASE1_2 -104.72 4.51E-05

HBB -185.26 1.68E-24

HBA -296.61 6.38E-27

FC-Fold change, FDR-False discovery rate
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season (GV-stage). Also, similar to Ferreira et al. [49], we 
found an upregulation of Fibroblast Growth Factor 16 
(FGF16) and GDF9 in oocytes collected during the sum-
mer months compared to those in the winter months. 
This may signify the fact that oocytes respond to thermal 

stress in stage dependent manner.

Among the genes downregulated in oocytes collected 

during the summer season, transmembrane protein 26 

(TMEM26) and matrix metalloproteinase 2 (MMP2) 

were suppressed by more than a thousand-fold. The lat-

ter, i.e., MMP2, levels in human follicular fluid were 

found to be a reliable marker for oocyte maturation in 

in vitro fertilization and intracytoplasmic sperm injec-

tion cycles [50]. Moreover, a recent study by Latorraca 

et al. [51] identified MMP2 to be present at all phases of 

oocyte growth (common to all oocyte size groups, from 

< 60 μm to > 120 μm). Therefore, the significant reduction 

of such transcripts in oocytes collected during the sum-

mer season implies the negative impact of thermal stress 

on oocytes’ developmental competence by suppressing 

transcripts critical for their growth and development. 

Collectively, double the number of transcripts were 

found to be downregulated in oocytes collected dur-

ing the summer compared to their winter counterparts. 

This fact evidenced the potential impact of elevated envi-

ronmental temperatures on oocytes competence is via 

the suppression of the expression of transcripts impor-

tant for their growth and maturation. This has also been 

evidenced in the type of pathways in which the down-

regulated transcripts participate (Fig.  5B). A significant 

proportion of downregulated transcripts were found 

to be involved in PI3K-Akt signaling and focal adhesion 

pathways. The PI3K-Akt signaling pathway is reported 

to be a key regulator of many cellular processes associ-

ated with cell proliferation, survival, growth, cytoskeletal 

rearrangement, and metabolism [52], which makes the 

pathway to be a potential predictor for the developmental 

competence of oocytes and successful embryo implan-

tation [53]. Similarly, studies in bovine oocytes revealed 

that follicular granulosa cells’ expression of the PI3K-Akt 

signaling pathway to be correlated with the developmen-

tal competence of oocytes after parthenogenetic activa-

tion [54]. Therefore, our results demonstrate that one of 

the mechanisms by which environmental thermal stress 

impacts oocyte competence is via the suppression of 

transcripts involved in various key pathways regulating 

follicular development, oocyte maturation, and further 

embryonic developmental potential.

Fig. 7 Top 20 enriched pathways (A. Upregulated pathways; B. Downregulated pathways) and biological processes (BP; C. Upregulated BP; D. Downregu-
lated BP) in granulosa cells collected during summer (SUM) and winter (WIN) in beef cows
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Granulosa cells are known to mediate oocyte develop-
mental process via an active bidirectional communica-
tion with the oocyte [55, 56]. Therefore, any significant 

negative impact of environmental seasonal changes on 

granulosa cell physiology would have a direct impact on 

ovarian function and oocyte developmental processes. 

Transcriptome analysis of granulosa cells form sum-

mer and winter seasons revealed that among the 2,209 

differentially expressed genes, several members of the 

Heat Shock proteins family (Heat Shock Protein Fam-

ily A (Hsp70) Member 5 (HSPA5), Heat Shock Protein 

90 Beta Family Member 1 (HSP90B1), DnaJ Heat Shock 

Protein Family (Hsp40) Member B9 (DNAJB9), B11 

(DNAJB11), B14 (DNAJB14), B13 (DNAJB13), and C5 

(DNAJC25) were found to be upregulated in granulosa 

cells during the summer season as a response to higher 

environmental temperatures. These genes have been 

previously described as components of the Heat Shock 

Protein cascade in response to heat stress [57, 58], and 

have been shown to be elevated in granulosa cells after in 

vitro exposure to acute heat stress [59, 60]. In addition, 

here we report that several members of the axonemal 

dynein complex members including Dynein Axonemal 

Heavy Chains 1 (DNAH1), 5 (DNAH5), 6 (DNAH6), 7 

(DNAH7), 9 (DNAH9), 10 (DNAH10), 11 (DNAH11), and 

12 (DNAH12) to be upregulated in the summer months. 

Moreover, DNAH6, DNAH10, and DNAH11 were in the 

top 10 upregulated genes in the granulosa cells during 

summer. Dyneins are a family of cytoskeletal motor pro-

teins that form the microtubules in cells. Dyneins have 

been localized in follicles (granulosa cells and oocytes) 

[61, 62], and in mice, the inhibition of dynein proteins 

significantly increased the number of growing follicles 

[63].

Other class of transcripts related to Zona Pellucida 

Glycoprotein 2 (ZP2), a critical component of the Zona 

Pellucida, was in the top 10 upregulated genes in the 

granulosa cells during summer. Similar studies have also 

previously indicated that heat stress impacts the ZP func-

tion and therefore disrupts the anti-polyspermy system 

of the oocyte, which resulted in increasing polyspermy 

[64] and increased number of pores and a more signifi-

cant percentage of oocytes with amorphous ZPs [65] as 

a result of thermal stress. Collectively, our data and also 

from others suggest that in vivo, granulosa cells are also 

susceptible to seasonal heat stress provoking changes in 

cell transcriptome dynamics, which could be possibly 

related to the decrease in oocyte quality in the summer.

As observed in oocytes, granulosa cells collected dur-

ing summer showed upregulation of genes involved 

in protein processing in endoplasmic reticulum, while 

downregulated genes are involved in chemokine signaling 

Fig. 8 Commonly and exclusively differentially expressed genes from summer compared to winter collected oocytes (OO) and granulosa cells (GCs)
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pathways. Accumulation of unfolded or misfolded pro-
teins in the endoplasmic reticulum due to various envi-
ronmental stressors induced the onset of ER stress, 
which ultimately leads to cellular apoptosis [66]. One of 
the coordinated responses to accumulated unfolded pro-
tein in the ER is called unfolded protein response (UPR). 
Therefore, the upregulation of genes associated with 

protein processing in ER in the current study revealed 

that increased protein processing in the ER is one of the 

mechanisms in which granulosa cells respond to elevated 

environmental temperature.

Integration of the oocyte and granulosa cells transcrip-

tome data revealed differential regulation of 127 genes in 

common with a similar direction of expression in both 

oocytes and granulosa cells in response to environmental 

temperature. The majority of the transcripts (114 genes) 

were found to be suppressed in both oocytes and granu-

losa cells collected during the summer season compared 

to the winter. Pathway analysis for these commonly sup-

pressed transcripts due to thermal stress in oocytes and 

granulosa cells revealed their enrichment in several 

pathways associated with ovarian function, follicle and 

oocyte development (Fig.  10). The involvement of the 

TGF-beta and PI3K-Akt pathways suggests alterations in 

cell growth, apoptosis, and metabolic processes, which 

are critical for follicular maturation and oocyte qual-

ity [53, 67]. Additionally, changes in focal adhesion and 

ECM-receptor interactions indicate potential disrup-

tions in oocyte-follicle communication and intracellular 

signaling [68] due to the elevated summer temperature. 

Fig. 9 Top pathways and the related commonly DEGs in the oocytes and granulosa cells in summer compared to winter groups
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Investigating the functional consequences of these gene 
expression changes on further embryonic development 
in vivo could provide deeper insights into how environ-
mental stressors affect reproductive efficiency. This is the 

first evidence indicating how follicular cells (granulosa 

cells) and gametes (oocytes) are affected by or respond 

to environmental elevated temperature in the ovarian 

follicle.

Conclusion
Our results indicate that cows exposed to seasonal fluc-

tuations of heat stress dramatically alter their granulosa 

cells and oocytes transcriptome, which may in part be 

responsible for negatively impacting follicular physiol-

ogy. Specified genes and their associated pathways and 

biological processes pose an essential function in bovine 

granulosa cells and oocytes’ response to heat stress, 

potentially serving as mechanisms for future targets to 

mitigate the impact of heat stress within the intrafollicu-

lar environment.

Abbreviations

ANXA8L1  Annexin A8 Like 1
ATP6  Mitochondrially Encoded ATP Synthase 

Membrane Subunit 6
ATP8  Mitochondrially encoded ATP synthase 

membrane subunit 8
BP  Biological processes
C1QTNF5  C1q and TNF Related 5
C-MOS  Proto-Oncogene C-Mos
COCs  Cumulus-oocyte-complexes
COL3A1  Collagen Type III Alpha 1 Chain
COX1  Cytochrome C Oxidase I
COX3  Cytochrome C Oxidase III
CV  Coefficient of variation
DEGs  Differentially expressed genes
DNAH 1, 1, 5, 6, 7, 9, 10, 11, and 12  Dynein Axonemal Heavy Chains 1, 5, 6, 

7, 9, 10, 11, and 12
DNAJB 11, 13, 14, and 90  DnaJ Heat Shock Protein Family (Hsp40) 

Members B11 B13, B14, and B90
DNAJC25  DnaJ Heat Shock Protein Family (Hsp40) 

Member C25
DRD5  Dopamine Receptor D5
ECM  Extracellular Matrix
EFNA3  Ephrin A3
EMP1  Epithelial Membrane Protein 1
EVs  Extracellular vesicles
FAWN  Florida Automated Weather Network

Fig. 10 Top pathways and the related DEGs which exhibited a downregulation in oocytes and granulosa cells in summer compared to winter groups
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FDR  False discovery rate
FGF16  Fibroblast Growth Factor 16
GAPDH  Glyceraldehyde-3-Phosphate 

Dehydrogenase
GAST  Gastrin
GDF9  Growth Differentiation Factor 9
GEO  NCBI’s Gene Expression Omnibus
GLM  Generalized Linear Model
GV  Germinal vesicle
Hsp40  DnaJ Heat Shock Protein Family
HSP70  Heat shock protein 70
HSP90  Heat shock protein 90
HSP90B1  Heat Shock Protein 90 Beta Family 

Member 1
HSPA5  Heat Shock Protein Family A (Hsp70) 

Member 5
HSPB1  Heat Shock Protein Family B (Small) 

Member 1
INHA  Inhibin Subunit Alpha
MAPK  Mitogen-activated protein kinase
MMP2  Matrix Metallopeptidase 2
ND1-6  NADH dehydrogenase subunits 1–6
OPU  Ovum Pick up
PCA  Principal component analysis
PI3K-AKT  Phosphoinositide 3-kinase (PI3K)–AKT 

pathway
POU5F1  POU Class 5 Homeobox 1
PPYR1  Pancreatic Polypeptide Receptor 1
qPCR  Quantitative real-time PCR
SRGN  Serglycin
TEAD4  TEA Domain Transcription Factor 4
TGF-beta  Transforming growth factor-β
THI  Temperature humidity index
TLX3  T Cell Leukemia Homeobox 3
TMEM26  Transmembrane Protein 26
TMM normalization  Trimmed mean of the M-values 

normalization method
TNF  Tumor necrosis factor
TNFRSF13B  TNF Receptor Superfamily Member 13B
TNFRSF8  TNF Receptor Superfamily Member 8
TNFSF4  TNF Superfamily Member 4
TPM  Transcripts per million
UBB  Ubiquitin B
UPR  Unformed protein response
VSX1  Visual System Homeobox 1
XCL1  X-C Motif Chemokine Ligand 1
ZP2  Zona Pellucida Glycoprotein 2
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