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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 reproduction’

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
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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 (mMRNA, miRNA, tRNA, and other long noncoding RNA),
proteins, DNA, and lipids, that they transfer to the recipient cells (Valadi et al. 2007; Almifiana 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



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



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 (Almifiana 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



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 (Maria 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,



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 Graca 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 Marban
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



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



dyes is the most common way for detecting EV uptake. Some of these dyes include PKH67,
PKH26, rhodamine B (also called R18), Dil 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



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 (Cronqgvist 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



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-f), 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
PMCAA4a, 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; Castaino et al. 2018), type 2 diabetes (Kong et al. 2011; Higuchi et al. 2015), ageing
(Kirkman et al. 2012; Dhahbi et al. 2013; Lopez-Otin 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 (Castafio 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- 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-Vasquez et al. 2016;
Almifiana 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 (Almifiana 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 (Almifiana 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 t (the ovine pregnancy recognition signal) in a
dose-dependent manner (Ruiz-Gonzélez 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 (Almifiana 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
atalevel 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-
Vasquez 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 B-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 pB-
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-f 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, H202 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 H202 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, TXNI1, and PRDX1 (Saeed-Zidane et al. 2017). In the same experiment,
examination of the spent culture media revealed that granulosa cells treated with H202 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 H202 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 H202 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 H202 (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 (Almifiana 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 (Almifiana
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 embryos?

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
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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, naive cells treated with a medium conditioned by stressed cells showed
increased levels of DNA damage and apoptosis when compared to naive cells treated with a
conditioned medium from control cells. Moreover, naive 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 (x1)) (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
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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 x 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 um 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 pL 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 ¢ (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 puL of purified EVs were diluted in 995 pL 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 pL) 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 x 1011 particles/mL) were incubated with 1 uL of PKH26 (4 x 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 pL 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 pL 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 fora23+1h

59



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 x60 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 pg/mL USDA-LH-B-5, 1 pg/mL estradiol 17, 50 ng/uL 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 x 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 (Almifiana et al., 2017; Alcantara-Neto et al., 2020a; Alcantara-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 pL 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 x 106 sperm/mL using equilibrated F-
CDM. Finally, sperm were added to COCs at a concentration of 0.5 x 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 pL 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% 02, 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 pL 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% 02
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 um’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 -
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 puL droplets of 10 uM 2',7'-
Dichlorofluorescin Diacetate (H.DCFDA) 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 x20

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 (A¥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'tetraecthylbenzimidazolylcarbocynanine 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 uM 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 x20 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 pL 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 pg/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 uL 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 uL
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 x20
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 CDS81), 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-EV's 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 uM (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).
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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 (A¥Ym) (Figures 2.5E, F). However, under normal physiological conditions,
the highest AYm 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.
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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 2',7'-Dichlorofluorescin Diacetate (H.DCFDA) were
captured for the measurement of intracellular ROS levels in single oocytes. Scale bar, 50 uM
[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'tetracthylbenzimidazolylcarbocynanine iodide (JC-1) for the measurement of MMP
(A¥m), an indicator of mitochondrial activity in single oocytes. Scale bar, 50 uM [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 <
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Figure 2.6. The effect of GC-EVs on the devéiopm;ntal 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).
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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,
A

w)

Vehicle N-EVs S-EVs

H.DCFDA

NC

Merged J-aggregate J-monomer
's
H

P

|

i
n
>
w
(%)

N-EVs Vehicle
®

s8]
m

Vehicle N-EVs S-EVs

BF H,DCFDA

@

=

j-a : ateﬁ
‘ - ..

Merged

N-EVs Vehicle
€ )

O S-EVs -

@
*
*

°
1

104

Red/Green Ratio

Relative Intensity of ROS
e
in

© & F NN
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 2',7'-
Dichlorofluorescin Diacetate (H.DCFDA) were captured for the measurement of intracellular ROS
levels in single blastocysts. Scale bar, 50 uM [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 (A%m), an indicator of mitochondrial activity in single blastocysts. Scale
bar, 50 uM [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).

A D

Hoechst/DAPI DAPI TUNEL+ Merged

N-EVs

Vehicle N]
| [

S-EVs |;-“‘ i NC

S-EVs

Hoechst/DAPI E DAPI TUNEL+ Merged

NC
NC

Vehicle
N-EVs Vehicle

N-EVs

‘-E‘s
S-EVs

(o]
m

200 b el

Total Cell Number per BL
TUNEL (+) Nuclei per BL

81



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
uM [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 uM [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
COC:s 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 naive 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

85



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-Vasquez 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
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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 stress®

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 HSPBI, 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
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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 naive 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,
Almifiana 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.

Experimental Design

N-Organoids

Oviductal
Organoids
1 passage; P,
uc i :
ells x 7 days/passage o
; SEVs : -
OF ot @ o Okt Cryioica® - (s Jjteon ot : (2 NextGeneration 5) Data
() oviductal Cells 1(2) of oviductal Organoids  : (3) Heat Treatment : (4) sequencing ! e

Figure 3.1. Schematic Illustration of the Experiméntal 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 (FOXIJ1), 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 naive in vivo BOECs.
The panel was comprised of cell proliferation and adhesion (MKI67 and CDH1), ciliated cell
function and differentiation (LRRC6, TUBA1A, TUBAIB and TUBAI1C), 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).
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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
FOXIJ1) at 20 x and 40 x magnification, respectively. Scale bar =50 pm at 20 x magnification and
20 um at 40 x magnification. Controls shown in insets represent a negative reagent control
(OVGP1, ZO1 and FOXIJ1).
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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 naive 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-UCDI1.2). 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, TPTI,

RPLPI1, RPLPO, 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 0f 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, SERPINEI1; 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.

Table 1 Top 20 expressed genes in oviductal Organmds from the Table 2 Top 20 DEGs in HS (42 °C) oviductal organoids compared to the thermoneutral (37 °C) groups
HS (42 °C) and thermoneutral (37 °C) groups

Upregulated Genes FC FDR Downregulated Genes FC FDR

Genes 42°CGroupTPM %?  Genes 37°CGroupTPM %*

Cox1 1213448 1036 COX1 1870353 1463
ACTB 985164 841 COX3 1204418 9.42
CST6 786693 671 COX2 807311 7.10
TPTI 699646 597 FIHI 863391 676
HSPBI 681469 582 RPLPI  6970.11 545
RPLPI 640856 547 GAPDH 613364 480
RPLPO 615516 525 RPLPO 570206 446
U 563577 481 ATPs 525880 41
CRYAB 551948 471 KRTI9 524757 4n
FIL 540390 461 FIL 521736 408
ACTGT 539925 461 TPTI 515381 403
cox3 501702 428 ACTB 486359 381
FTHI 500465 427 ACTGI 470911 368
COX2 495839 423 EEFIAT 456117 357
EEFIAT 452472 386 RPS15 4490.25 321 FC Fold Change, FDR False Discovery Rate
UBASZ 441187 377 CST6 445638 349
HSPAIA 436703 373 ND3 443430 347
ANXAZ 373605 319 NDI 410432 321
HSPAS 353116 301 MSIN 402535 315
RPSI5 341848 292 UBAS2 401846 314

TPM average Transcript Per Million mapped reads
2 Percentage of the genes sequence reads
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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
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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.

Table 3 Top 20 expressed miRNAs in oviductal organoid-derived EVs from the HS (42 °C) and thermoneutral (37 °C) groups

miRNA 42 °C Group CPM %? miRNA 37°C Group CPM %2
bta-miR-1246 714,796.52 5239 bta-miR-1246 363,004.63 4435
bta-miR-148a 91,700.77 6.72 bta-miR-148a 63,584.52 777
bta-miR-21-5p 66,565.11 4388 bta-miR-21-5p 4390213 536
bta-miR-451 63,787.82 468 bta-let-7a-5p 38,199.05 467
bta-miR-92a 52,778.22 387 bta-miR-378 3332783 407
bta-miR-122 39,526.19 290 bta-miR-451 26,116.20 319
bta-let-7a-5p 35926.19 263 bta-let-7i 22,986.77 281
bta-let-7i 25,351.78 1.86 bta-let-7f 20,881.75 255
bta-miR-378 23,826.87 1.75 bta-miR-122 19,106.09 233
bta-let-7f 19,848.71 145 bta-let-7b 17,898.58 219
bta-miR-26a 19,314.54 142 bta-miR-26a 16,336.63 2.00
bta-let-7b 17,836.14 1.31 bta-miR-151-3p 10,16243 1.24
bta-miR-10b 12,289.04 090 bta-miR-200b 8044.04 0.98
bta-miR-151-3p 12,105.22 0.89 bta-miR-320a 642609 Q.79
bta-miR-99a-5p 10,290.88 075 bta-miR-200c 561862 069
bta-miR-200b 9131.74 067 bta-let-7 g 5587.82 068
bta-miR-10a 7387.11 0.54 bta-miR-100 512445 063
bta-miR-143 662753 049 bta-miR-30d 5002.99 061
bta-miR-30d 6243.01 046 bta-miR-10b 4666.79 0.57
bta-miR-486 6147.07 045 bta-miR-192 447481 055

CPM average Counts Per Million mapped reads
2 Percentage of the miRNA sequence reads

Table 4 DE-miRNAs in oviductal organoid-derived EVs from the HS (42 °C) compared to the thermoneutral (37 °C) groups

Upregulated miRNA FC FDR FCFold Change, FDR False Discovery Rate  FC FDR
Downregulated miRNA

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 413 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 -517 2.14E-04
bta-miR-16a 542 1.89E-02 bta-miR-6518 -10.17 5.05E-03
bta-miR-204 536 7.36E-03 bta-miR-197 -10.51 1.04E-02
bta-miR-181a 4.06 343E-03

bta-miR-22-3p 3.96 1.04E-02

bta-miR-9-5p 365 1.89E-02

bta-miR-206 3.16 227E-02

bta-miR-99a-5p 266 8.58E-04

bta-miR-10b 262 7.36E-03

FC Fold Change, FDR False Discovery Rate
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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

logyg Pwvalue

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]J[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. Alimifiana et al. [26], investigated the differential

119



124 mm Thermoneutral
114 mm HS
104 = RNA-Seq
g:**** ‘

— m/

Ty 09 (|

‘;-:‘ 5= ke 2k ok e

i el
e 3r *%

g m

i || II r_|| I| |I AR

2 ) m m m M

5 -

Sofalll allanl ol sl o & & &
20] I
-40
60+

s ‘\‘\ Q'\ Vh c,;‘_! Q‘J +’\ Qg'\v “:5 QC)
& & ox\“} 0‘\9 T & & & &€ &

(B)

5 130 Bl Thermoneutral

9 ﬁg% I mEm HS

N B RNA-Se

= 100 q

& 25

ey

o g % %k % = —

S 10 —

L 8 ns

g 6 |

s 4

3 2

7}

x 0

& Y o N
& @& & &
N O\ N N
& & N\ &

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/CJA(C) and the [C/U][U/A]GU (D) miRNA sequence motifs with

known RNA-binding proteins. (p <0.05).

Table 5 Identified motif positioning on the upregulated miRNAs in the HS (42 °C) compared to the thermaoneutral (37 °C) groups

Fl 2
miRNA l\‘;;Iue §|]ucg A miRNA s;lue é“ SH

0347 %’ m v oW M et n
bta-miR-1388-5p 8.73E-04 AGGACUGUCCAACCUGAGAAU bta-miR-181a 5.59E-03 AACAUUCAACGCUCUCGGUGAGUU
bta-miR-99a-5p 1.70E-03 AACCCGUAGAUCCC AUCUUGU bta-miR-92a 5.69E-03 UAUUGCACUUGUCCCGGCCUCU
bta-miR-204 3.08E-03 UUCCCUUUGUCAUCCUAUGCCU bta-miR-22-3p 9.20E-03 AGUUCUUCACUGGCAAGCUUUA
bta-miR-202 3.06E-03 UUCCUAUGCAUAUACUUCUUU bta-miR-223 9.20E-03 UGUCATUUUGUCAAAUACCCCA
bta-miR-10b 5.07E-03 UACCCUGUAGAACC CAAUUUGUG bta-miR-150 9.20E-03 UCUCCCAACCCUUGUACCACUGU
bta-miR-150 5.07E-03 UCUCCCAACCCUUGUACCAGUGU bta-miR-10b 1.75E-02 UACCCUGUAGAACCGAAUUUCUG
bta-miR-181a 7.23E-03 AACAUUCAACGCUGUCGGUGAGUU bta-miR-99a-5p 1.75E-02 AACCCGUAGAUCCGAUCUUCU
bta-miR-223 1.19E-02 UGUCAGUUUGUCAAAUACCCCA bta-miR-204 1.75E-02 UUCCCUUU=UCAUCCUAUGCCU
bta-miR-9-5p 1.88E-02 UCUUUGGUUAUCUAGCUGUAUG
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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 naive-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 CDHI), ciliated cell function and differentiation (LRRC6, TUBAIA, TUBAIB and
TUBA1C), and hormonal prostaglandin function (PTGS2, PTGES and OXTR) compared to naive
in vivo BOECs. Collectively, interspersed FOXJ1 + cells indicate ciliated cell presence, while
stable MKI67 mRNA levels amid in vitro cultured oviductal organoids and naive 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 naive 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 UBAS2), 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 HSPBI1), 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 CRISPLD?2, 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, SERPINEI, 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 SERINEI1
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, NDUFSS, NDUFS7,
NDUFS6, NDUFS3, NDUFS2, COQ9, NDUFV2, ND3, NDUFV1, ND2 and ATP5F1A, ATP5PB,
ATP8, ATP6, ATP5SMC2, ATPSMC3, ATPSF1C, ATPSF1D, ATPSMCI 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 naive
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 PKCa,
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 (mMRNA 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 HO887), 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 um 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 pL 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 pL of Organoid Medium (OM) (OM;
DMEM/F-12 without phenol red (Gibco 21,041-025), 100 pg/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 uM TGFp/Alk
inhibitor A83-01 (Tocris 2939), 1.25 mM N-acetyl-L-cysteine (EMD Millipore 106,425), 10 uM
SB202190 (S7067), 10 uM 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 pL 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 um), 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, paraftin 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 IgQG), 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 VHMO04-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 pm 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
uL 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 x 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-um pore

nitrocellulose membrane (Bio-Rad 1,620,112) and blocked for 1 h at room temperature in 5% (w/v)
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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-FLOTI1-1, 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 ddH20O for 15 s. Afterwards, the grids were floated on a 5 pL 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 [llumina (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

FASTAQ 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-UCDI.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 zZFPKM 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 zZFPKM > — 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.abce.nciferf.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, naive 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/uL and ~ 1024
ng/uL, 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 ul reaction volumes
containing 0.5 pL of each primer (10 pM), 10 pL of iQ SYBR Green Supermix (Bio-Rad
1,708,880), 7 uL of ddH20 and 2 pL 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 B-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 TagMan™ miRNA Assays
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(Applied Biosystems™) according to the manufacturer's instructions. Briefly, 5 ng/uL of total
RNA were reverse-transcribed using a TagMan™ microRNA Reverse Transcription Kit (Applied
Biosystems™ 4,366,596). The reaction mixture (7.5 uL) constituted 0.75 uL ANTP mix w/dTTp
(100 M total), 0.075 uL 10X RT buffer, 0.095 uLL RNase inhibitor (20U/uL), 0.5 pL Multiscribe™
RT enzyme (50U/uL), 1.5 uL of the given miRNA-specific stem-loop primer, and 2.5 uL of RNA
(5 ng/uL). 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 uL. qRT-PCR mixtures
were prepared in a 96-well PCR plate with 10 uL TagMan™ Universal PCR Master Mix, no
AmpErase™ UNG (Applied Biosystems™ 4,324 ,018), 1 uL. miRNA-specific TagMan microRNA
probe (FAM, 250 nM), 7 uL ddH20O and 2 pL 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)
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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; Alminana 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

B

derived from in vivo oviductal fluid and in vitro cultured
oviductal epithelial cells revealed significant differences
(Almifiana 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 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 (Maria 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 Graca 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 Marban 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.
2020Db). 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), Dil 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

C
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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
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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-§), 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), PMCAl/4
and PMCAl compared to those incubated in phosphate
buffered saline solution. A significant level of PCMA4, which
is a membrane protein involved in the Ca?* 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; Castafio
et al. 2018), type 2 diabetes (Kong et al. 2011; Higuchi et al.
2015), ageing (Kirkman et al. 2012; Dhahbi et al. 2013;
Lépez-Otin 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 (Castafio 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-§
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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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-Vasquez
et al. 2016; Almifiana 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 (Almifiana 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 (Almifana 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 t (the ovine pregnancy recogni-
tion signal) in a dose dependent manner (Ruiz-Gonzalez 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 (Almifiana
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-Vasquez 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

H

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
B-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 f-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-p 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, H,O, 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 H,0, 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 H,O, 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 H,O, 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 H>O,,
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 HyO, (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.
Anincreasing 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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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 (Almifiana
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

K
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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 (Almifana et al. 2017). These
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 (PreDeyv; [8-20 mm), deviation (Dev; 22-25mm), postdeviation (PostDev; 2629 mm), preovulatory
(PreOV; 30-35mm), and impending ovulation (IMP; ~40 mm). Approximately 176 known miRNAs were found in all groups with 144 mu-
tually detected among all groups. Cluster analysis exhibited |5 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

Baerwald, 2009; Adams et al., 2012; Ginther, 2017a; Bashir et dl.,
2018; Garcia-Guerra et al., 2018). The mechanisms of follicle develop-

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;

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 | (IGFI), 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

TThese authors should be considered joint first authors.

© The Author(s) 2023. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.

For permissions, please email: journals.permissions@oup.com

£20Z 18qWIaAoN Q€ UO Jasn AlIsIaAlun 8)elS opelojo) Aq GES650//600PEED/H/62/31011./1ys|ow/Wwod dno-olwepese//:sdiy Woly pepeojumoq


https://orcid.org/0000-0001-8166-0606
https://orcid.org/0000-0001-8166-0606
https://orcid.org/0000-0002-8855-6980
https://orcid.org/0000-0002-8855-6980
https://orcid.org/0000-0001-8166-0606
https://orcid.org/0000-0001-8166-0606
https://orcid.org/0000-0001-8166-0606
https://orcid.org/0000-0001-8166-0606

Gebremedhn et al.

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 dl.,
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 (Gyorgy et al., 201 I). 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 (Yanez-Mo 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-f 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 (n=19; 8 to 14 £ 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 lllinois University.

Ultrasonography, follicle tracking, and
groups

Ultrasound-guided ablations of all follicles >6 mm were performed on
Days 10—11 of the estrous cycle (ovulation = 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—10 MHz 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
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least three consecutive days were assigned to five groups based on
the targeted diameters: predeviation (PreDev; 18-20 mm), deviation
(Dev; 22-25mm), postdeviation (PostDev; 26-29 mm), preovulatory
(PreOV; 30-35mm), and impending ovulation (IMP; ~40 mm) follicles
with signs of imminent ovulation, as described previously (Gastal et al.,
2006). The complete experimental design is illustrated in Fig. |.

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 |9 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 (1600xg
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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| | of the estrous cycle (ovulation = 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; 2629 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.
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for 10min at 4°C), and the supernatants were subjected to a second
centrifugation (3200xg 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
500xg for 5min to remove cells, followed by 4000xg to remove the
cellular debris. Samples of FF were filtered through a 0.22 uM sterile
filter to remove particles larger than 200 nm. Thereafter, EVs were iso-
lated by centrifuging samples at 25 000x g for 30 min at 4°C. For the
EV isolation, 2ml of pre-centrifuged follicular samples were subjected
to an ultracentrifugation procedure at 120 000xg for 70 min 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 000xg for 70min. Finally, EVs were resuspended in
500 pl 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 (TSGIOI), and flotillin | (FLOTI)) 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, 100 pl of iso-
lated EVs were lysed in 50 ul | x RIPA buffer and the protein extract
samples were centrifuged at 12 000xg for 30 min at 4°C. Following
this, protein lysates were separated by electrophoresis in a [0-12%
gradient sodium dodecyl sulphate—polyacrylamide gel (Bio-Rad
Laboratories, Hercules, CA, USA) at 90 volts for I5min then 125
volts for 60 min and transferred onto a nitrocellulose membrane (Bio-
Rad) for I h at 100 volts. Membranes were blocked in 5% non-fat dry
milk dissolved in TBST (100 ml of 10x TBS (Bio-Rad), | ml of Tween
(Bio-Rad), and 900 mL of Nanopure water) for |h on a shaker at
room temperature. Following the blocking, membranes were incu-
bated with the following anti-CDé63 rabbit polyclonal (1:250; System
Biosciences, Palo Alto, CA, USA): Anti-TSGIOI rabbit polyclonal
(1:250; System Biosciences), Anti-FLOT| 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 | x TBST, they were incu-
bated with appropriate secondary antibodies conjugated with horse-
radish peroxidase for | h at room temperature protected from light.
After the membranes were washed with |x TBST, protein bands
were visualized using an enhanced chemiluminescence substrate
(Bio-Rad), and images were acquired using Chemi Doc XRS + 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, 10 ul of purified
EVs was diluted in 990l of sterile PBS and assembled into the
Zetaview Laser scattering microscope (Particle Metrix) fitted with an
LMI14C laser. For each sample, || independent video measurements

were recorded at || 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 30 pl
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 ddH,O and fixed by placing them on a 30 pl 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 dl., 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
(llumina) 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 (lllumina, 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 (lllumina 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 2| (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
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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.nciferf.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 FLOTI and the TSGI0I 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 91111 nm 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 x
107 to 1.4 x 10 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 (18s and 28s) 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, |4 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 mMiRNAs 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 Slll). 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 SllI). 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 |0 different stage comparisons
(Table Il). 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
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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 | (FLOTI), and tumor susceptibility gene
101 (TSG101)) and cellular protein contamination indicator (cytochrome C (CYTC)) (cells = granulosa cells, as positive control). The full, uncropped
blot is presented in Supplementary Fig. SI. (B) Transmission electron microscope imaging showing a clear morphology of EVs with a cross-sectional
size of the diameter. (€) 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 = 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.

development and shown to have distinct clustering patterns. Cluster
analysis showed that the miRNAs released via EVs were clustered into
I5 different patterns (Fig. 6A; Supplementary Table SIV). Each cluster
pattern was composed of a variable number of miRNAs, in which clus-
ters 3 and |4 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, |0 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
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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. (€) 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.

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 || 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, Rapl, 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
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Table I List of top 20 most abundant microRNAs in the extracellular vesicles obtained from equine follicular fluids at different follicular stages.

eca-miR-148a
eca-miR-21
eca-miR-99a
eca-miR-10b
eca-miR-10a
eca-miR-143
eca-miR-423-5p
eca-miR-192
eca-miR-100
eca-let-7c¢
eca-let-7g
eca-miR-27b
eca-miR-24
eca-miR-486-5p
eca-miR-26a
eca-miR-215
eca-miR-378
eca-let-7f
eca-miR-409-3p
eca-miR-128

PreDev CPM

409 806.46
194891.59
89 666.93
66218.20
60677.32
44 643.29
33408.40
29890.37
23916.29
21197.74
18 603.44
17700.45
15907.17
15309.42
15047.80
12010.99
10869.25
10072.44
8942.59
8814.08

eca-miR-148a
eca-miR-21
eca-miR-99a
eca-miR-10b
eca-miR-192
eca-miR-10a
eca-miR-423-5p
eca-miR-486-5p
eca-miR-215
eca-miR-143
eca-miR-24
eca-miR-27b
eca-miR-100
eca-let-7c
eca-miR-128
eca-miR-22
eca-miR-27a
eca-let-7g
eca-miR-378

eca-miR-26a

277969.22
135755.66
84174.55
63 145.15
5772574
55601.35
38494.35
24016.11
23578.38
22493.12
21927.39
19 126.45
17 140.29
16728.22
16083.20
13850.70
12916.35
11417.87
10646.15
10192.51

eca-miR-148a
eca-miR-192
eca-miR-21
eca-miR-99a
eca-miR-10b
eca-miR-423-5p
eca-miR-10a
eca-miR-215
eca-miR-22
eca-miR-24
eca-miR-128
eca-miR-143
eca-miR-27b
eca-miR-486-5p
eca-miR-27a
eca-miR-409-3p
eca-let-7c
eca-miR-122
eca-let-7g
eca-miR-378

PostDev CPM  Name

206 178.04
92 665.57
72389.67
54958.62
48179.59
45372.59
43382.60
3828741
25803.64
21075.65
19638.04
15821.05
15704.95
14674.94
13579.20
13136.62
11905.89
I'1485.03
11369.86
9602.69

eca-miR-148a
eca-miR-21
eca-miR-99a
eca-miR-192
eca-miR-10b
eca-miR-423-5p
eca-miR-10a
eca-miR-486-5p
eca-miR-218
eca-miR-215
eca-let-7g
eca-miR-128
eca-miR-26a
eca-miR-143
eca-miR-27b
eca-miR-22
eca-miR-24
eca-miR-7
eca-let-7c
eca-let-7a

PreOV CPM

152965.15
95901.47
71623.18
51373.46
49761.65
39955.41
32691.44
24713.88
21250.09
18943.79
17988.93
17875.35
16816.53
16704.88
16077.11
15668.66
14 686.37
14500.99
1193111
10613.72

eca-miR-148a
eca-miR-192
eca-miR-21
eca-miR-10a
eca-miR-423-5p
eca-miR-10b
eca-miR-99a
eca-miR-215
eca-miR-100
eca-miR-22
eca-miR-128
eca-miR-24
eca-miR-486-5p
eca-miR-143
eca-let-7g
eca-miR-7
eca-let-7c
eca-let-7a
eca-miR-26a
eca-miR-27a

IMP CPM

169 838.89
81230.16
77 134.05
52998.08
49 064.92
48 652.41

38118.68
27490.33
21564.89
19754.83
19450.89
17208.97
16539.04
16396.20
16 114.67
12918.37
12566.43
1249391

12312.08
12 149.54

miRNA: microRNA; PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation; CPM: counts per million.
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Extracellular vesicle-miRNAs during follicle selection
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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 |0 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 1l Expression fold changes of differentially expressed microRNAs commonly appearing in at least five different equine

follicular-stage comparisons.

Name

PreDev
versus
Dev

PreDev
versus
IMP

PostDev
versus

IMP

PreOV
versus
PreDev

PreOV PreOV
versus versus
PostDev IMP

eca-miR-9a
eca-miR-204b
eca-miR-206
eca-miR-34c
eca-miR-483

eca-miR-485-3p

—6.8
—-21.2

PostDev PreOV IMP PreDev
versus versus versus versus
Dev Dev Dev PostDev
19.9 26.0 42.6 -
8.0 - 17.0 —34
5.5 - 10.8 -7.0
—553 —10.0 - 268.4
4.0 - - —27.1
- - - —42.6

—16.1
-9.0

—63.3

4.8

35
—48.7
16.4
25.6

- -5

miRNA: microRNA, PreDev: predeviation;

Dev: deviation; PostDeyv:

: postdeviation; PreOV: preovulatory; IMP: impending ovulation; —: not applicable.
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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.
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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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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 PreQV stage. (B) Among this cluster, seven miRNAs were differentially expressed (DE), and one miRNA was exclusively
expressed in the PreDev group. (€) Pathways associated with the exclusive and DE-miRNAs target genes of this cluster. PreDev: predeviation;
Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.

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
PreQV 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 dl.,
2014). In the mare, miR-21 has been reported to play a role in GC
survival and consequently in follicle development (Schauer et dl.,
2013). The antiapoptotic role of miR-2| has been confirmed in mouse
periovulatory GCs (Carletti et al, 2010). Moreover, miR-2] 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.
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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, |0 miRNAs were
differentially expressed (DE), and three were exclusively expressed in the PreOV group. (€) Pathways associated with the exclusive and DE-miRNAs
target genes of this cluster. PreDev: predeviation; Dev: deviation; PostDev: postdeviation; PreOV: preovulatory; IMP: impending ovulation.

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.
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microRNAs (miRNAs) exhibited an expression increase at the PostDev

and IMP stages. (B) Among this cluster, four miRNAs were differentially expressed (DE). (€) Pathways associated with the DE-miRNAs target genes

of this cluster. PreDev: predeviation; Dev: deviation; PostDev: postdeviation;

Another interesting finding in our study was the expression pattern
of 23 miRNAs, which had significantly higher abundance during the
PreQV 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
PreDeyv; 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 |) with a significant increase during the IMP stage,
which may justify the potential involvement of these miRNAs in

PreQV: preovulatory; IMP: impending ovulation.

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
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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 cellcell 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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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, oocyte maturation, 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 2005),
mitochondrial anomalies (Ferreira et al, 2016), reductions in

maturation (Edwards et al,

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,
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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, naive cells treated with a
medium conditioned by stressed cells showed increased levels of
DNA damage and apoptosis when compared to naive cells treated
with a conditioned medium from control cells. Moreover, naive cells
treated with EV's 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 EV's 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 (x1)) (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
5min, 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 x 10° 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%
CO, 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.

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
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centrifugation at increased speeds of 17,200 xg for 30 min,
followed by filtration through a 0.22 um 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 pL 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 ¢ (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 pL of
purified EVs were diluted in 995 pL 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 uL) 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 x 10" particles/mL) were incubated with

frontiersin.org


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

Menjivar et al.

1 uL of PKH26 (4 x 10° 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 pL of DPBS (1X) before purification using
the Exo-spin™ columns according to the
protocol. As a negative control, DPBS (1X) was incubated with

manufacturer’s

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 uL 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, WT, 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 x60 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% CO, (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 pg/mL USDA-LH-
B-5, 1 ug/mL estradiol 17, 50 ng/uL 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 x
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-EV's 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 (Almifana et al,
2017; Alcantara-Neto et al, 2020a; Alcintara-Neto et al., 2020b;
Abumaghaid et al, 2022; Mateo-Otero et al, 2022). For all
experimental groups, control COCs matured at a temperature of
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38.5°C throughout the maturation period (23 + 1h), 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% CO, in humidified
air for the remaining 15 + 1h 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 pL 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% CO, 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 5min (De La Torre-
Sanchez, Jose Fernando et al, 2006). The concentration of
spermatozoa was determined using a hemocytometer and
adjusted to 5 x 10° sperm/mL using equilibrated F-CDM. Finally,
sperm were added to COCs at a concentration of 0.5 x 10° sperm/
mL, and co-incubated for 18 h at 38.5°C in 5% CO, 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 L 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% CO,, 5% O,, and 90% N.. 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 uL 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% CO,, 5% O, and 90%
N, (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 the mean diameter before maturation was subtracted from
the mean diameter after maturation to determine the mean cumulus
expansion in um’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 Scientificc 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 (-
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).
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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 pL droplets
of 10 uM 2',7-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; Japan) The
fluorescence of individual specimens was measured from.jpg

Tokyo, using %20 magnification.
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 (AVY,,) 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 uM 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 x20 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 CO, 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 Image] 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 pL drops of phosphate buffered saline-polyvinylalcohol DPBS
(1X)-PVA  (0.1%) (P8136; Sigma-Aldrich; St. MO,
United States), for 5min each time. Blastocysts were then

Louis,

immediately transferred into 1.5 ug/mL Hoechst 33,342 solution
(H3570; Thermo Fisher Scientific; Waltham, MA, United States)
and stained for 10-15min 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 pL 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 15min 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 uL 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 x20 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
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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%
viv 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-EV's were assessed using Nanoparticle Tracking Analysis (NTA). The
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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 (hm) 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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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 wusing fluorescence
microscopy. After 24 h co-incubation of labeled EVs with COCs,
we detected PKH-26 positive EVs in the CCs surrounding the
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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 =
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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 uM (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 gRT-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)

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 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

Frontiers in Cell and Developmental Biology

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).
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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
temperature, ROS  signals
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

ambient fluorescent were

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 (AY,,) (Figures 5E, F). However, under normal
physiological conditions, the highest AW, 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
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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 ococytes per
pool for each treatment. Data represent the mean + SEM and the differences between means were analyzed using One-way ANOVA followed by
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FIGURE 3
Tukey's Multiple Comparisons Test. (*p < 0.05), (**p < 0.01), (***p < 0.001).
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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
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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 vitro matured bovine oocytes treated with 2’,7'-Dichlorofluorescin Diacetate (Hz-DCFDA) were captured for the measurement of intracellular
ROS levels in single oocytes. Scale bar, 50 uM [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 (A¥m), an indicator of mitochondrial activity in
single oocytes. Scale bar, 50 yM [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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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)
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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).

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
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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).

vehicle supplemented groups (Figure 8D). Collectively, our data Alternatively, no measurable differences were observed in total
demonstrate a significant difference between GC-EV supplemented  cell numbers among the treatment groups subjected to HS (Figures
treatments (p = 0.0001), culture temperatures (p = 0.0054), as wellas 9B, C). However, there were significant increases in the total cell
their interaction (p = 0.0161). number in blastocysts derived from oocytes supplemented with
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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 2',7'-Dichlorofluorescin Diacetate (H.DCFDA)
were captured for the measurement of intracellular ROS levels in single blastocysts. Scale bar, 50 uM [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
(A¥m), an indicator of mitochondrial activity in single blastocysts. Scale bar, 50 yM [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 VM

(**p < 0.01)

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

Frontiers in Cell and Developmental Biology

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
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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 uM [38.5°C; (A)] [41°C; (B)]. Quantification of total cell numbers in single blastocysts were carried
out in triplicates (a total of 1830 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 uM [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)

detrimental impacts on fertility in dairy cattle (Wolfenson et al.,
2000). Delineated in a plethora of studies, HS compromises

Frontiers in Cell and Developmental Biology

15

reproductive function by altering follicular dynamics (Badinga
et al, 1993; Guzeloglu et al., 2001), afflicting proper granulosa
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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-EV's 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
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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 naive 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
etal,, 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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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.

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
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from local slaughterhouse ovaries and indicative that certain levels of
stress are inherently present within the in vitro environment.

To the 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

investigate downstream

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
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reduced ROS accumulation, decreased TUNEL+ apoptotic nuclei,
and increased mitochondrial activity compared to their NC
counterparts. Interestingly, shown oocytes, S-EVs
significantly reduced the amount of accumulated ROS in

as 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-Visquez 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
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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 naive 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 65C15EAYV,
Mindray Bio-Medical Electronics, Shenzhen, China) and
coupled to a follicular aspiration guide (WTA, Séo 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
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were collected from July 23 to August 13 of 2021. Next,
the temperature humidity index (THI) was calculated
using the following equation: THI=(1.8XT+32)—
[(0.55—0.0055xRH) x (1.8 x 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 pM 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 °C 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 pL 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 pL of isolated EVs were lysed
in 50 pL 1 X RIPA buffer and the protein extract samples
were centrifuged at 12,000 X 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
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performed

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 4°C. After washing the
membranes with 1XTBST, 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 pl 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 ddH,0 and fixed by placing them on a 30 pL 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/TFES 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 ul of purified
EVs was diluted in 990 pl 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.
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All experimental parameters related to EV isolation and
characterization have been submitted to the EV-TRACK
knowledgebase (https://evtrack.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
(llumina, 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
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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 TagMan 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 TagMan 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 pl reaction
mixture containing 2 pl cDNA sample, 1 pl FAM-labeled
TagMan assay, 10 pl TagMan Universal PCR Master
Mix (Applied Biosystems), and 7 pl 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].
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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
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EV samples from both groups was within the range of
3.5x10" to 1.75%10" 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,
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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
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Table1 List of top 20 most abundant miRNAs in the
extracellular vesicles obtained from follicular fluids from SUM and
WIN groups
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Table 2 Differentially expressed (DE) miRNAs in extracellular
vesicles obtained from follicular fluids of SUM compared to WIN
group

Name SUM Name WIN Name Sequence FC FDR
bta-miR-148a 335,249 bta-miR-148a 265,292.7 bta-miR-184 TGGACGGAGAACTGATAAGGGT 3.81 0.017351
bta-miR-99a-5p 146,729.6 bta-miR-99a-5p 100,948.9 bta-miR-19b TGTGCAAATCCATGCAAAACTGA 323 0.000205
bta-miR-10b 131,675.5 bta-miR-10b 74,287.82 bta-miR-452 TGTTTGCAGAGGAAACTGAGAC 3.14 0.000351
bta-miR-143 48,985.58 bta-miR-143 46,764.92 bta-miR-200a TAACACTGTCTGGTAACGATGTT 2,69 0.000704
bta-let-7b 29,996.77 bta-miR-26a 43,106.6 bta-miR-3431 CCTCAGTCAGCCTTGTGGATGT 269 0.017329
bta-miR-10a 28,665.65 bta-let-7a-5p 35,540.64 bta-miR-2387 TGGAAGGCCTGGCTTTGCAGCG 240 0.036309
bta-miR-26a 23,293.75 bta-miR-1246 3545223 bta-miR-2408 CACGTGTGTGAGCTCAGCCGG 235 0.091029
bta-let-7a-5p 21,727.87 bta-let-7b 28,978.75 bta-miR-19a TGTGCAAATCTATGCAAAACTGA 232 0.019879
bta-miR-320a 20,767.93 bta-let-7i 23,237.47 bta-miR-95 TTCAACGGGTATTTATTGAGCA 227 0.085596
bta-miR-21-5p 15,787.62 bta-miR-320a 22,398.35 bta-miR-10a TACCCTGTAGATCCGAATTTGTG 226 00162
bta-let-7i 15,370.83 bta-let-7f 21,824.77 bta-miR-222 AGCTACATCTGGCTACTGGGT 225 0.00262
bta-miR-151-3p 13,991.34 bta-let-7¢ 15,041.31 bta-miR-142-5p CATAAAGTAGAAAGCACTAC 223 0.041243
bta-miR-27b 12,268.99 bta-miR-21-5p 14,597.74 bta-miR-24-3p TGGCTCAGTTCAGCAGGAACAG 221 0.097153
bta-miR-128 11,920.15 bta-miR-10a 12,673.24 bta-miR-2483-3p  AAACATCTGGTTGGTTGAGAGA 1.97 0.062057
bta-let-7f 11,891.01 bta-miR-423-5p 10,828.92 bta-miR-30a-5p  TGTAAACATCCTCGACTGGAAGCT 191 0.017351
bta-miR-25 11,251.66 bta-miR-151-3p 10,629.91 bta-miR-10b TACCCTGTAGAACCGAATTTGTG 1.77 0.049396
bta-miR-378 10,807.93 bta-miR-146b 10,133.07 bta-let-7e TGAGGTAGGAGGTTGTATAGT -1.81 0.041243
bta-let-7¢ 10,641.53 bta-miR-128 9588.558 bta-let-7f TGAGGTAGTAGATTGTATAGTT -1.83 0.041243
bta-miR-423-5p 10,115.64 bta-let-7 g 9309.91 bta-miR-26a TTCAAGTAATCCAGGATAGGCT -1.85 0.041243
bta-miR-146b 9761.571 bta-miR-27b 9140.885 bta-miR-126-3p CGTACCGTGAGTAATAATGCG -1.95 0.085596
The expression values indicated as the mean of TMM-adjusted Counts Per bta-miR-181a AACATTCAACGCTGTCGGTGAGTT - -2.12 0017351
Million (CPM) bta-miR-370 GCCTGCTGGGGTGGAACCTGGT -3.09 0.049396
bta-miR-199b CCCAGTGTTTAGACTATCTGTTC -3.53  0.000985
bta-miR-1246 AATGGATTTTTGGAGCAGG -433 3.54E-05

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

FC Fold Change, FDR False Discovery Rate

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
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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 (mMRNA, 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
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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
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Table 3 The identified motif positions on the up-regulated miRNAs in the SUM compared to the WIN group

miRNA P-Value ZJA AC8 miRNA P-Value i; SU,“{::,

bta-miR-19a 3.89E-03 UGUGCAAAUCUAUGCAAAACUGA | bta-miR-30a-5p 3.66E-03 UGUAAACAUCCUCGACUAAGCU
bta-miR-452 3.89E-03 UGUUUGCAGAGGAAACUGAGAC bta-miR-2483-3p  3.66E-03  AAACAUCUCCUUGGUUGAGAGA
bta-miR-19b 3.89E-03 UGUGCAAAUCCAUGCAAAACUGA bta-miR-222 3.66E-03 AGCUACAUCUGGCUACU:GGU
bta-miR-184 3.89E-03 UGGACGGAGAACUGAUAAGGGU bta-miR-2387 3.66E-03 UGGAAGGCCUGGCUUUGCAGCG
bta-miR-30a-5p 1.18E-02 UGUAAACAUCCUCGACUGGAAGCU | bta-miR-200a 3.66E-03  UAACACUGUCUGGUAACGAUGUU
bta-miR-2483-3p 1.18E-02 AAACAUCUGGUUGGUUGAGAGA bta-miR-10b 2.31E-02 UACCCUGUAGAACCGAAUUUGUG
bta-miR-24-3p 1.18E-02 UGGCUCAGUUCAGCAGGAACAG bta-miR-10a 2.31E-02 UACCCUGUAGAUCCGAAUUUGUG
bta-miR-222 1.18E-02 AGCUACAUCUGGCUACUGGGU bta-miR-452 2.31E-02 UGUUUCCAGAGGAAACUGAGAC
bta-miR-2408 1.18E-02 CACGUGUGUGA=CUCAGCCGG bta-miR-24-3p 3.44E-02 UGGCUCAGUUCAGCACCAACAG
bta-miR-200a 1.18E-02 UAACACUGUCUGGUAACGAUGUU | bta-miR-95 3.44E-02 UUCAAC UAUUUAUUGAGCA
bta-miR-142-5p 1.58E-02 CAUAAAGUAGAAACCACUAC bta-miR-3431 3.94E-02 CCUCAGUCAGCCUUGUGCAUGU
bta-miR-95 1.58E-02 UUCAACGGGUAUUUAUUGAGCA bta-miR-142-5p 6.89E-02 CAUAAAGUAGAAAGCACUAC
bta-miR-10b 1.88E-02 UACCCUGUAGAACCGAAUUUGUG | bta-miR-19a 8.74E-02 UGUGCAAAUCUAUGCAAAACUGA

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 TGEF-P 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 /GF-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
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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
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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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approach to capture the cellular
and extracellular molecular response
of the oviduct to heat stress
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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 unigue 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.
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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 naive 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, Almifnana 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.
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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 (FOX]J1), 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 (FOX]J1). 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 naive in vivo BOECs. The
panel was comprised of cell proliferation and adhesion
(MKI67 and CDH1), ciliated cell function and differen-
tiation (LRRC6, TUBAIA, TUBAIB and TUBAIC), and
hormonal prostaglandin function (PTGS2, PTGES and
OXTR) gene expression signatures. Overall, minimal
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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

Experimental Design

Heat Map

RNASeq
Transcriptome

Small RNASeq
miRNome.

Next Generation
Sequencing

(5) hnayei
Fig. 1 Schematic lllustration 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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40X

= |8 3 e %, N
Fig. 2 Establishment of Oviductal Organoid Culture System. Representative morphology of cultured bovine oviductal organoids after 14 days
in culture. Scale bar, T 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 x and 40 x magnification, respectively. Scale bar=50 um
at 20x magnification and 20 um at 40 x magnification. Controls shown in insets represent a negative reagent control (OVGP1, ZO1 and FOXJ1)

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-UCDL1.2). 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
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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 naive 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)

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, RPLPI1, RPLPO,
FTHI1, COX2, EEF1A1, UBAS52, 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,
SERPINEI; downregulated include: RBM3, MROHI,
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
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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)

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
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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)

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.
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Table 1 Top 20 expressed genes in oviductal organoids from the
HS (42 °C) and thermoneutral (37 °C) groups

Genes 42°CGroupTPM %? Genes 37°CGroupTPM %?
Cox1 12,134.48 1036 COXT 18,703.53 14.63
ACTB 9851.64 841 cox3 12,044.18 942
CSTé 7866.93 671  COX2 9073.11 7.10
TPTI1 6996.46 597  FTHI 863391 6.76
HSPBT ~ 6814.69 582 RPLPT  6970.11 545
RPLP1 6408.56 547  GAPDH 6133.64 4.80
RPLPO  6155.16 525 RPLPO  5702.06 446
(@1 5635.77 481  ATP6 5258.80 411
CRYAB 551948 471 KRT19 524757 4
FTL 5403.90 461  FIL 521736 4.08
ACTGI1  5399.25 461 TPTI 5153.81 4.03
COX3 5017.02 428 ACTB 4863.59 3.81
FTH1 5004.65 427  ACIGI  4709.11 3.68
cox2 4958.39 423 EEFIAT 456117 3.57
EEFTAT  4524.72 386  RPSI5 449025 3.51
UBA52  4411.87 377 CST6 4456.38 349
HSPATA  4367.03 373  ND3 443430 347
ANXA2  3736.05 319  NDI 4104.32 321
HSPA8  3531.16 301 MSLN 402536 3.15
RPS15 341848 292  UBA52 401846 3.14

TPM average Transcript Per Million mapped reads
2 Percentage of the genes sequence reads
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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 2 Top 20 DEGs in HS (42 °C) oviductal organoids compared to the thermoneutral (37 °C) groups

Upregulated Genes FC FDR Downregulated Genes FC FDR
RAB39A 85.71 3.56E-03 MFAP4 -14.38 3.37E-11
ARC 75.04 191E-22 PPPI1R32 -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 4295 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 -1967 1.96E-11
FAM7Z1F1 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 1876 5.88E-33 SERPINBI13 -32.57 9.11E-15
CRYAB 15.90 2.22E-47 ENSBTAG00000003661 -32.99 1.55E-20
ENSBTAG00000049003 1477 245E-16 CSF3 -3472 248E-17
RSRP1 14.73 1.16E-93 LRCOLT -36.95 1.50E-05
SERPINE1 14.29 5.61E-23 DAPL1 -60.38 1.61E-08
ENSBTAG00000050861 1267 2.26E-06 RBM3 -7340 3.10E-152
TEX49 1264 9.61E-08 SERPINE3 -163.84 1.87E-63

FC Fold Change, FDR False Discovery Rate
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Fig. 6 Oviductal Organoids: Ontological Classification and Interactive Networking. Bubble plots, revealing the top 10 pathways and biological
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Fig. 7 HS Alters Oviductal Organoid-derived EVs Molecular Cargo: miRNome Extracellular Response. Principal component analysis (PCA) (A)
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D)

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
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Table 3 Top 20 expressed miRNAs in oviductal organoid-derived EVs from the HS (42 °C) and thermoneutral (37 °C) groups

miRNA 42 °C Group CPM %° miRNA 37 °C Group CPM %°
bta-miR-1246 714,796.52 5239 bta-miR-1246 363,004.63 4435
bta-miR-148a 91,700.77 6.72 bta-miR-148a 63,584.52 7.77
bta-miR-21-5p 66,565.11 488 bta-miR-21-5p 43902.13 536
bta-miR-451 63,787.82 468 bta-let-7a-5p 38,199.05 467
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 19,314.54 142 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 512445 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 6147.07 045 bta-miR-192 447481 0.55
CPM average Counts Per Million mapped reads
2 Percentage of the miRNA sequence reads
Table 4 DE-miRNAs in oviductal organoid-derived EVs from the HS (42 °C) compared to the thermoneutral (37 °C) groups
Upregulated miRNA FC FDR FC Fold Change, FDR False Discovery Rate  FC FDR
Downregulated miRNA
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 542 1.89E-02 bta-miR-6518 -10.17 5.05E-03
bta-miR-204 536 7.36E-03 bta-miR-197 -10.51 1.04E-02
bta-miR-181a 4.06 343E-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 262 7.36E-03

FC Fold Change, FDR False Discovery Rate

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 OVGPI expression were reported in vitro. OVGPI
is a hormonally-regulated, carbohydrate-rich and
traditionally-expressed protein-coding gene known
to regulate receptivity and trophoblast adhesion.

Aliminana 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
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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 FOX]J1 in in vitro
cultured organoids after passaging, indicating the suit-
ability of our 3-D extended culture model to persist
naive-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 CDH]I), ciliated cell function and differentiation
(LRRC6, TUBAIA, TUBAIB and TUBAIC), and hor-
monal prostaglandin function (PTGS2, PTGES and
OXTR) compared to naive in vivo BOECs. Collectively,
interspersed FOX]J1+ cells indicate ciliated cell pres-
ence, while stable MKI67 mRNA levels amid in vitro
cultured oviductal organoids and naive 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 TUBAIC, 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 naive 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
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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)

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
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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 UBAS52),
prostaglandin biosynthesis and the establishment/main-
tenance of pregnancy (COXI, COX2 and CST6), as well
as embryonic cellular senescence (RPLPI and RPSIS).
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/
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Table 5 Identified motif positioning on the upregulated miRNAs in the HS (42 °C) compared to the thermoneutral (37 °C) groups

2 2,
miRNA P e = QCQ A miRNA P e £ CH

e 0 ';J U
ble-miR-1388-5p  8.73E-04  AGGACUGUCCAACCUGAGAAU bta-miR-181a  5.59E-03  AACAUUCAACGCUCUCGGUGAGUU
bta-miR-99a-5p  1.70E-03  AACCCGUAGAUCCCAUCUUGU bta-miR-92a  559E-03  UAUUGCACUUGUCCCGGCCUCU
bta-miR-204 3.06E-:03  UUCCCUUUGUCAUCCUAUGCCU bta-miR-22-3p  9.20E-03  AGUUCUUCAGUGGCAAGCUUUA
bta-miR-202 3.06E-03  UUCCUAUGCAUAUACUUCUUU bta-miR-223  9.20E-03  UGUCAGUUUGUCAAAUACCCCA
bta-miR-10b 5.07E-03  UACCCUGUAGAACCCAAUUUGUG | bta-miR-150  9.20E-03  UCUCCCAACCCUUGUACCAGUGU
bta-miR-150 5.07E:03  UCUCCCAACCCUUGUACCAGUGU | btamiR-10b  1.75E:02  UACCCUGUAGAACCGAAUUUCUG
bte-miR-181a 7.23E:03  AACAUUCAACGCUGUCGGUGAGUU | bta-miR-99a-6p  1.75E:02  AACCCGUAGAUCCGAUCUUCU
bta-miR-223 119E-02  UGUCAGUUUGUCAAAUACCCCA bta-miR-204  175E-02  UUCCCUUUGUCAUCCUAUGCCU
bta-miR-9-5p 188E-02  UCUUUGGUUAUCUAGCUGUAUG

embryo [57]. Correspondingly, in high abundance, were
genes encoding functions in the sperm-oviduct inter-
actions preceding early embryo development (HSPAS8
and HSPA1A), as well as genes reported to exert cryo-
protective and anti-apoptotic effects as a consequence
of stress (HSPBI). 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 HSPAI and
HSPBI), 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, SERPINEI)
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, HSPAS6,
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, SERPINEI, 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 SERINEI 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, NDUFV]I,
ND2 and ATP5F1A, ATP5PB, ATP8, ATP6, ATPSMC2,
ATP5MC3, ATP5FIC, ATP5F1D, ATPSMCI 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,
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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) RBMS3, 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 naive
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 DNMTI 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].
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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 P2X, 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:
RBMS6, 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 PKCa, promoted the export of HuR
to the cytoplasm, where its target COX2, became more
stable [32]. Notably, COX1 and COX2 play important
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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 pum 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 pL 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 pL of Organoid Medium (OM) (OM; DMEM/F-12
without phenol red (Gibco 21,041-025), 100 pg/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 uM TGEFp/Alk inhibitor A83-01 (Tocris 2939),
1.25 mM N-acetyl-L-cysteine (EMD Millipore 106,425),
10 puM SB202190 (S7067), 10 pM 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% CO, in
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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 7™ 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 pL 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 um), 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 FOX]J1;
Biotin Rb IgG), respectively. A list of the antibodies 