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ABSTRACT

ENGINEERED mRNA THERAPEUTIC ENCODING BETA-CATENIN INCREASED BONE

FORMATION IN A MURINE TIBIAL FRACTURE MODEL

Fractures continue to be a global economic burden and impaired fracture healing cases, like delayed and
non-union, occurring in about 14% of all tibial shaft fractures. Current treatments to aid in fracture healing
involve surgical interventions and osteoanabolic, bone-morphogenetic protein-2 (BMP-2), yet is challenged
supraphysiological doses and adverse side effects. Given the limited treatment options available, there
remains a clinical need to develop injectable therapeutics to accelerate fracture healing in impaired fracture
healing cases. Mechanistic data reveals f-catenin as a molecular driver in endochondral ossification. The
central hypothesis for this dissertation is a stabilized, non-destructive B-catenin mRNA delivered locally in
the fracture callus can accelerate fracture healing in a murine tibia fracture healing model. Using mRNA
therapeutically continues to be challenged with stability and immunogenicity of the mRNA. To circumvent
these limitations, delivery carriers have been employed to maximize gene stability, minimize off-target
effects, and reduce immunogenicity. Recent advancements in liposomal technologies have led to the
development of lipid nanoparticles (LNPs), leading to successful clinical translation of several novel and
highly effective therapies, like SARS-CoV-2 vaccine. Alternative delivery carriers have emerged involving
use of mineral coated microparticles (MCMs) as a biomimetic and biocompatible system to deliver
liposomes at the site of a fracture in a controlled manner. Here, we explore mRNA delivery carriers for
fracture healing applications, including manufactured cationic liposomes, MCMs, LNPs and a combination
of these carriers. Manufactured liposome, Lipofectamine™, was found to be prolong transfection when
tested in a murine fracture model in vivo as compared to TransIT Transfection Reagent. Using
Lipofectamine™ to deliver mRNA, chemically-doped MCMs enhanced transfection and stimulated bone

in vitro when delivered in chondrocytes. When testing these platforms in a murine tibia fracture model,



chemically-doped MCM did not promote bone expression through testing RNA in the fracture callus for
bone-related genes and through histomorphometry of the fracture callus 2 weeks post-fracture. The
chemically doped MCM was found to prolong transfection of reporter gene, firefly luciferase mRNA, in
vivo when compared to other treatment groups including the liposome and mRNA complex (lipoplex) alone.
Ionizable-based LNPs are positively charged at a low pH and net neutral at physiological pH. Two FDA-
approved ionizable phospholipids, MC3 and SM-102, were used to generate ionizable LNPs. First, MC3
LNP was tested for transfection capacity when combined with MCMs. While chemically-doped MCMs
when combined with firefly luciferase mRNA encapsulated MC3 LNPs showed improved transfection in
vitro, no improvements in transfection efficacy were found in vivo. Next, MC3 and SM-102 LNPs were
then complexed with reporter gene, firefly luciferase mRNA to test transfection potential, immunogenicity,
fracture interference and biodistribution in vitro and in a murine fracture healing model. SM-102 LNPs
showed enhanced transfection efficacy in vitro, prolonged transfection in vivo, minimal fracture
interference in vivo and showed no localized inflammatory response in the murine fracture callus. Ex-vivo
IVIS images of main organs revealed no biodistributive effects when delivering SM-102 complexed with
mRNA locally to the site of the fracture callus. Capitalizing on prior mechanistic data showing p-catenin’s
critical role in chondrocyte to osteoblast transdifferentiation, a non-destructive p-catenin, B—cateninGOF,
mRNA transcript was generated using nucleoside modification, N1-methyl-pseudouridine, and cap analog,
CleanCap. When testing the generated B-catenin®" mRNA encapsulated in SM-102 LNPs in vitro for
bioactivity, downstream canonical Wnt genes were significantly upregulated. When testing SM-102-f3-
catenin®® mRNA therapeutic in murine tibia fracture model, more bone and less cartilage composition
compared to PBS control was determined when analyzing histomorphometry at 25 and 45 ug concentrations
at 2 weeks post-fracture. To further confirm SM-102-B-catenin®* mRNA therapy’s capabilities to promote
bone in vivo, pCT was performed revealing significantly more bone volume over total volume with 45 pg
dose as compared to PBS control. Taken together, we generated a novel mRNA based therapeutic encoding

a non-destructive B-catenin mRNA and optimized ionizable LNP, SM-102, to maximize transfection



efficacy with a localized delivery. This SM-102-B-catenin®" mRNA therapeutic may accelerate fracture

healing in a murine tibia fracture healing model.
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INTRODUCTION

Fractures continue to be one of the most frequent type of hospitalized traumas with reports of about
32.7 million new cases of lower leg fractures globally in 2019.[1, 2] Additionally, tibial shaft fractures
account for about 36.7% of all long-bone fractures in adults and are frequently associated with high-energy
trauma events, like falls and transport accidents.[1, 3, 4] Open tibial fractures are often associated with
higher rates of complications, like non-union or delayed union.|3, 5] In fact, reports of non-union have been
found to occur up to 14% within tibial shaft fractures in a large study over the course of two years.[6] Non-
union is typically treated through repeated surgeries resulting in long recovery times leading to increased

frailty, depression, loss of independence, and, in some cases, a downward spiral that ends in death.[7, §]

The process of fracture healing is a highly complex and regulated other involving many cell types,
growth factors and other biological factors to form bone.[9] One particular cell type integral in fracture
healing includes mesenchymal stem cells (MSCs), which undergo differentiation to either chondrocytes or
osteoblasts depending on several factors, such as micromotion at the fracture gap.[9, 10] Bone forms
through two distinct mechanisms: direct and indirect bone formation.[9] Direct bone formation, or
intramembranous ossification, involves the direct transition of MSCs to osteoblasts, cells which deposit
bone without a cartilaginous intermediary.[9] Indirect bone formation, or endochondral ossification,

involves MSCs differentiating to chondrocytes prior to transitioning to osteoblasts.

The majority of fractures heal primarily through endochondral ossification, which involves can be
characterized into 4 biological phases: 1) hematoma and inflammatory phase, 2) fibrocartilaginous phase,
3) hard callus phase and finally, 4) bone remodeling phase.[10] Within minutes of the fracture, a hematoma
forms which released pro-inflammatory cytokines and recruits inflammatory cells. A robust pro-
inflammatory response ensues involving macrophages and neutrophils, amongst other inflammatory

cells.[9] While an inflammatory response is required in fracture healing, a timely resolution is necessary to



mitigate impaired fracture healing cases.[11] The fibrocartilaginous phase entails recruitment of MSCs
derived from periosteum and endosteum, to the site of the fracture.[12] Concurrently, revascularization of
the callus provides a supply of nutrients, oxygen and cells to the fracture site.[9] For endochondral
ossification to proceed, MSCs give rise to chondrocytes, which transition to hypertrophic chondrocytes,
highly angiogenic cell type.[9, 13] Hypertrophic chondrocytes have been found to transdifferentiate into
osteoprogenitors and osteoblasts.[14-16] The final remodeling stage involves the replacement of trabecular

bone with cortical bone, and is characterized by the resorption and remodeling of newly formed bone .[10]

Current approaches to augment fracture healing involve fracture reduction, surgical alignment of
the fracture ends, and various fixation methods to achieve rigid stabilization.[17] In order for a fractured
bone to heal properly, mechanical and biological factors at the facture site must be highly regulated. All
tissues within the fracture have differing strain tolerances following mechanical load. Strain tolerances
progressively decrease through each fracture stage until the strain decreases enough to facilitate bone
formation.[18] For instance, granulation and fibrous tissues have the highest strain tolerances with reports
up to 100%.[19] Remarked decreases in strain tolerance are found in cartilage and bone tissues of 10 and
2-5% respectively.[18, 19] Deformation of tissues outside of these levels fail to give rise to normal fracture
healing. Surgical interventions, such as intermedullary nailing and internal and external fixation techniques

are employed to maintain the mechanical environment within range to promote bone formation.[20-22]

Impaired fracture healing occurs due to a lack of sufficient mechanical factors, biological factors
or a combination of the two in fractured tissue.[18] In fact, if strain levels fall outside of the strain
thresholds, the fracture is at risk for impaired healing.[10, 17] For instance, the absence of strain
surrounding the fracture gap results in inadequate mechanical stimulation of a callus and can contribute to
atrophic nonunion.[22] Conversely, high strain conditions can increase callus size and often results in
insufficient bridging between the fracture ends, leading to hypertrophic nonunion.[22] A clinical diagnosis
of delayed fracture healing and non-union is made using radiographs. Delayed union is defined as a fracture

which lacks radiographic progression and non-union is diagnosed when there is no radiographic sign of



union after 3 months.[17, 23] Clinical management of non-union includes repeated surgeries resulting in
long recovery times. This has been associated with co-morbidities including increased frailty, depression,

loss of independence, and, in some cases, a series of complications that ends in death.[7, 8]

Other than additional surgery, biologic solutions to facilitate fracture healing in non-union or
delayed union cases are limited. Protein-based therapeutics, including the only FDA-approved
osteoanabolic, recombinant human bone morphogenetic protein-2 (BMP-2), have been employed to
augment fracture healing.[24-28] However, recombinant proteins must be delivered at supraphysiological
doses and have been limited by short half-lives and low physiologic activity.[27, 29, 30] Furthermore, in
order to sustain protein release when using BMP2 as a therapeutic, it must be delivered on an absorbable
collagen sponge, necessitating surgical implantation.[28, 31, 32] Reported complication rates with
recombinant BMP-2 remain unacceptably high, ranging from 20-70%.[30, 33] Adverse side effects
associated with recombinant BMP-2 therapy include abnormal inflammatory responses, poor bone quality,
heterotopic ossification, and osteolysis.[31, 33-35] Given the paucity of safe and effective therapeutics to
accelerate fracture healing, there remains a clinical need to develop novel, and injectable-based therapies
to accelerate fracture healing and minimize the incidence of delayed and non-union fractures and need for

additional surgeries.

Mechanistic data has shown the canonical Wnt pathway to play a key role in this chondrocyte to
osteoblast transdifferentiation and is a key molecular driver of endochondral ossification.[16] Due to
canonical Wnt’s integral role in bone formation, this pathway has served as a therapeutic target for bone
repair.[36-38] However, direct activation of this pathway has been challenged with lipidation of Wnt
ligands, which limit purification of the protein due to difficulty and expense.[36, 39] Current clinical
approaches to target canonical Wnt involve targeting the inhibitors of the pathway with success for
osteoporosis.[40, 41] Yet these indirect approaches have not been reported as efficacious for fracture healing

applications.[42] Therapeutics using mRNA technology to activate canonical Wnt is proposed to facilitate



direct activation of this pathway, overcoming several limitations associated with Wnt proteins and Wnt

activation.

The crosstalk between BMP/TGF- signaling and canonical Wnt pathways lead to synergistic
effects ultimately regulating bone repair. Several groups have found that BMPs promote bone growth
through modulation of Wnt expression.[43, 44] Chen et al. reported that the expression of Wnt ligand,
Wnt3a, and the downstream Wnt gene runx2 are upregulated following BMP-2 treatment.[44] In fact,
multiple studies found elevated levels of runx2 following treatment with BMP-2, BMP-4, and/or BMP-
7.[45-47] Conversely, Zhang et al. reported BMP-2 expression following activation of the canonical Wnt
pathway.[48] Not only do these pathways activate similar downstream transcription factors, but these
pathways were also reported to negatively regulate each other. While these pathways have a large amount
of crosstalk in regulating osteoblast differentiation, it continues to remain unclear the extent to which these

pathways directly interact with one another.[45]

Over the past few decades, increasing demand for biologic-based orthopaedic technologies to
augment fracture healing has followed the substantial growth in orthopaedic surgeries being performed each
year.[49] Of these emerging solutions, gene therapy has undergone significant advancements due to
developments in delivery carriers and their capabilities to maximize gene stability, minimize off-target
effects, and reduce immunogenicity.[50-56] Specifically, the considerable success and safety profile of the
SARS-CoV-2 vaccine has catalyzed intense research efforts to develop additional mRNA-based
technologies. [55, 57, 58] However, mRNA-based therapy in orthopedics remains a nascent field,
specifically for fracture healing.[55, 59] Recently published work on an mRNA therapy to promote bone
regeneration through coding for BMP2/9 has shown considerable promise, yet this approach uses a
biomimetic scaffold requiring surgical implantation.[60-62] We propose that the ideal mRNA delivery
platform to promote fracture repair would be a localized and injectable therapeutic, thus mitigating the need

for additional surgeries in impaired fracture healing cases.



Effective mRNA delivery requires the use of carriers to protect the nucleic acids from degradation
from nucleases.[63, 64] Conventional mRNA delivery mechanisms include liposomes, or phospholipid
structures consisting of one or more bilayers.[65] Liposomes complexed with nucleic acids, termed
lipoplexes, can induce immunogenic reactions and are rapidly cleared by the mononuclear phagocytic
system (MPS) through the kidney, liver, and spleen.[63] Intravenous administration of lipid carriers can be
recognized by toll-like receptors (TLR) and result in a strong immune reaction.[66] Recent advancements
in liposomal technologies have led to the development of lipid nanoparticles (LNPs), or complex micelle-
like structures comprised of phospholipids, sterols and hydrophilic polymers, to facilitate evasion of an
immune reaction.[65] [67] These new advances have led to successful clinical translation of several novel
and highly effective therapies, including FDA approved pharmaceuticals, like Onpattro and the SARS-CoV-

2 vaccines.[66, 68]

mRNA delivery for therapeutic applications has been limited by mRNA instability, cytotoxicity and
immunogenicity. Alternative strategies have been employed to mitigate these limitations. One such
approach is the use of mineral coated microparticles (MCM) as a biomimetic and biocompatible system to
deliver liposomes at the site of a fracture in a controlled manner.[69-73] While traditionally, MCM were
developed for protein delivery, recent studies have shown enhanced transfection of mRNA both in vitro and
in vivo.[74] The use of MCMs as a carrier for mRNA lipoplexes enhances mRNA transfection and mitigates
cytotoxicity resulting from high in vitro mRNA concentrations.[69, 75, 76] While MCMs have recently
shown improved transfection capacity as compared to protein delivery, they have only been tested in vivo
using a rat spinal cord injury model and not for fracture healing. Of importance, endogenous protein
expression from MCM-mRNA lipoplexes has been associated with higher bioactivity, prolonged protein
expression and improved functional outcomes as compared to exogenous protein expression.[29, 77] Taken
together, MCMs have the capacity to improve localization and cell uptake of mRNA at the fracture site

addressing several challenges associated with mRNA delivery.



The overall goal of this thesis project was to develop and test an injectable mRNA- technology to
activate canonical Wnt, a key molecular pathway driving endochondral ossification.[16] What follows in
the ensuing chapters is the result of our extensive work to develop this novel approach. First, we review
the body of knowledge regarding systemic and localized canonical Wnt activation for bone regeneration
and identify knowledge gaps. We then report on our process to develop and optimize delivery systems for
mRNA -base therapy for fracture healing. Finally, we describe how a novel sequence, non-destructive
transcription factor, B-catenin mRNA transcript, was designed and shown to activate the canonical Wnt
pathway and outline how this transcript was tested in vitro for bioactivity and in vivo efficacy to promote

bone formation in a murine tibia fracture model.
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CHAPTER I: STRATEGIES TO ACTIVATE CANONICAL WNT!

I.1 Introduction

Three Wnt signaling pathways have been described: the canonical Wnt pathway (B-catenin-
dependent) and two non-canonical (B-catenin-independent) pathways, including, the Wnt-Planar Cell
Polarity (PCP) pathway and the Wnt/Ca2+ pathway.[1] The canonical Wnt pathway is a highly conserved
pathway which plays a central role in tissue development, regeneration and serves as a key anabolic
regulator of bone repair and homeostasis.[2-4] Canonical Wnt signaling modulates cytosolic transcription
factor B-catenin to activate genes involved in osteoblast differentiation and bone matrix maintenance.[5, 6]
Canonical Wnt pathway reduces osteoclast differentiation through secretion of osteoclast receptor
antagonist, osteoprotegerin.[7, 8] While some studies have indicated that bone healing is also modulated
by the non-canonical Wnt pathways, it is unknown if these pathways serve as positive or negative
modulators.[6] Due to its established role in osteogenesis, activation of the canonical Wnt pathway is a
promising approach to promote bone regeneration or accelerate bone healing.

A total of 19 Wnt ligands (secreted glycoproteins which activate Wnt) which target 10 different
receptors in the frizzled (Fzd) protein family with multiple co-receptors required to activate a downstream
response.[9, 10] Each Wnt ligand may stimulate different Wnt pathways depending on the receptor and co-
receptor combination, yet there are several ligands strongly associated with canonical Wnt (Wntl,
Wnt3a).[9, 10] Wnt ligands undergo extensive post translational modifications with one of the most
significant modifications to these proteins being lipidation. Due to canonical Wnt’s involvement in stem

cell maintenance, stem cells require an excess supply of the enzymes catalyzing fatty acylation.[1] In fact,

'This dissertation includes data from the published manuscript listed below. I have gained permission
from all co-authors and publishers to use this work. Further, copies of all copyright permissions are in
Appendix B of this document.

Nelson AL, Fontana G, Miclau E, Rongstad M, Murphy W, Huard J, Ehrhart N, Bahney C. Therapeutic
approaches to activate the canonical Wnt pathway for bone regeneration. Journal of Tissue Engineering
and Regenerative Medicine. 2022 Nov;16(11):961-76.
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dysregulations in the fatty acyl chains of Wnts are associated with various embryonic developmental
abnormalities.[11, 12] Lipid modifications serve to anchor the Wnt ligands to the ER membrane, prevent
misfolding, regulate signal transduction and facilitate long range signaling.[1] While essential for function,
the hydrophobic nature of the Wnt proteins makes them difficult to engineer and deliver therapeutically
using conventional strategies.

The canonical Wnt pathway is stimulated through binding of a Wnt ligand to the Fzd receptor, a
seven transmembrane-span receptor, and the low density lipoprotein receptor-related proteins (LRP5/6) co-
receptor.[13-15] (FIGURE 1A) Once the ligand binds to the receptor complex, the cytoplasmic tail of the
LRP5/6 co-receptor is phosphorylated, opening a binding site for Axin.[16, 17] This co-cluster of proteins
(LRP5/6, frizzled and Dishevelled (Dsh/Dvl)) recruit Axin and GSK3 complex to form the destruction
complex, which is key in regulating the stability of B-catenin.[18-20] Following Axin’s recruitment, the
destruction complex is disassembled and B-catenin enters the nucleus to stimulate transcription of targeted
genes.[21, 22] Specifically, B-catenin modulates the TCF/LEF-1 family of transcription factors regulating
multiple pathways associated with proliferation and differentiation.[23-25] Relative to bone formation,
target genes that are activated upon stimulation of canonical Wnt include transcriptional cascade RUNX?2
(runt-related transcription factor 2) and OSX (Osterix), which have been shown to transcribe osteoblast
markers Collagen 1 (COL1), Osteopontin (OPN), Osteocalcin (OCN) and Alkaline phosphatase (ALP).[26]
In the absence of Wnt ligands, B-catenin is phosphorylated and sent to the proteosome for proteolytic

degradation.[27, 28]
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Figure 1. Schematic of the canonical Wnt signaling pathway and mechanistic approaches of how
various bioactive agents target the canonical Wnt pathway. A) In the absence of Wnt ligands,
beta-catenin is phosphorylated, triggering ubiquitination by the destruction complex. In the presence
of Wnt ligands, destruction complex disassembles. This allows for beta-catenin to accumulate in the
cytoplasm and translocate to the nucleus, stimulating transcription of target genes. B) Antibodies
targeting Sclerostin, an inhibitor of Wnt, allow for Wnt ligands to bind and activate the pathway. C)
Dkk1 binds to the LRP receptor inhibiting Wnt ligands from activating the pathway. Antibodies specific
to Dkkl allow for Wnt ligands to bind to the LRP receptor and stimulate the pathway. D) Lithium
Chloride, an inhibitor of GSK-3p, facilitates disassembly of the destruction complex.

B-catenin also serves as an important role in cell adhesion as it is an integral structural component
of cadherin-based adherens junctions. Following synthesis of B-catenin, membrane-bound B-catenin
colocalizes with the LRP6 receptor which further acts as a transcriptional regulator.[29, 30] Sequentially,
membrane-bound B-catenin is then recruited as a component of adherens junctions, which interact with
actin cytoskeleton and regulate cell-cell adhesions.[30, 31] As B-catenin plays dual functional roles in cell

signaling and cell adhesion, coordination between these two roles may be required.[32] The location of
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B-catenin has reported to depend on tissue type and stiffness of tissue.[33] Specifically in bone, B-catenin
plays a significant role in signaling and activation of canonical Wnt transcription cascade as opposed to
cell adhesion.[34]

Given the canonical Wnt pathway’s central role in promoting bone formation, it is an attractive
therapeutic target for bone regeneration.[35-37] However, there are several challenges associated with
therapeutic activation of the Wnt pathway, predominantly with the lipid modifications of Wnt ligands that
make isolating and purifying the protein difficult and expensive.[35, 38] Currently available clinical
interventions target the inhibitors of the canonical Wnt pathway in age-related diseases, such as
osteoporosis and cancer.[39, 40] Although there is more recent evidence that demonstrates an antibody-
based treatment modality can improve bone formation[41], this review highlights a broader range of
strategies to activate the canonical Wnt pathway using engineering approaches.

Dysregulation within the canonical Wnt signaling pathway has been associated with various age-
related conditions. Age-associated aberrations within Wnt/p-catenin signaling pathway are tissue
dependent. For example, an increase in Wnt/B-catenin signaling has been associated with age-related
pathology of muscle, specifically sarcopenia.[42] Conversely, a decrease in Wnt/B-catenin signaling is
correlated with age-related disorders of bone, such as osteoporosis.[43] Dysregulation of Wnt signaling
pathways in age-related diseases will need to be further studied to understand effects of systemic and local

Whnt activation therapies across the lifespan in order to elucidate best practices for clinical use.

L.2 WNT Activating Therapeutics

In terms of specificity and therapeutic potential, protein delivery is typically superior to small
molecule drugs. However, proteins have low stability in physiological environments.[44] For this reason,
therapeutic efficacy in protein delivery is usually achieved by delivering supraphysiological doses of
proteins, causing several side-effects.[45] This hampers the clinical translation of protein delivery and is

the main reason why the vast majority of FDA-approved drugs for clinical use are small molecule drugs
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instead.[46] Moreover, specific to the Wnt pathway, since the ligand is lipidated, unmodified therapeutic
delivery of this protein is ineffective. As such, alternative approaches have been tested to achieve targeted
activation of canonical Wnt signaling. Re-purposing some of these compounds to target the Wnt pathway
could accelerate clinical translation. In this section, we discuss bioactive agents which have been used in
pre-clinical and clinical studies to activate Wnt and stimulate bone regeneration. In the following section,

we assess tissue engineering strategies to deliver these bioactive agents.

1.2.1 Sclerostin Antibodies

Sclerostin is a well-defined inhibitor of the canonical Wnt signaling pathway. Sclerostin is a small
glycoprotein transcribed from the SOST gene secreted by osteocytes. Sclerostin binds to the LRP5/6 co-
receptor on the cell surface of osteoblasts preventing association with the Frz receptor and thereby inhibiting
canonical Wnt pathway activation (FIGURE 1B).[19, 47] Sclerostin antibodies activate canonical Wnt
signaling by inhibiting the inhibitor of the Wnt pathway to enhance bone formation and are one of the most
translational strategies to date. Their use has been shown in several preclinical and clinical studies for the
treatment of osteoporosis and is elegantly reviewed by Clarke.[47-54]

Romosozumab (EVENITY™) is an FDA-approved monoclonal antibody that inhibits sclerostin.
EVENITY™ is approved for the treatment of severe osteoporosis in postmenopausal women at high risk
of fracture in 37 countries, including the U.S., Japan, and Canada.[49] The approved EVENITY™ dose is
210 mg administered subcutaneously once a month for 12 months. In addition to a systemic effect in
osteoporosis, the sclerostin antibody has also been tested as a bioactive approach to improve fracture
healing. As recently reviewed, most preclinical studies suggest that systemic administration of
EVENITY™ enhances bone formation and may accelerate fracture healing.[55-57] Based on these pre-
clinical successes, an international, Phase-2, randomized and placebo-controlled clinical trial tested the
efficacy of EVENITY™ on fracture patients with open reduction and internal fixation of intertrochanteric
or femoral neck hip fractures. No significant differences were found in the median time to radiographic
evidence of fracture healing between EVENITY™ and placebo treated groups.[58] Similarly, in a study
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evaluating the effect of EVENITY™ on tibial diaphyseal fractures, radiographic evaluation after 6 months
revealed no significant differences in the time to radiographic and clinical healing between treatment
groups.[59] EVENITY™ is considered an osteoanabolic treatment yet it has been reported to only have
transient effects on increasing bone formation.[60] Thus, it has been proposed that the therapeutic efficacy
derives from its anti-resorptive properties, which result in decreased bone turnover rate and an increase in
bone density.[60] Taken together, these data suggest systemic delivery of sclerostin antibodies are effective
in building bone to treat osteoporosis, but this therapeutic approach is not effective for bone repair

applications.

1.2.2 Other Antibody-based Approaches to Modulate Wnt

Based on the translational success of EVENITY™, multiple other antibodies to Wnt pathway
inhibitors have been tested for treating osteoporosis or as a fracture healing therapeutic. Here, we focus on
summarizing data utilizing these antibodies for bone repair. One approach utilizes an antibody to Dickkopf-
related protein 1 (Dkk1), which, like sclerostin, is a soluble protein that binds to LRP5/LRP6 co-receptor
to inhibit canonical Wnt signaling (FIGURE 1C). As Dkk1 overexpressing mice are characterized with
osteopenia, preclinical models have shown that the inhibition of Dkkl with anti-Dkk1 antibodies has
increased bone mass.[61, 62] Other studies analyzing levels of Dkk1 in cells surrounding a fracture callus
report elevated levels in human nonunion fractures.[63] To test the use of anti-Dkk1 antibodies as a
potential anabolic agent in fracture healing, murine fracture models were treated with anti-Dkk1 antibodies
and showed radiographic evidence of enhanced callus formation.[64] Dkk1 treatment appears to necessitate
a critical window for administration to enhance fracture healing, with studies showing that treatment is not
effective unless started immediately post-fracture.[65] Importantly, osteoanabolic effects of Dkkl-
inhibition through treatment with anti-Dkk1 antibodies only results in bone formation when Sclerostin is
deactivated.[66] Using this information, groups have tested therapeutic potential using combinatorial
treatments of Wnt inhibitors, Dkk1 and Sclerostin.[67] Choi et al. determined significantly enhanced
therapeutic efficacy using this dual antibody treatment on cancellous bone, but not for cortical bone.[67]
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Additional approaches for targeting Wnt/B-catenin pathway inhibitors using antibody-based
therapeutics include targeting the growth factor midkine or secreted frizzled-receptor 1 (sFRP1).
Antagonizing midkine, which targets LRP family of receptors, has helped accelerate fracture healing in
mice by increasing bone volume density, bone formation, and osteoblast activity.[68, 69] However, more
research is needed to determine whether midkine represents a viable bioactive target to enhance fracture
healing. sFRP1 is a glycoprotein that negatively modulates Wnt signaling through binding and inhibition
of Wnt ligands.[3] Mice deficient in SFRP1 resulted in slower age-related bone loss and decreased apoptosis
in osteoblasts.[70, 71] sFRP1 antagonists could serve as an additional therapeutic target for osteoporosis
and its ability to mitigate its progression is currently being studied preclinically.[72] Additionally, it has
been reported that the loss of SFRP1 expression improves fracture healing in vivo.[37, 73] While antibody-
based therapeutics show promising results in increasing bone mass, further tests on the dosing, timing, and
route of delivery of these antibodies for fracture repair need to be executed in both pre-clinical and clinical
studies.

The four R-spondin proteins, derived from roof-plate specific spondin (Rspo) gene, are implicated
in various biological functions including skeletal repair.[74, 75] Within the last decade, there have been
several breakthroughs in R-spondin signaling and stimulation of canonical Wnt pathway activation.[75-77]
Specifically, several groups reported that R-spondins amplify Wnt activation when co-delivered with Wnt
ligands.[76, 78] The mechanism of how R-spondins synergistically activate the canonical Wnt pathway has
yet to be elucidated, yet it is generally thought that R-spondins do not bind directly with Fzd receptor.[78,
79] Despite limited mechanistic details, many groups show that R-spondins synergistically stimulate bone
repair through enhanced osteoblast differentiation following treatment with R-spondinl and Wnt3a in
vitro.[80-82] Additionally, R-spondin1 disrupted osteoclast expansion, reduced bone erosion, and enhanced
cartilage integrity following intraarticular injections into an osteoarthritic mouse model.[83] R-spondin2
has also been shown to promote osteoblastogenesis during skeletal repair by modulating BMP

signaling.[84, 85] Despite these published roles in potentiating Wnt activity, fundamental details addressing
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R-spondins role in activating canonical Wnt and bone repair are still needed to effectively harness its

therapeutic potential.[79, 86]

1.2.3 Synthetic Wnts

Recent interest has been geared towards developing surrogate Wnt ligands for the activation of
canonical Wnt pathway.[87, 88] Janda ef al. generated synthetic Wnt surrogates to be non-lipidated, water-
soluble Wnt ligands which induce Fzd-LRP5/6 receptor heterodimerization, identified as a key molecular
regulator for canonical Wnt pathway activation. Treatment of synthetic Wnt surrogates resulted in
accumulation of nuclear B-catenin and upregulation of ALP, suggesting activation of canonical Wnt, in a
murine hepatomegaly model.[88] Despite these advances in generating synthetic Wnt surrogates, many
groups have questioned the surrogate specificity for activating the Fzd pathway since Wnt ligands are cross-
reactive for multiple receptors.[89] To combat this selectivity concern, Tao et al. has developed tetravalent
synthetic antibodies specific for any Fzd receptor. Further, they reported that activation of both binding
sites within LRP6 resulted in greater intracellular signaling.[89] Future directions in synthetic Wnt
development entail elucidating the specific mechanisms involved in Wnt receptor activation and

determining the therapeutic capacity of synthetic Wnts for bone repair applications.

1.2.4 Lithium Chloride

In addition to extracellular modulation of the Wnt pathway with antibodies to Wnt inhibitors, Wnt
pathway activation can be modulated at the intracellular level by targeting the destruction complex. Lithium
is a chemical element that has been compounded with salts and given orally as a psychoactive medication
to treat bipolar disorder by increasing mTOR phosphorylation.[90, 91] Dysregulation of mTOR pathway
has been found in patients who suffer from bipolar disorder and once mTOR signaling is activated, the
production of synaptic proteins and inhibition of autophagy result in nerve growth and synaptic
transmission.[92] Interestingly, the pleiotropic effects from lithium was shown through its change in patient
bone mineral density and was subsequently discovered that lithium activates canonical Wnt signaling.
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Lithium specifically inhibits GSK-3f in the destruction complex, enabling B-catenin to stimulate Wnt-
responsive genes (FIGURE 1D).[93, 94] Numerous preclinical studies confirm that lithium has
significantly enhanced fracture healing by improving bone mass, volume, and formation when administered
several days after fracture.[95] Due to its success preclinically, a double blind, randomized controlled
clinical trial has begun evaluating the clinical efficacy of lithium treatment in long-bone fractures, but have

yet to report any conclusions.[96]

1.2.5 Fluoride

Fluoride is the ion of the highly reactive element fluorine and it can influence the Wnt signaling
pathway by inhibiting the destruction complex.[97, 98] Specifically, fluoride stimulates phosphorylation of
Akt and GSK-3p, thereby blocking activity of the destruction complex and increasing nuclear localization
of B-catenin.[98] Additionally, exposure to fluoride was shown to decrease the secretion of other inhibitors
of the WNT pathway, such as Dkk-1 and SOST, in a time and concentration-dependent manner.[35] In
murine models, fluoride increased the enzymatic activity of alkaline phosphatase and decreased activity of
osteoclast-derived serum tartrate-resistant acid phosphatase (TRAP), indicating enhanced osteoblastic
differentiation and reduced bone resorption.[99] However, fluoride has displayed adverse effects, including
potentially dangerous levels of toxicity and decreased gene expression levels of bone morphogenetic protein
2 (BMP-2) and type I collagen (COL1A1) when treated at high doses.[97, 99] Additionally, fluoride has
been shown to have pleiotropic effects and it has been characterized to suppress mTOR pathway,
significantly downregulating mTOR related genes, inhibiting cell proliferation and increasing autophagy
when delivered at high doses.[100, 101] While fluoride demonstrates a promising approach to enhancing
bone formation both in vitro and in vivo, there has been no published research evaluating its effects on

fracture repair.[97]
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1.2.6 Strontium

It has been found that strontium can substitute calcium in bone, increasing bone formation.[102]
Mechanistically, strontium substitution serves as an osteoanabolic by promoting osteoblastic
differentiation[103] and proliferation,[104] increasing ALP activity,[105, 106] promoting
angiogenesis[107], and increasing calcium deposition[108] and mineralization.[109, 110] Strontium also
enhances osteoblast activity through calcium-sensing receptors (CaSRs) which activate the Rass/MAPK
signaling pathway and trigger cell replication.[111] Furthermore, strontium acts directly on the Wnt
pathway by decreasing the expression of sclerostin[112] and increasing the expression of Wntll and
Wnt3a.[113, 114] Independent studies have demonstrated links between strontium and the Wnt pathway,
showing that strontium-induced osteogenesis were managed by the canonical Wnt pathway through
regulation of sSFRP1 and DKK1.[113, 115] Strontium ranelate (StRan), PROTELOS®, is a newly-approved
drug for lowering the risk of vertebral fracture in postmenopausal women. In addition to treating
osteoporosis, preclinical studies have shown that StRan can promote bone repair by accelerating
osteogenesis and improving bone formation in a calvarial defect.[50] Similarly, in an ovariectomized rat
model of osteoporotic fractures, two months of treatment with StRan increased bone volume within the
fracture callus[107] and improved callus strength.[116] While clinical trials of StRan report its efficacy in
reducing the risk of new vertebral fractures in postmenopausal women, no clinical data has shown a benefit

in fracture repair.[117]

1.2.7 Other Wnt modifiers

Several other families of Wnt modulators have recently been determined to antagonize and
deactivate Wnt proteins, such as Tiki, while other modulators serve as an agonist of canonical Wnt pathway,
like Porcupine. Tiki proteins have been found to act as metalloproteases by cleaving and deactivating Wnt
ligands.[118] These glycosylphosphatidylinositol-anchored proteins (GPI-Aps) are localized to the plasma-
membrane through the GPI moiety and inhibit canonical Wnt ligands.[119] Porcupine is another protein
which post-translationally modifies Wnt proteins through catalyzing their lipidation, imperative for Wnt
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ligand secretion.[120] Specifically, both Wntl and Wnt3a have been found to be lipidated through
porcupine, promoting their Wnt activity.[121] While these proteins have been implicated in the canonical
Wnt pathway, few studies have determined their therapeutic efficacy in bone repair. As porcupine inhibitors
have been studied for use as a cancer treatment, Funck-Brentano et al. examined potential adverse effects

on bone health finding deleterious amounts of bone loss and bone resorption.[122, 123]

L.3 Tissue Engineering Strategies to Achieve Delivery

The two main obstacles that drug delivery strategies must overcome to ensure therapeutic efficacy
are: (i) the stability of the cargo and (ii) targeting the area of interest. While some of the molecular
modulators of the Wnt pathway discussed above have demonstrated pharmaceutical benefits for treatment
of osteoporosis (e.g. increased bone density following EVENITY™ treatment), few of these modulators
have been tested in fracture repair. Although systemic approaches are often simple, the non-selective nature
of their delivery results in variable concentrations delivered to the region of interest. As an example, the
systemic delivery of strontium ranelate without proper targeting strategies results in biodistribution of less
than 1% of the drug to the bone.[45] Due to the vast nature of cellular responses in which Wnt plays a role,
systemic administration of bioactive agents targeting Wnt to enhance bone formation poses the risk of off-
target effects.[40] For example, lithium has been shown to enhance bone mass through the inhibition of
GSK-3pB enzymes, but studies now reveal that its long-term usage is associated with elevated incidence
ratios of renal cancer.[124] Even sclerostin monoclonal antibodies, like the newly approved EVENITY™,
have reported adverse events such as injection-site erythema, hemorrhage, headaches, and arthralgia.[125]
While these therapies can be further designed to circumvent adverse events, side effects are an inherent risk
with systemic delivery.

To circumvent the limitations associated with systemic delivery, including poor biodistribution and
aberrant side effects, there is a need to engineer more effective approaches to activate the Wnt pathway at
a local level. An overview of the potential applications for systemic versus localized Wnt-activation
strategies can be found in FIGURE 2.[126] Localized delivery of a bioactive agent involves integrating the
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Figure 2. Clinical overview of systemic versus localized drug or small molecule delivery

drug with a drug administering device or process to control the rate of release and target a specific tissue

type. Various approaches have been used to activate canonical Wnt pathway locally, including embedding

bioactive agent into a delivery carrier, using bioactive agents as a dopant for scaffolds, or incorporating

them in hydrogel platforms. A schematic of these tissue engineered approaches to deliver Wnt-activating

therapeutics is shown in FIGURE 3. While these approaches have been successful in vitro and in vivo

applications, they have yet to be translated to the clinic. This section highlights local approaches for

targeting canonical Wnt pathway.
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Tissue engineering strategies to deliver Wnt-activating therapeutics
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Figure 3. Tissue engineering strategies to achieve delivery of Wnt-activating therapeutics. Localized,
engineered approaches frequently involve the use of biomaterial platforms to deliver targeted
therapeutics. This schematic depicts tissue engineering strategies integrating biomaterial platforms and
targeting moieties which are reviewed in this manuscript.

L.3.1 Liposomes

The most direct pathway to locally activate canonical Wnt signaling would be through delivery of
the ligand. Lipid nanoparticles, inspired by the lipid bilayer of liposomes, can be an effective delivery
vehicle to circumvent the limitations of delivering hydrophobic Wnt proteins. Liposomal Wnt-ligand
therapies serve as a promising clinically translatable approach due to its preclinical successes.[127, 128] In
one embodiment, Chen et al. sought to transiently activate Wnt in murine bone grafts by adding a liposomal
Wnt3a formulation.[129] Following treatment, the cells in the bone graft showed elevated Wnt signaling,
increased cell proliferation and reduced apoptosis, resulting in three-fold increase in bone formation as
compared to bone grafts alone.[129] Similarly, other studies have reported that liposomal Wnt delivery

injected into skeletal defects enhanced bone regeneration three times more than the control.[36] Leucht et
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al. has highlighted the therapeutic potential for transiently upregulating canonical Wnt in patients with

reduced skeletal healing potential, such as an aged demographic.[36, 127]

1.3.2 Scaffold Dopants

A promising approach to deliver ions is to use them as a dopant in biomaterials. This approach
enables the local delivery of small Wnt-activating ions, such as strontium or fluoride, while utilizing the
biomaterial scaffold to interact with the adjacent tissues. Mineralization of biomaterials, typically through
the addition of synthetic hydroxyapatite or calcium phosphate, is a common procedure used to increase
scaffold strength and promote osseointegration with the surrounding microenvironment.[130-135]
Moreover, mineralization of metal-based implants obtained through coating with hydroxyapatite or bioglass
was found to alleviate inflammation caused by the corrosion of the implant.[136]

Strontium is one of the most used dopants in mineralized biomaterials and strontium-doped
biomaterials consistently promote improved osteogenic effects in vitro and in vivo.[107, 137, 138] For
example, strontium-doped hydroxyapatite induced osteogenic differentiation of MSCs through
upregulation of B-catenin expression to produce new bone formation both in vitro and in vivo.[50, 134, 136]
Based on the successes of these strontium-doped hydroxyapatite systems, Kavitha et al. has studied the
synthesis parameters of strontium doped hydroxyapatite powder for the purpose of scaling up the process
to maintain desired powder characteristics and optimal strontium concentrations to fabricate in bulk.[130]
Similarly, bioactive borate glass cement containing strontium was also found to enhance osteogenesis in
vivo and in vitro models.[136] Another strontium containing cement comprised of calcium phosphate was
reported to have new bone formation and enhanced osseointegration at the bone-implant area of the cements
in vivo as compared to the strontium-free bone cements.[139, 140] While there only a few published studies
for the use of strontium-doped materials in vivo, they have promising results for the treatment of
osteoporotic-related fractures.[141]

As with strontium, biomaterials can be doped with fluoride to enhance osteogenesis. Cooper et al.
studied fluoride’s capabilities in accentuating osseointegration of sandblasted titanium implants.[142] They
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found that fluoride modified titanium implants resulted in increased osteoblast differentiation capacity in
vitro and twice as much bone formation on the implant in vivo.[143] Hydroxyapatite scaffolds have also
been engineered to release fluoride ions at a controlled rate, increasing proliferation and osteogenesis of
MC3T3 cells in vitro.[143] Similarly, titanium containing fluoride-doped phosphate nanobioglasses

enhanced osteogenesis in vitro resulting in higher amounts of bone formation in vivo.[144]

1.3.3 Hydrogels

Hydrogels, networks of hydrophilic polymers, have been used in a large number of studies to target bone
repair as they can be absorbable, integrated with adjacent tissues and do not require surgical removal.[145,
146] Hydrogels can be synthesized from natural or synthetic materials and have a wide range of applications
due to their flexibility and potential for injectability.[147] Many studies have employed hydrogel systems
to deliver growth factors and/or cells for the promotion of bone regeneration, but few have used this
approach specifically to activate Wnt signaling.[145, 146, 148] Alaohali et al. used a hyaluronic acid-based
hydrogel to deliver a GSK-3 inhibitor to promote bone formation in dental applications.[148] In this
application, the hydrogel was injected into a murine molar defect, crosslinked using UV light to facilitate
drug encapsulation, and the drug was control released through degradation, stimulating dentine
formation.[148] Similarly, Wang et al. utilized a hydrogel-based system to deliver bone targeting
nanoparticles with a peptide targeting GSK-3f, showing that fracture healing was accelerated in a murine
fracture model.[149] Other groups utilized a thermo-responsive hydrogel platform as a scalable, cost-

effective strategy to enhance the production of Wnt3a protein.[150]

1.4 Future Directions
There remains an unmet clinical need developing strategies to activate the canonical Wnt pathway
in bone repair and bone regeneration. Emerging technologies, such as mRNA-based therapeutics, have had

exciting developments leading to clinical translation. However, few of these technologies have been applied
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to activating canonical Wnt pathway or fracture healing. We postulate that mRNA based approaches could

successfully circumvent the limitations reported with other Wnt-activating therapeutics.

1.4.1 mRNA Delivery

Delivery of mRNA is an attractive new bioactive approach as it does not require genomic
integration.[151, 152] Protein expression through mRNA delivery is sustained for a limited time which is
ideal to stimulate bone formation and minimize adverse events for application to fracture healing.[153]
Until recently, the use of mRINA as a therapeutic has been limited due to challenges associated with mRNA
stability, cytotoxicity of the delivery platform, and induction of innate inflammation.[151, 154-156] New
technology to mitigate these undesirable effects through modification of mRNA constructs and delivery
platforms has recently led to the successful mRNA COVID-19 vaccines.[46, 157] Recent work pioneering
mRNA therapies to promote bone regeneration through coding for BMP2/9 has shown promise, yet all
studies use a biomimetic scaffold which requires surgical implantation.[158, 159] One attractive locally
injectable alternative would be to use microparticles as an injectable delivery vehicle for therapeutic
mRNA. Recent studies have shown that delivering mRNA via mineral-coated microparticles increased
transfection and cell survival in vitro[160] and in vivo.[161] Using mRNA-based approaches to target the
Wnt pathway will circumvent the solubility challenges encountered when delivering Wnt proteins and
capitalize on the endogenous cellular machinery to add the post-translational modifications essential to

ligand function.

1.4.2 CRISPR Gene Editing

As with mRNA strategies, gene editing technology has vast potential in tissue engineering. The
newest of the genome editing technologies, CRISPR/Cas9, has accelerated translation from bench to clinic.
Many groups have proposed various methods for leveraging this technology for the regeneration of bone,
yet this approach has yet to be fully explored. While CRISPR genome editing has been used to develop
osteoporotic murine models[162-164], several investigators are currently exploring the therapeutic capacity

27



of using CRISPR technology in therapies. The most current clinically effective CRISPR-Cas9 applications
involve genetic engineering of cells ex vivo. One group recently used CRISPR/Cas9 and single guide RNAs
(sgRNAs) as a platform to restore the expression of type I collagen to combat osteogenesis imperfecta, a
genetic disorder characterized by bone fragility and repeat fractures.[165] Another group has employed
CRISPR technology to engineer stem cells as an alternative therapeutic approach to combat
osteoarthritis.[166] Brunger et al. engineered stem cells to maintain resistance towards IL-1-induced
degradation and inflammation. This approach implies that when cells are inserted in diseased or injured
tissues the host inflammatory response may compromise the therapeutic potential of the implant.
Importantly, ex vivo CRISPR gene therapy has now moved into human clinical trials as an immunotherapy
treatment and these trials will help to establish safety and efficacy of this technology.[167-169]

The RNA targeting CRISPR-Cas technologies may be the most promising in vivo therapeutic
approach for bone repair and/or trauma. The RNA-targeting Cas9 platform (RCas9) works by cleaving
ssDNA strands, and can also be designed to specifically target RNA sequences using sgRNAs.[170, 171]
Therapies aiming to reduce expression of toxic or potentially lethal RNAs have been employed in patient
cells ex vivo.[172] While RCas9 shows promise in treating nongenetic derived injuries, it has yet to be
employed for use in bone repair but could be possibly be used to silence inhibitors of Wnt/B-catenin.

Despite the most clinically effective CRISPR-Cas9 applications involving genetic engineering of
cells ex vivo, the first human clinical trials using in vivo genome editing have recently been performed to
treat various genetic diseases.[173, 174] Further studies utilizing in vivo CRISPR technologies need to
establish a robust safety profile of the developed therapies and their capacity in acquiring off-target effects

in order to employ in vivo technologies using CRISPR-based platforms.[166, 170]

.5 Conclusions

While the canonical Wnt signaling proves to be a complex pathway to target therapeutically, this
review presents promising engineering approaches to circumvent limitations in activating Wnt specifically
for bone regeneration. First, we reviewed Wnt-activating therapeutics designed to stimulate canonical Wnt
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when delivered systemically. Systemic delivery of bioactive agents requires targeting the entire skeletal
system, limiting the clinical application to diseases like osteoporosis. We subsequently discussed strategies
to deliver bioactive molecules and ions locally, which may be a preferable strategy for bone regeneration
and fracture repair applications. Local delivery approaches, including liposomes, scaffold doping, and
hydrogel-based systems show promise, but these strategies have not yet been translated clinically. In
addition to these approaches, several emerging methods should be considered as novel strategies to activate

the canonical Wnt pathway.
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CHAPTER II: MINERAL COATED MICROPARTICLES AS MRNA DELIVERY PLATFORMS FOR
FRACTURE HEALING

I1.1 Introduction

As an alternative to traditional protein-based therapeutics, gene therapy has emerged as a promising
approach to accelerate bone healing. Genes encoding growth factors, transcription factors, and hormones
involved in osteogenesis have been explored.[1-3] De la Vega et al. has thoroughly reviewed the delivery
of bone morphogenetic protein-2 (BMP-2) cDNA using viral vector systems, such as adenovirus and
lentivirus.[3] Viral platforms to deliver gene encoding BMP-2 have been shown to be associated with an
immune response resulting in impeded bone healing when tested in vivo.[4-7] New gene therapy strategies
for bone regeneration involve use of mRNA, yet this approach is still challenged with short-half life and
immunogenicity.[8, 9] To combat these challenges, other approaches have focused on modifying the
mRNA sequence to maximize transfection while minimizing an immune reaction.[9, 10] The use of
liposomes to encapsulate chemically modified BMP-2 mRNA loaded on a collagen sponge has also been
studied.[11, 12] Thus, mRNA therapies for fracture healing that result in effective transfection, promotion
of bone formation and minimal immunogenicity show great promise, but have yet to be thoroughly

explored.

Effective mRNA delivery to cells requires the use of carriers that will protect the nucleic acids from
degradation from nucleases.[13, 14] Currently, liposomal complexes (lipoplexes) are the most commonly
utilized delivery vehicles for mRNA based therapeutics, and include lipid nanoparticles and liposomes.[13,
14] However, lipoplexes can induce immunogenic reactions and are rapidly cleared by the mononuclear
phagocytic system (MPS).[13] Alternative strategies have been employed to mitigate limitations seen with
liposomal delivery and to effectively transport genes for bone repair. These include the use of B-tricalcium
phosphate biomaterials and mineral coated microparticles (MCM).[15-17] MCM consist of a bioresorbable
core material that become coated with calcium phosphate when bathed in biomimetic fluid, resulting in
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microparticles 5-8 um in diameter with a thin, flaky mineral coating.[17-19] MCM show promise for
fracture healing applications, due to the fact that they are highly tunable and compatible with local injection
delivery thereby negating the need for an open approach. In fact, MCMs have been used in vivo to
effectively sustain release of vascular endothelial growth factor (VEGF) and BMP-2 protein to treat
impaired fracture healing and have resulted in improved bone volume composition.[20, 21] Although the
majority of publications focus on MCMs to deliver proteins in a controlled-release manner, recent work
has focused on the controlled release dynamics of lipoplexes using MCMs.[17, 22] In vitro studies have
demonstrated that MCMs enhance mRNA transfection and diminish cytotoxic impacts from high mRNA
concentrations as tested in mesenchymal stem cells (MSCs) amongst other cell lineages.[17, 23, 24] In
these studies, a single-dose method to deliver MCM-lipoplexes with a functional mRNA sequence has been
resulted in successful local expression of the target protein.[25] Importantly, protein expression through
delivery of MCM-mRNA lipoplexes has reported higher bioactivity, prolonged protein expression and

improved functional outcomes as compared to delivery of recombinant proteins.[25, 26]

We hypothesized that using MCM complexes to locally deliver lipoplexes enhances transfection
potential, reduces immunogenicity, and does not interfere with fracture healing as compared to delivery of
lipoplexes alone in a murine fracture model. To test this hypothesis, we explored MCM-mRNA complexes
and sought to identify an effective MCM composition to deliver a reporter mRNA in a fracture setting
(FIGURE 4). The biomimetic mineral coating enhances the delivery of lipoplexes to cells in various in
vitro applications, yet have only effectively delivered lipoplexes in a rat spinal cord injury model to
date.[17, 23, 25, 26] The use of MCMs to improve localization and cell uptake of mRNA at the fracture
site would address several limitations, including the cytotoxicity associated with liposomal carriers. Here
we show that mRNA transfection is enhanced, prolonged, and does not interfere with fracture healing or
modulate inflammation when using MCMs as a transfection platform in a murine tibial fracture healing

model.
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Figure 4. Schematic of MCM and FMCM synthesis, delivery, cell interactions and characterization of
microparticles. A). Schematic of MCM and FMCM synthesis and lipoplex interaction. B). Delivery of
test article and controls were localized at the site of the fracture callus, C). where MCM-LPX-FLuc and
FMCM-LPX-FLuc are not endocytosed by the cells.

I1.2 Methods & Materials

II.2.1 Synthesis of MCM and FMCM

Mineral coated microparticles were made from B-tricalcium phosphate (3-TCP) 2 um powder
(Cambioceramics, Amsterdam, Netherlands) as the microparticle core and incubated in modified simulated
body fluid (mSBF) at 1 mg/mL for 7 days. The mSBF was prepared by using 141 mM NaCl, 4 mM KCl,
0.5 mM MgS04, 1 mM MgCl2, 4.2 mM NaHCO3, 20 mM HEPES, 5 mM CaCl2, and 2 mM KH2PO4. To
synthesize fluoride-doped MCM (FMCM) we introduced 1 mM NaF to the standard mSBF. All
microparticles were maintained in suspension at 37°C with rotation. The microparticles were centrifuged at

2,000 x g for 5 minutes every 24 hours over 7 days. The supernatant was discarded and replenished with
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fresh mSBF. Post 7 days, the MCMs were rinsed three times using S0mL deionized water and filtered using
a 40um pore cell strainer. Finally, the MCMs were concentrated and subjected them to lyophilization for
48 hours.[17] Dry MCMs were placed on carbon tape and sputter coated with 10 nm of platinum (ACE600,
Leica Microsystems, Morrisville, NC, USA). MCMs were imaged at 5.0 KV using a Gemini 450 scanning

electron microscope (Zeiss, Jena, Germany).

11.2.2 MCM and FMCM formulations with lipoplexes for in vitro experiments

MCM and FMCM were used to deliver lipid vesicles encapsulating mRNA to ATDCS5 cells in vitro.
To determine transfection protocols and concentrations for effective delivery of mRNA, firefly luciferase
(FLuc) mRNA was used as a reporter transcript (TriLink Biotech, Cat# L-7202) for all experiments.
Lipoplexes (LPX), liposomes complexed with mRNA, were generated using Lipofectamine™
MessengerMAX (ThermoFisher, Cat# LMRNAOO1) and firefly luciferase mRNA according to
manufacturer’s protocol. To combine the LPXs with MCM and FMCM, the LPX solution was added to
MCM or FMCM in OPTI-MEM for in vitro studies, with shaking for 30 minutes at RT. All in vitro
experiments used 0.25 pg of firefly luciferase mRNA/well, 2 pL of Lipofectamine™/well, and 100 pug of
MCM or FMCM per well. Firefly luciferase expression in MCM-Lipofectamine™-FLuc mRNA platform
(MCM-LPX-FLuc) and FMCM-Lipofectamine™-FLuc mRNA (FMCM-LPX-FLuc) was compared to the

luciferase expression from Lipofectamine™-FLuc mRNA (LPX-FLuc).

11.2.3 Testing MCM and FMCM cytotoxicity in vitro

The chondrogenic cell line (ATDCS, Sigma Aldrich, Cat # 99072806) was used for all in vitro
studies. Cells were used at passage 5 and under for all experiments. ATDCS5 cells were maintained using
media DMEM/F12 (Thermo Fisher, Cat# 11320033), 5 % fetal bovine serum (FBS, Thermo Fisher, Cat#
16000044) and 1 % penicillin/streptomycin (P/S, Thermo Fisher, Cat# 15140122). For all in vitro

experiments, ATDCS cells were plated at 20,000 cells/well in 12 well plates. Prior to transfection
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experiments, chondrocytes underwent serum starvation using basal media OPTI-MEM (Thermo Fisher,
Cat#31985070) 0.5 % FBS and 1 % P/S for 24 hours. All transfection protocols were executed using serum-
free media, OPTI-MEM supplemented with 1 % P/S. The cytotoxic effects were assessed using
PrestoBlue™ Cell Viability Reagent (Thermo Fisher, Cat# A13261) according to the manufacturer’s
protocol. To quantify the number of metabolically active cells, a standard curve of ATDCS cells was created
and the absorbance values were related back to the number of cells for quantitation. The plate was read at

570 nm with a reference wavelength at 600 nm using a plate reader (TECAN infinite M200 Pro).

11.2.4 Testing immunogenicity and osteogenesis in vitro

To further examine the potential impacts of MCM and FMCM on chondrocytes in vitro,
immunogenic and osteogenic markers were measured using qRT-PCR. Analysis of MCM-LPX, FMCM-
LPX and LPXs alone were measured in vitro after collecting RNA at 3, 6, 24 and 48 hours after treatments.
RNA was isolated using TRIzol™ Reagent (ThermoFisher, Cat# 15596026) according to the
manufacturer’s guidelines. RNA was then quantified by reading the absorbance values at 260 and 280 nm.
1 ug of RNA was then synthesized into cDNA using qScript cDNA SuperMix (QuantaBio, Cat# 95048-
025). Primers were designed and are listed in TABLE 1. Quality measurements were used to confirm primer
specificity and appropriate reaction temperatures by running PCR using DreamTaq Green PCR Master Mix
(2X) (ThermoFisher, Cat# K1081) using a 3-step method with denaturation at 95°C for 30 sec, annealing
at 60°C for 30 secs and extension at 72°C for 1 minute. The bands were analyzed on a 1.5 % agarose gel
with 2 uL GelStar Nucleic Acid Stain (Lonza, Cat # 50535) run at 150V for 25 minutes. Quantitative real-
time PCR was run using SYBR Green Master Mix (Bio-Rad, Cat#1725270) to detect the amplified DNA.
gRT-PCR was performed on a StepOnePlus™ instrument (Applied Biosystems). To analyze the output Ct
values, the reference housekeeping gene (f-2-modulin) was used to determine ACt values. The value of 2
(A4ACY was calculated for all graphs and to determine statistical significance. All 24 values less than 1.0,

were calculated as -1/(2°**®) as followed and described in Schmittgen et al.[27]
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Table 1. Primer sequences validated for use in gRT-PCR specifically for ATDCS5 samples.

Gene Forward Reverse

-2-modulin ATACGCCTGCAGAGTTAAGCA TCACATGTCTCGATCCCAGT
axin2 GTGAGCTGGTTGTCACCTACTT GCAAATTCGTCACTCGCCTTC
osteocalcin (ocn) CGCTCTGTCTCTCTGACCTC TCACAAGCAGGGTTAAGCTC
interleukin-1f (il- | TGGACCTTCCAGGATGAGGACA | GTTCATCTCGGAGCCTGTAGTG
1B)

interleukin-4 (i1-4) | GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT
firefly luciferase GTGGTGTGCAGCGAGAATAG CGCTCGTTGTAGATGTCGTTAG
(fluc)

11.2.5 Murine tibia fracture and stabilization model

In vivo experiments were approved by and conducted in compliance with the Institutional Animal
Care and Use Committee at Colorado State University (CSU). Mid-shaft tibial fractures were created in
adult (12-14 weeks), male C57BL/6J mice (Charles River # 027). All animals received a pre-surgical
analgesic, Buprenorphine SR (ZooPharm), at a dose of 0.6-1.0 mg/kg. Mice were placed under general
anesthesia using inhaled 1-5 % isoflurane to effect. Left hind limbs were shaved and sterilely prepared
using 70 % alcohol wipes and Chlorhexidine surgical scrub solution, repeated for a total of 3 times.
Lubrication was provided for the eyes of each mouse using artificial tears ointment (Bausch & Lomb) and
mice were then transferred to a heated operating table. Using aseptic technique, an incision was made along
the tibia, and a hole was made at the top of the tibial plateau using a 23-gauge needle. An intermedullary
pin (sterilized insect pin) was inserted through the hole made from the tibial plateau through the tibial cavity
and into the distal tibia. One small hole was created in the mid-shaft of the tibia using a Dremel and pressure
was applied to both proximal and distal ends to fracture the tibia.[28, 29] The surgical incision was then
sutured using 5-0 Biosyn Sutures (Covidien, Cat #5687) and one surgical skin staple was applied over the
skin incision to protect against chewing. A local anesthetic, 0.25% Bupivicaine Hydrochloride (NovaPlus,
cat # RL-7562), was applied topically after the initial staple was placed. Mice were then allowed to recover
individually in a heated cage before being transferred back to their original cage. Mice were socially housed

throughout the in-life period, and permitted free ambulation. Mice were closely monitored for pain and
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signs of infections for 72 hours following the surgery. All treatments were suspended in 25 pL sterile PBS
and vortexed before injecting. All experimental and control groups were injected on day 6 post-fracture
into the fracture callus using a Hamilton syringe 1800 series (Sigma Aldrich, Cat # 21397). Localized
treatments consisted of experimental groups (MCM-LPX and FMCM-LPX), negative and positive control
groups (PBS and LPX respectively). Serum was collected 2 days following treatment via tail vein blood
draw and lastly at time of harvest using a cardiac puncture. Animals were sacrificed according to approved
euthanasia protocols after 2 or 8 days following localized treatments. At euthanasia, serum, fractured tibia,
kidneys, liver, spleen and lung were harvested for analysis. Harvested tibias were either fixed in 4 %
paraformaldehyde for histological analysis or flash-frozen in liquid nitrogen for RNA analysis. Tissues and

serum were flash frozen by immediately placing in liquid nitrogen and stored at -80°C.

I1.2.6 Localized MCM and FMCM injections

All treatments were injected into the fracture callous 6 days following fracture. In vivo analysis of
transfection reagents used firefly luciferase mRNA at a concentration of 10 pg/mouse, Lipofectamine™ at
15 uL/mouse, and MCM/FMCM at 100 pg/mouse. Following the generation of lipoplexes as described in
I1.2.2, the MCM/FMCM solutions were added to the lipoplex formulations and incubated for 30 minutes at
RT with moderate shaking. In vivo studies used sterile filtered 1X phosphate buffer solution (PBS, Thermo
Fisher, Cat # 10010023) as the solvent to produce the various solutions. Negative control groups included
a sterile-filtered phosphate buffered saline (PBS) group with a total volume of injections to be 25 pL/mouse.
Firefly luciferase expression in MCM-Lipofectamine™-FLuc mRNA platform (MCM-LPX-FLuc) and
FMCM-Lipofectamine™-FLuc mRNA (FMCM-LPX-FLuc) was compared to the luciferase expression
from Lipofectamine™-FLuc mRNA (LPX-FLuc). The following n-values can be found in the table listed

below for each experiment and for each time point (TABLE 2).
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Table 2. The n-values associated with reported experiments for each treatment group.

Day 2 Day 8
Group
Histology | RNA | Histology
PBS 4 3 6
LPX 5 5 4
MCM-LPX 5 4 6
FMCM-LPX 5 6 7

11.2.7 Transfection efficacy and kinetics in vivo

Transfection efficacy and kinetics were measured through use of reporter gene, firefly luciferase
mRNA, and quantification of luminescence using IVIS imaging (manufacturer, town, state). IVIS imaging
was performed daily to assess the magnitude and duration of luciferase expression from the time of delivery
of reporter mRNA until signal dissipated. All mice were anesthetized using inhaled isoflurane and injected
with 100 pL of firefly luciferase substrate, D-luciferin, subcutaneously at 10 mg/mL in PBS. Isoflurane
Anestheisa was maintained using inhaled isoflurane at 1-5 % to effect and mice were imaged 5 minutes
following subcutaneous injection of D-luciferin. Bioluminescence was acquired using the ‘Auto’ setting
and regions of interest were measured for bioluminescence using Livinglmage software (PerkinElmer,
version). Percent retention was calculated using the following equation for each animal:

% Retention = 100 % - [((A - Bx)/A) x 100%],

where A = bioluminescence intenstiy at day 1, and By = biolumescence intensity at day x.

11.2.8 In vivo immunogenicity and osteogenic testing

Mice were humanely euthanized at day 8 post-treatment. All fractured limbs were harvested,
immediately placed in liquid nitrogen and stored at -80°C. To isolate the RNA from the fracture callus, the
fracture callus was dissected and removed, minced and placed in 1 mL of TRIzol. The tissues were
homogenized using IKA Tissue Homogenizer (IKA, Cat# 0003737001) using a speed of 5 for 3 minutes,

or until all large chunks were broken down. RNA was then quantified by reading the absorbance values at
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260 and 280 nm. 1 ug of RNA was then synthesized into cDNA using qScript cDNA SuperMix. Primers

were designed and are listed in TABLE 3 and qRT-PCR was performed as described in Section 11.2.4.

Table 3. Primer sequences validated for use in gRT-PCR for use in a murine fracture model.

Gene Forward Reverse

-2-modulin ATACGCCTGCAGAGTTAAGCA TCACATGTCTCGATCCCAGT
collagen 10al TTCTGCTGCTAATGTTCTTGACC | GGGATGAAGTATTGTGTCTTGGG
(colX)
axin2 GTGAGCTGGTTGTCACCTACTT | GCAAATTCGTCACTCGCCTTC

runt-related
transcription factor
2 (runx?2)

ACTCTTCTGGAGCCGTTTATG

GTGAATCTGGCCATGTTTGTG

osterix (0sx)

TGCGCCAGGAGTAAAGAATAG

CCTGACCCGTCATCATAACTTAG

osteocalcin (ocn)

CGCTCTGTCTCTCTGACCTC

TCACAAGCAGGGTTAAGCTC

interleukin-1p (il-

1)

TGGACCTTCCAGGATGAGGACA

GTTCATCTCGGAGCCTGTAGTG

interleukin-4 (il-4)

GGTCTCAACCCCCAGCTAGT

GCCGATGATCTCTCTCAAGTGAT

firefly luciferase

GTGGTGTGCAGCGAGAATAG

CGCTCGTTGTAGATGTCGTTAG

(fluc)

To analyze treatment groups for immunogenicity and osteogenesis, RNA was first isolated from
the fracture callus 8 days after injection. To measure in vivo immune responses, qRT-PCR was used to
probe for the pro-inflammatory marker, interleukin-1§ (il-1f), and anti-inflammatory marker, interleukin-
4 (il-4). Local inflammatory response was measured using qRT-PCR and histopathology while systemic
inflammation was tested using a C-Reactive Protein (CRP) ELISA kit (R&D Systems, Cat# MCRPO0O0)
according to manufacturer’s instructions on the serum collected at day 2 and 8 post-treatment.[30]
Osteostimulatory characterization was determined by using qRT-PCR for osteogenic markers osterix (0sx),
osteocalcin (ocn), collagen 10al (colX) and downstream canonical Wnt markers, axis inhibition protein 2

(axin2) and runt-related transcription factor (runx2).

11.2.9 Histology, histopathologic scoring and histomorphometric methodology

Fractured tibias were collected 2 and 8 days post treatment, fixed in 4 % paraformaldehyde, and
decalcified using 19 % ethylenediaminetetraacetic acid (EDTA). The tissues were then processed in

increased ethanol solutions (50%, 70%, 95% and 100%), processed in xylene (x2) and then placed in
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paraffin for 1.5 hours each. Samples were embedded in paraffin, sectioned at 8 um thickness, and mounted
onto glass slides. Two serial sections of each sample were cut and stained with hematoxylin and eosin using
routine methods. Semiquantitative histopathologic analysis was performed by a board-certified veterinary
pathologist (D.P.R.) who was blinded to the treatment arm. For analysis, slides were scanned on low
magnification and the fracture callus region-of-interest identified and histological scoring performed based
on the qualitative cell population across this callus region-of-interest. Semi-quantitative scoring was
performed using a modification of ISO10993-6 Annex E: Biological evaluation of medical devices — Part
6: Tests for local effects after implantation (SUPPLEMENTAL TABLE 1). Inflammatory response was
determined by categorizing inflammatory cell type (polymorphonuclear cells (PMNs), lymphocytes
(Iymphs), plasma cells, macrophages, and giant cells,) Host tissue response analysis included categorical
measures of necrosis, edema, hemorrhage, neovascularization and fibrosis. Responses were scored based
on a 0-4 scale where 0 represents “none”, 1 represents “rare/minimal”, 2 represents “mild”, 3 represents
“heavy infiltrate/moderate” and 4 represents “packed/severe.”

Immunohistochemistry (IHC) was performed to identify cells expressing Fluc within the fracture
callus using previously published methods.[29, 31] Antigen labeling was performed using a primary anti-
luciferase (Novus Biologicals, Cat# NM600-307) antibody. Negative control mouse IgG monoclonal
antibody (ThermoFisher, Cat# 10400C) was used in replace of firefly luciferase antibody to determine non-
specific stain. Cell morphology was used as the primary tool to identify specific immunopositive cell types,
using Hall Brundt’s Quadruple (HBQ) stain on adjacent slides, or the slide immediately following IHC
stained sections.[32] The following kits were used for IHC detection: Mouse on Mouse Immunodetection
Kit (Vector Laboratories, Cat# BMK?2202), VectaStain Elite ABC-HRP Kit (Vector Laboratories, Cat# PK-
6200) and DAB Substrate Kit, Peroxidase (HRP) (Vector Laboratories, Cat# SK-4100). All kits were used
according to manufacturer’s protocol. Sections were counterstained using Hematoxylin, dehydrated and

mounted in a xylene-based mounting medium.
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To perform quantitative histomorphometry, serial sections were obtained using the first section
beginning in the fracture callus and every 10" section afterwards. Standard histomorphometry principles
were used as previously described and quantification of the fracture callus components including bone and
cartilage tissues were determined.[29, 33] HBQ stain was used to identify the dense collagenous fibrils of
bone, stained red by direct red, and proteoglycans in the cartilage matrix , stained by alcian blue.
Quantification of callus composition was determined using the Trainable Weka Segmentation2 add-on in
Fiji ImageJ (version 1.54f; NIH, Maryland, USA).[34] Volume of specific tissue types (bone, cartilage,
fibrous) was determined by summing the individual component compositions relative to the whole fracture
callus compositions. Tissues were imaged using a Nikon Eclipse Ti microscope. Additionally, photoshop

(version 24.7.0, Adobe) was used to isolate fractured tissue from the adjacent muscle and skin tissues.

I1.2.10 Statistics

Animal sample size was determined a priori using the mean and standard deviation from our
preliminary data, where a power analysis was conducted using R Studio to determine that 5 mice/group/time
are required for IVIS outputs (total flux) to achieve a power level >80% with an effect size 1°=0.99 and a
significance level of 5% (SUPPLEMENTAL FIGURE 2). Statistical analysis was performed using Graph
Pad Prism 8. Logl10 transformation was performed on all IVIS outputs and all statistics was executed on
log transformed values. Data were plotted so that each sample represented a single dot on each graph. The
bar indicates the mean with error bars representing standard deviation. Statistical difference was determined

by ANOVAs and all post-hoc comparison performed using Tukey’s HSD test.

I1.3 FMCM enhances transfection, promotes bone and minimizes immunogenicity in vitro
To determine the transfection efficacy of MCM-LPX, two different formulations of MCM were
prepared. Fluoride was chosen as a dopant for MCM as it has been associated with stimulating the canonical

Wnt pathway (as noted in Section 1.2.5). MCM and FMCM were characterized using scanning electron
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microscopy (SEM) to visualize the outer morphology of the microparticles (FIGURE 5A). MCM were
found to have a plate-like outer coating where FMCM had a more needle-like structure. The cytotoxic
effects of the microparticles were evaluated and were found to have no significant in vitro chondrocyte
cytotoxicity at any dose tested (12.5 ug- 250 pg) (FIGURE 5B). Based on these data, 100 ug of MCM or
FMCM was chosen to use in all in vitro experiments, as this concentration did not promote cytotoxic effects

when tested in chondrocytes in vitro.
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Figure 5. A). SEM imaging of MCM (left) and FMCM (right). Scale bars represent 2 um. B). Metabolic
activity was measured to determine cytotoxicity of MCM-LPX-FLuc and FMCM-LPX-FLuc.

Transfection efficacy of each delivery platform was measured by evaluating firefly luciferase gene
expression through qRT-PCR. FMCM-LPX-FLuc was found to significantly enhance transfection to
chondrocytes in vitro at 3 and 6 hours following treatment compared to both LPX-FLuc and MCM-LPX-
FLuc groups (FIGURE 6A). FMCM-LPX-FLuc was found to have significantly less il- 1 at all time points
tested compared to the LPX-FLuc group alone, whereas MCM-LPX-FLuc was found to have significantly

less il-1f at only the 48 hour timepoint compared to LPX-(FIGURE 6B). Additionally, FMCM-LPX-FLuc
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had significantly lower i/-1§ measurements than MCM-LPX-FLuc at all earlier time points, yet MCM-
LPX-FLuc had significantly lower at 48 hours. MCM-LPX-FLuc was found to have significantly more il-

4 at all time points as compared to both LPX-FLuc and FMCM-LPX-FLuc groups (FIGURE 6C).
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Figure 6. In vitro transfection analysis of the three delivery platforms, Lipofectamine alone, MCM-
Lipofectamine and FMCM-Lipofectamine. All transfections were performed using reporter mRNA,
firefly luciferase, and RNA was isolated following 3, 6, 24 and 48 hours following transfection. gRT-
PCR was performed to quantify various markers of A). transfection by probing for firefly luciferase,
and markers of inflammatory responses by probing for B). pro-inflammatory marker, il-1b, and C).
anti-inflammatory marker, il-4. Osteogenesis was measured through measuring D). osteocalcin, and
E). downstream canonical Wnt gene, axin2.

We tested whether there was any osteostimulatory effect in chondrocytes by probing for osteogenic
markers in vitro. MCM-LPX-FLuc was found to have higher trends of ocn expression at all time points
tested when compared to FMCM-LPX-FLuc (FIGURE 6E), but only showed significantly more ocn
expression at 24 and 48 hours following treatment. FMCM-LPX-FLuc had significantly more axin2
expression at earlier time points, specifically at 3 and 6 hours as compared to MCM-LPX-FLuc groups
(FIGURE 6D). The upregulation seen in axin2 expression with FMCM is consistent with previous

observations that fluoride activates the canonical Wnt pathway.[35]
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We used a mineral coated microparticle (MCM) based platform to deliver mRNA encapsulated
liposomes to chondrocytes and tested their ability to result in protein expression. Our data reveals that using
FMCM-LPX-FLuc as a platform to deliver lipoplexes significantly enhanced transfection in chondrocytes
without causing a pro-inflammatory response. While MCM-LPX-FLuc did not augment transfection, it
resulted in a more favorable inflammatory response when compared to the LPX-FLuc group alone as
evidenced through lower pro-inflammatory and higher anti-inflammatory markers in the MCM treated

groups. Additionally, Both MCM-LPX-FLuc and FMCM-LPX-FLuc activated osteogenic genes in

chondrocytes.

I1.4 FMCM prolongs transfection without altering fracture healing in a murine model

| Gene expression within murine fracture callus after various treatments |
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Figure 7. Gene expression analysis within the fracture callus following 8 days post treatments.
Markers of A) pro- and B) anti- inflammatory responses, C-E) early osteogenic genes, and F-G) late

osteogenic genes were tested.
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Given the promising in vitro results described in Section II.2, the MCM-LPX-FLuc and FMCM-
LPX-FLuc platforms were evaluated for their effect on osteogenesis, inflammatory response, bone and
transfection efficacy in a murine fracture model. Within the tibia fracture callus, both early osteogenic
genes, collagen 10al, axin2 and runx2, and late osteogenic genes, osterix and osteocalcin, were tested for
a more robust analysis of MCM-LPX-FLuc and FMCM-LPX-FLuc osteogenic potential. While no
statistical significance was found in vivo, we observed that higher expression of osteogenic genes was

associated with the FMCM-LPX-FLuc group (FIGURE 7 C-G).

A Day2 HEy8 B Day 2 Percent Area (cm?) D Serum CRP
[ '8 100 W
v B & " ]
-Jl'!(* 80 \ 2
o & ,.' ; g (" m 10 L
X 8 L] =
- R Hl S 60 E ) =
!; ‘ E = (o]
A 2 40 5+
4 . . a0
s ¥ @A i
é L a A Bl =11 0 T T T T | P \
D I 0 T - v > L r e A @
§ ¥ 4 Bone Cartilage PP PP PP PP
. E
i Day 8 Percent Area (cm?3) " _—— 25+ Lymphs
) 20 o =

. "
15
104 codoo 101
0.5 0.5
- T T T

w3 Fibrosis

o L]
1.5

1.0+ EEgEE
05 | —L

0.0 7 T ¥

Percent Area

Bone Cartilage
2 Ps

FMCM-LPX-FLuc MCM-LPX-FLuc

[® mem-LPx-FLuc | [ = FMCM-LPX-FLuc |

Figure 8. A). Histomorphometric principles were used to B-C). quantify bone and cartilage. D). Systemic
inflammation was measured through C-reactive protein (CRP) analysis in serum samples. E).
Histopathology results from H&E slides 2 days after treatments.

We next aimed to test local and systemic inflammatory responses following treatments with MCM-
LPX-FLuc and FMCM-LPX-Fluc in vivo. While no significance was found, modulation of inflammatory
markers in vivo showed FMCM-LPX-FLuc to trend higher in i/-1§ and il-4 as compared to both MCM-

LPX-FLuc and LPX-FLuc groups (FIGURE 7A-B). Additionally, systemic inflammation, measured
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through C- Reactive protein (CRP) expression, revealed no significant differences found between any group
in CRP values on either of the days tested (FIGURE 8D). H&E slides 2 days following injections were
scored by a blinded pathologist for peripheral mononuclear cells, lymphocytes, macrophages and fibrosis,

to reveal no differences between any of the groups nor within any inflammatory cell type (FIGURE 8E).
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Figure 9. 1VIS images were taken daily following initial treatment locally into the fracture callus. A).
1VIS images were then quantified and B). percent retention of signal was then calculated from C). daily
IVIS images. D). Immunohistochemistry for firefly luciferase was performed in mice 2 days following
treatment to determine cell type expressing mRNA.

No significant differences were found between any of the groups tested in bone or cartilage tissue
composition within the fracture callus at day 2 (FIGURE 8B) or day 8 (FIGURE 8C) following treatment.
Interestingly, while FMCM-LPX-FLuc had the highest amount of luciferase expression in vitro, LPX-FLuc
had the highest luciferase signal on the first day following treatment in vivo yet was not significant
(FIGURE 9A). At 2 days after injection, FMCM-LPX-FLuc maintained significantly more luciferase
expression than PBS, whereas all other treatment groups lost significant luciferase expression levels

(FIGURE 9 B,C). For qualitative assessment, immunohistochemistry revealed firefly luciferase expression
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within cartilage, and specifically within hypertrophic chondrocytes, and mesenchyme or fibrous tissues

(FIGURE 9D). Arrows show examples of cells positive for expressing firefly luciferase.

I1.5 Conclusions

The series of experiments characterized the ability of mineral coated microparticle (MCM)
platforms to deliver mRNA encapsulated liposomes to a fracture site, showing prolonged mRNA delivery
without promoting inflammation or inhibiting bone healing. FMCM-LPX-FLuc was found to prolong
mRNA expression, without provoking immunogenicity or interfering with fracture repair. Protein
expression following transient transfection with mRNA is sustained for only a limited time, making it an
ideal platform for bone repair, as fracture healing requires a temporal upregulation of osteogenesis.[36]
Further, gene expression necessitates the enhancement of mRNA stability from endonuclease-mediated
decay.[37] Until recently, the use of mRNA therapeutic platforms have been limited due to challenges
associated with mRNA stability, cytotoxicity of the delivery platform, and induction of innate
inflammation.[38-41] Cationic lipid vesicles such as Lipofectamine™, are frequently used in vitro to
enhance mRNA stability, yet the cytotoxicity associated with this reagent limits clinical translation.[42, 43]
MCMs are comprised of calcium phosphate and biomimetic fluids, creating a mineral coating originally
designed for controlled and localized delivery of growth factors.[18, 23, 24] Recently, MCM lipoplexes
have been utilized to enhance mRNA and cDNA stability in vitro, resulting in an increased transfection
efficiency, enhanced cell internalization, and reduced cytotoxicity seen as compared with cationic lipid
vectors.[17] Additionally, it has previously been shown that mineral coatings may enhance osteostimulatory
effects, and can enhance transfection of plasmid DNA in bone marrow stem cells.[18, 44]

We evaluated the effect of the chemical dopant fluoride on the MCM platform for mRNA delivery,
Incorporating fluoride in the mineral coating has previously been shown to decelerate mineral dissolution
which subsequently affected the protein binding and release kinetics for BMP2.[19, 23] Fluoride has also

shown to activate of the canonical Wnt pathway, a critical pathway in bone formation.[35, 45, 46] Further,
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fluoride prevents the destruction complex from sending B-catenin to be proteolytically degraded, thereby
increasing the nuclear localization of B-catenin.[35] The transcription factor P-catenin modulates the
expression of bone-associated genes, specifically runt-related transcription factor 2 (Runx2) and Osterix
(Osx).[47, 48] Importantly, while fluoride has frequently been tested as a treatment for osteoporosis and to
enhance osseointegration, there is little known about fluoride’s effect in fracture repair.[49-51] Our work
has shown that fluoride does upregulate many known bone regulating pathways, including canonical Wnt.
These promising in vitro results necessitate further optimization when testing for bone upregulation in an
in vivo model for bone repair.

We evaluated the effect of FMCM-LPX on canonical Wnt activation and osteogenic gene
expression by probing for bone-related genes Axin2, Runx2, Osx and Ocn following treatment. Although
FMCM-LPX significantly activated the canonical Wnt pathway in vitro, there was no significant
upregulation of Wnt in vivo. While fluoride has been heavily implicated in therapies that enhance bone
mass, an adverse and deleterious effect at high doses (>8 mg/day) has been observed with chronic
exposure.[52, 53] Thus, only moderate amounts of FMCM-LPX-FLuc were tested in this study in vitro,
showing no cytotoxic effect on metabolic activity at any of the concentrations tested. Additionally, the
concentration chosen for in vivo studies was previously used in a murine spinal cord injury model and was
shown to not only effectively deliver mRNA, but also improve motor function.[26] Thus, further studies
should be performed to analyze a dose response of chemical dopant, fluoride, in promoting bone volume.

Viral delivery of the BMP-2 gene has been found to impede fracture healing due to an immunogenic
response. De la Vega et al. reported elevated levels of both pro-and anti-inflammatory cytokines in animals
treated with synthetic RNA, yet were not elevated in animals treated with sham or protein groups.[11]
Therefore we wanted to determine the immunogenic effect of MCM-LPX-FLuc and FMCM-LPX-FLuc.[3,
7] In vitro testing suggested no significant differences in inflammatory cytokines following treatment with
MCM-LPX-FLuc and FMCM-LPX-FLuc as compared to PBS. In vivo testing of localized and systemic

inflammation revealed that neither MCM-LPX-FLuc or FMCM-LPX-FLuc did not provoked a significant
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immunogenic response. This lack of immunogenicity may be due in part to a modest amount of mRNA
being delivered (10 pg) in comparison to other reports (50 pg).[11] Taken together, this set of experiments
highlight the therapeutic potential of using FMCM to deliver LPX-FLuc as prolonged luciferase expression
was found. Additionally, when using this biomaterial-based platform as a delivery mechanism, the FMCM-
LPX-FLuc system did not interfere with fracture healing nor enhance an immune response in a murine tibia

fracture healing model.

I1.6 Limitations and Future Directions

This study had several limitations including use of Lipofectamine™ at various times within the
shelf-life range, which impacts the transfection potency of cells as the reagent diminishes in potency with
increased time on the shelf. Additionally, only one concentration of MCM-LPX-FLuc and FMCM-LPX-
FLuc was tested in vivo. To fully elucidate the osteostimulatory responses of biomaterial platforms, MCM
and FMCM, further in vivo studies should focus on optimizing the dose-response. Further, as this dose was
selected based upon prior published in vivo studies in a rat spinal cord injury model, this dose was not
optimized for use in a fracture healing model. By increasing the concentration of both biomaterial platforms,
MCM and FMCM, and keeping the concentration of LPX-FLuc consistent, further osteostimulatory effects
can be determined.

Future studies should also explore the delivery of a functional mRNA sequence involved in
promoting bone, such as BMP2 or BMP7.[54, 55] Prior work using biomaterial-mediated protein delivery
through MCM and FMCM platforms have shown prolonged expression of protein BMP-2 and enhanced
bone volume when tested in vivo.[20, 24] Thus, delivering a sequence which encodes a bone-modulating
protein, like BMP2, would further enhance the osteostimulatory effects seen with MCM and FMCM
biomaterial delivery. Biomaterials specific for the delivery of mRNA therapeutics should maximize mRNA

stability while enhancing functional outcomes. These data signify the need to further explore
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osteostimulatory effects of MCM and FMCM platforms, as this can potentially reduce concentration of

mRNA needed to promote bone.
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Chapter I1I: OPTIMIZING LIPID NANOPARTICLES FOR MRNA DELIVERY IN FRACTURES

II1.1 Introduction

Liposomes continue to be one of the most explored drug delivery systems, and typically referred
to as spherical phospholipid vesicles consisting of one or more lipid bilayers.[2] Since their initial
fabrication in 1965, liposomes have been utilized to deliver proteins and nucleic acids, gaining considerable
advancements in biomimetic properties and phospholipids over the last 30 years.[3-5] Liposomes have
several distinctive advantages as delivery systems as they offer a wide array of tunable compositions,
surface properties, stability profiles and can be fabricated at a relatively low cost.[3] Cationic lipids have
been the most widely utilized liposomal formulation, specifically for gene delivery, as the positively
charged lipids facilitates an electrostatic interaction with anionic nucleic acids. Often these liposomal-
nucleic acid complexes, or lipoplexes, have been formulated in a solution containing helper lipids, which
facilitate endosomal escape within the cytoplasm. Endosomal escape refers to the mechanism of
pharmaceuticals released by the endosome and further as the endosome matures, it acidifies causing
membrane destabilizing effects.[3, 6] Additionally, the component phospholipids of liposomes can vary in
their structural components such as their hydrophilic head size, surface charge and length of their
hydrophobic tail.[3] Due to the lack of knowledge on the impact that various lipid structures have in
therapeutic applications, a trial and error method for selecting a liposomal formulation has been employed
by several groups to determine the best lipoplex needed for each specific application.[7]

Two widely used commercially-available liposomes include Lipofectamine™ (manufacturer info)
and TransIT® (manufacturer info) Lipofectamine employs cationic lipid DOSPA ({2,3-dioleyloxy-N-
[2(sperminecarboxamido)ethyl]-N,N-dimethyl-I-propanaminium trifluoroacetate}) and helper lipid
dioleoylphosphatidylethanolamine (DOPE), at a 3:1 ratio respectively.[3, 8] It is this multivalent cationic
lipid that enhances nucleic acid packing within the liposome and the neutral helper lipid facilitates

transfection efficacy.[3, 9, 10] Helper lipids alter the liposomal configuration to that of a hexagonal
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conformation, allowing for membrane destabilization and thus, endosomal escape of the packaged nucleic
acid.[3, 9, 11-13] While TransIT® Reagent is a proprietary blend of lipids and polymers to form lipoplexes,
it is regarded as a liposome with high transfection efficacy amongst a wide array of cells.[14] Despite the
high transfection efficiency, the commercially available liposomes have had limited clinical translation due
to some undesirable effects. Specifically, the headgroups of cationic lipids have been found to activate pro-
apoptotic and pro-inflammatory pathways.[15-17] Additionally, liposomal delivery have led to an enhance
proinflammatory cytokine production in serum and the activation of the immune system.[18, 19]

Recently, there have been significant advancements in liposome nanotechnology for nucleic acid
and drug delivery and these advances have resulted in the successful clinical translation of several novel
and highly effective therapies. Specifically, optimization of particle size, surface charge, and increases in
stability have promoted successful clinical translation.[20] Lipid nanoparticles (LNPs) have emerged as a
new leader in drug delivery systems and are comprised of more complex phospholipid structures with
enhanced stability.[21] The phospholipid structure of liposomes involves a phospholipid bilayer whereas
the LNPs tend to have a more complex micelle-like structure comprised of other phospholipids, sterols and
hydrophilic polymer, polyethylene glycol (PEG), covalently attached to a phospholipid head group.[2, 22]
These PEGylated phospholipids mitigate clearance by the reticuloendothelial system, increasing blood
circulation time and, importantly, enhance drug delivery.[23] While LNPs continue to cause an innate
immune response with reports of toll-like receptor activation following intravenous administration, reviews
have highlighted the reduced immunogenic profile seen with LNPs compared to cationic liposomes[24-27]
Examples of LNPs currently used in the clinic include the FDA-approved nucleic acid drug, Onpattro, a
liposomal drug encapsulating small interfering RNA that targets hepatocytes to treat amyloidosis, to the
development of the highly successful COVID-19 mRNA vaccines.[28, 29]

LNPs comprised from ionizable phospholipids are positively charged at a low pH and net neutral
at physiological pH.[20] Two ionizable phospholipid based LNPs that have been used in successful clinical

trials are MC3 and SM102.[20] SM103 LNPs are composed of phospholipids structured with an ester
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linkage located on the hydrophobic tail that was included in the design to facilitate elimination, with thus
increased tolerability of the LNPs.[30] In contrast, the MC3 phospholipid-based LNP structure does not
include an ester bond, which may suggest less biodegradation.[30, 31]

We hypothesized that LNPs have improved tolerability and enhanced mRNA delivery compared
to that of cationic liposomes for delivery to a fracture callus by localized injection. To test this hypothesis,
we compared two ionizable LNP formulations against two commercially available cationic liposomes.
Differences in cationic and ionizable lipid nanoparticle formulations are shown in FIGURE 10. These
LNPs were tested for transfection potential, immunogenicity, interference with bone healing, and
biodistribution in vitro and in a murine fracture healing model. Together, this series of experiments explore
efficacy of various lipid nanoparticles with the goal of finding a formulation best suited to effectively

deliver mRNA to a fracture callus.
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Figure 10. Schematic depicting the differences between cationic A). LNPs and B). ionizable
LNPs. Created with Biorender.com.[1]
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II1.2 Methods & Materials

II1.2.1 LNP Formulations

The two commercially available cationic LNP’s, Lipofectamine and TransIT (see manufacturer
details) were compared to one another to select the ideal cationic lipid nanoparticle to compare with the
ionizable LNP’s. Both Lipofectamine and TransIT were used according to manufacturer’s instructions. Two
different ionizable lipid nanoparticles (LNPs) were formulated for use in the following experiments to
determine the most favorable formulation to deliver mRNA to the fracture callus. Firefly Luciferase mRNA
was used as a reporter gene. Lipid nanoparticles containing mRNA were synthesized with the microfluidic
system Benchtop Nanoassemblr. Briefly, 300 ug of mRNA were dissolved in 750 ul of sodium citrate
buffer (150 mM, pH=4.5) to make up the aqueous phase, while the lipids DLin-MC3-
DMA:DSPC:Cholesterol: DMG-PEG2000 (MC3), and the lipids SM-102:DOPC:Cholesterol:DMG-
PEG2000 (molar ratios 50:10.5:38:1.5) (SM102) were dissolved in 250 ul of ethanol to make up the organic
phase. Later, both phases were briefly warmed at 45°C, then loaded onto syringes for synthesis with the
following parameters: the flow rate ratio was set at 1:3 (organic:aqueous), the total flow rate at 9ml/min,
and the waste at 100 pl. The final N/P ratio (that is, the ratio between the positively charged amine groups
of the ionizable lipids over the negatively charged phosphate groups of the mRNA) was set to 6
independently of the mRNA type. After synthesis, LNPs were dialyzed against 1x PBS (overnight, 4°C),
then filtered with 0.22 um syringe filters.

Physio-chemical properties of each LNP formulation were measured via dynamic light scattering
(DLS, Malvern Zetasizer): 10 pl of LNPs were diluted in 990 pl of PBS for size (nm) and polydispersity
index (PDI, a.u.) measurements, while the same amount of LNPs was diluted in 90ul of PBS and 900ul of
double distilled water for zeta potential (mV) measurements. In all cases, the equipment was set to average
three sets of measurements with 15 sub-runs each. mRNA encapsulation efficiency (EE%) was measured
using the Ribogreen RNA assay. LNPs were initially diluted 1:100 in TE buffer, then subsequently diluted

1:2 in either TE buffer (to measure un-encapsulated RNA), or 2% (v/v) Triton-X in TE buffer (to burst
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LNPs and measure encapsulated RNA), for a total volume of 100 pl. After a 15-minute incubation at 37°C,
Ribogreen reagent was diluted 1:10 in TE buffer, then 100 ul were added to the previously diluted LNPs
samples. Following a 10-minute incubation at room temperature, the plate was read at Ex/Em of
480nm/520nm. Results obtained from LNPs diluted in TE buffer were subtracted from those obtained for

LNPs diluted in Triton-X to calculate the final mRNA concentration.

II1.2.2 Testing transfection efficacy and cytotoxicity in vitro

The chondrogenic cell line, ATDCS cells, were differentiated into hypertrophic chondrocytes and
used for all in vitro experiments. Hypertrophic chondrocyte differentiation involved use of basal ATDCS
medium supplemented with 1 % L-Glutamine (ThermoFisher, Cat # 25030149), 10 pg/mL transferrin
(Millipore Sigma, Cat # T8158-100mg), 3 x 10® M Selenite (Sigma Aldrich, Cat # S5261-10G), 0.2 mM
Ascorbic Acid (Sigma Aldrich, Cat # A8960-5G), and 10 ug/mL Insulin (Millipore Sigma, Cat # 12643-25
MQ) treated on cells for 7 days with replacing media every 2-3 days.[32] To measure transfection efficacy
of the MC3 LNPs as compared to Lipofectamine™ complexes, reporter mRNA, firefly luciferase (FLuc)
mRNA, was used to track transfection over a 48 hour time period. Lipofectamine™ was used according to
manufacturer’s protocol. 0.25 pg FLuc mRNA was used per well and Lipofectamine was used at 2 pL of
reagent/well for the Lipofectamine treated groups. MC3 was delivered based on the encapsulation
efficiency of FLuc mRNA and was also delivered at 0.25 pg/well. Cells were used at passage 5 and under
for all experiments. ATDCS cells were maintained using basal medium DMEM/F12 (Thermo Fisher, Cat#
11320033), 5 % fetal bovine serum (FBS, Thermo Fisher, Cat# 16000044) and 1 % penicillin/streptomycin
(P/S, Thermo Fisher, Cat# 15140122). For all in vitro experiments, ATDCS5 cells were plated at 20,000
cells/well in 12 well plates. Prior to transfection experiments, chondrocytes underwent serum starvation
using basal media OPTI-MEM (Thermo Fisher, Cat# 31985070) 0.5 % FBS and 1 % P/S for 24 hours. All
transfection protocols were executed using serum-free media, OPTI-MEM supplemented with 1 % P/S.

The cytotoxic effects were assessed using PrestoBlue™ Cell Viability Reagent (Thermo Fisher, Cat#
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A13261) according to the manufacturer’s protocol. To quantify the number of metabolically active cells, a
standard curve of ATDCS cells was created and the absorbance values were related back to the number of
cells for quantitation. The plate was read at 570 nm with a reference wavelength at 600 nm using a plate
reader (TECAN infinite M200 Pro). RNA was isolated and made into cDNA as described previously using
techniques described in Section 11.2.4, and QRT-PCR was performed for firefly luciferase and il-1p.

hMSCs were grown in alphaMEM (VWR, Cat # 50-012-PC) supplemented with 10% FBS (Gibco,
Cat # 16000-044) and 1% Penicillin/Streptomycin (Hyclone, VWR, Cat # SV30010). mRNA and LNPs
were diluted in OptiMEM (Gibco, Cat # 11058021), delivered at 100 ng mRNA/well to human BM-MSCs
and incubated overnight. Cells were treated for 24 hours and then were washed with PBS 2X and lysed (5:1
PBS to CCLR) (Promega, Cat # E1531). Firefly Luciferase activity was assayed by by mixing Firefly
luciferase assay buffer (S0mM Tris, 10mM MgSO04. 6 mM D/L cysteine, 20 uM Sodium Pyrophosphate,
ImM EDTA and 2g/L Bovine serum album) with ATP (1mM Final), and D-Luciferin (150 pg/mL). 100
uL of this assay buffer was added to 20 uL of lysate and read on a plate reader.

Celltiter Blue Reagent (Promega, Cat # G8080) was mixed 1:5 with cell culture media and
incubated for 1 hour. Media was then collected and read on a plate reader per manufacturers
recommendation. Metabolic activity was compared within treatment and untreated control groups. The
CellTiter-Blue® Reagent is a buffered solution containing highly purified resazurin. The ingredients have
been optimized for use as a cell viability assay. The spectral properties of CellTiter-Blue® Reagent change
upon reduction of resazurin to resorufin. Resazurin is dark blue in color and has little intrinsic fluorescence

until it is reduced to resorufin, which is pink and highly fluorescent (579Ex/584Em).

II1.2.3 Murine tibia fracture and stabilization model

In vivo experiments were approved by and conducted in compliance with the Institutional Animal
Care and Use Committee at Colorado State University (CSU). Mice were socially housed throughout the

in-life period and permitted free ambulation. Mid-shaft tibial fractures were created in adult (12-14 weeks),
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male C57BL/6J mice (Charles River # 027). (Describe treatment groups and numbers here) All animals
received a pre-surgical analgesic, Buprenorphine SR (ZooPharm), at a dose of 0.6-1.0 mg/kg. Mice were
placed under general anesthesia using inhaled 1-5 % isoflurane to effect. Left hind limbs were shaved and
sterilely prepared using 70 % alcohol wipes and Chlorhexidine surgical scrub solution, repeated for a total
of 3 times. Lubrication was provided for the eyes of each mouse using artificial tears ointment (Bausch &
Lomb) and mice were then transferred to a heated operating table. Using aseptic technique, an incision was
made along the tibia, and a hole was made at the top of the tibial plateau using a 23-gauge needle. An
intermedullary pin (sterilized insect pin) was inserted through the hole made from the tibial plateau through
the tibial cavity and into the distal tibia. One small hole was created in the mid-shaft of the tibia using a
Dremel and pressure was applied to both proximal and distal ends to fracture the tibia to create a fracture
which was not stabilized. {Wong, 2020 #13;Hu, 2017 #32} The surgical incision was then sutured using 5-
0 Biosyn Sutures (Covidien, Cat #5687) and one surgical skin staple was applied over the skin incision to
protect against chewing. A local anesthetic, 0.25% Bupivacaine Hydrochloride (NovaPlus, cat # RL-7562),
was applied topically after the initial staple was placed. Mice were closely monitored for pain and signs of
infections for 72 hours following the surgery. All treatments were suspended in 25 pL sterile PBS and
vortexed before injecting. All experimental and control treatment groups were injected on day 6 post-
fracture into the fracture callus using an insulin syringe (BD, Cat # 324702). Animals were sacrificed

according to approved euthanasia protocols 2 days following injection into the fracture callus.

II1.2.4 Localized injections of cationic lipoplexes

First, we performed a pilot study using a murine tibia fracture and stabilization model as described
above to determine which commercially available cationic lipid nanoparticle was most effective for delivery
of mRNA to the fracture callus and therefore appropriate to use to compare with ionizable LNP. First, 10
pg/mouse firefly luciferase (FLuc) mRNA as a reporter gene was encapsulated with either Lipofectamine™

MessengerMax or TransIT® per manufacturer’s instructions. Following lipoplex formulation of
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Lipofectamine™-FLuc or TransIT®-FLuc, 100 ug/mouse of MCMs were added and the lipoplex-MCM
formulations were then incubated for 30 minutes at RT with moderate shaking. The negative control was
sterile-filtered phosphate buffered saline (PBS). Following the incubation period, 50 puL of each MCM-

lipoplex was injected locally at the site of the fracture callus (n=2/treatment).

II1.2.5 Localized injections of MCM-LNPs

Initially, we tested the capacity for FMCM and MCM (as described in the previous chapter) in
combination with cationic lipid nanoparticles to enhance or prolong mRNA transfection efficacy. Next,
we compared cationic and ionizable lipid nanoparticles in combination with MCM or FMCM. Briefly MC3
LNPs were synthesized as described in Section II1.2.1, using firefly Iuciferase 10 pg/mouse of firefly
luciferase mRNA was used for in vivo studies. MC3 LNPs encapsulating firefly luciferase mRNA were
incubated with MCM or FMCM (100 pg/mouse or 100 pg/well) for 30 minutes at RT with moderate
shaking. The negative control was a sterile-filtered phosphate buffered saline (PBS) group. Following the
incubation period, test articles were vortexed for 10 seconds and 25 uL of each MCM-MC3 or FMCM-

MC3 combination was injected locally at the site of the fracture callus (n=5/group; n=3 for all PBS groups)

III.2.6 Localized injections of ionizable LNPs

To determine the ability of ionizable MC3 and SM-102 LNPs to deliver mRNA (without MCM or
FMCM), MC3 and SM102 LNPs were concentrated to allow for a 25 pL injection volume using 100K
protein concentrators (Sigma Aldrich, Cat # UFC510024), spun at 5000 x g for 5-10 minutes. Following
fracture and stabilization, all treatments were injected on day 6. Similarly, to previous experiments, firefly
luciferase (FLuc) mRNA was used as a reporter gene at 10 pg/mouse. Lipoplex delivery systems delivered
10 pg of encapsulated mRNA but were not normalized to deliver the same amount of phospholipid.

Negative control groups included a sterile-filtered phosphate buffered saline (PBS) group. All treatments
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were vortexed for 10 seconds prior to aspirating into the Hamilton 1800 series syringe and were then

injected locally into the fracture callus region (n=5/treatment groups; n=3 for each PBS group).

II1.2.7 Transfection efficacy and kinetics in vivo

Transfection efficacy and kinetics were measured using firefly luciferase mRNA and protein
expression was quantified using IVIS bioluminescence imaging. IVIS imaging was performed 24 and 48
hours following injection. IVIS imaging was performed daily to quantitatively assess the magnitude and
duration of luciferase expression from the time of delivery of reporter mRNA. All mice were anesthetized
using isoflurane and injected with 100 pL of firefly luciferase substrate, D-luciferin, subcutaneously at 10
mg/mL in PBS. Continued isoflurane was maintained at 1-5% and mice were imaged 5 minutes following
subcutaneous injection of D-luciferin. Bioluminescence was acquired using the ‘Auto’ setting and regions

of interest were measured for bioluminescence using Livinglmage software.

1I1.2.8 In vivo immunogenicity and fracture healing interference measurements

To further examine the immunogenic and osteogenic effects after delivering MC3 and SM-102
LNPs, qRT-PCR was performed on various markers. To isolate RNA from the fracture callus, the tissue
was dissected, minced into small pieces and placed in 1 mL of TRIzol. The tissues were then homogenized
using IKA Tissue Homogenizer (IKA, Cat# 0003737001) using a speed of 5 for 3 minutes, or at least until
all large chunks were broken down. RNA was isolated using TRIzol™ Reagent (ThermoFisher, Cat#
15596026) according to the manufacturer’s guidelines. RNA was then quantified by reading the absorbance
values at 260 and 280 nm. 1 pg of RNA was then synthesized into cDNA using qScript cDNA SuperMix
(QuantaBio, Cat# 95048-025). Next, primers were designed and are listed in TABLE 4. Quality
measurements were used to confirm primer specificity and appropriate reaction temperatures by running
PCR using DreamTaq Green PCR Master Mix (2X) (ThermoFisher, Cat# K1081) using a 3-step method

with denaturation at 95°C for 30 sec, annealing at 60°C for 30 secs and extension at 72°C for 1 minute. The
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bands were analyzed on a 1.5 % agarose gel with 2 pL. GelStar Nucleic Acid Stain (Lonza, Cat # 50535)
run at 150V for 25 minutes. Quantitative real-time PCR was run using SYBR Green Master Mix (Bio-Rad,
Cat#1725270) to detect the amplified DNA. qRT-PCR was performed on a StepOnePlus™ instrument
(Applied Biosystems). To analyze the output Ct values, the reference housekeeping gene (p-2-modulin)
was used to determine ACt values. The value of 2-(AACt) was calculated for all graphs and to determine
statistical significance. All 2(-AACt) values less than 1.0, were calculated as -1/(2(-AACt)) as followed and
described in Schmittgen et al.[28] Local inflammatory response was measured using qRT-PCR while
systemic inflammation was tested using a C-Reactive Protein (CRP) ELISA kit (R&D Systems, Cat#
MCRPO00) according to manufacturer’s instructions on the serum collected at day 1 and 10 post-

treatment.[33]

Table 4. Primer sequences validated for use in gRT-PCR for use in all LNP treated fracture calluses.

Gene Forward Reverse

p-2-modulin ATACGCCTGCAGAGTTAAGCA TCACATGTCTCGATCCCAGT
Collagen 10al TTCTGCTGCTAATGTTCTTGACC | GGGATGAAGTATTGTGTCTTGGG
(collOal)

Alkaline GTTGCCAAGCTGGGAAGAACAC | CCCACCCCGCTATTCCAAAC
Phosphatase

(alp)

interleukin-15 TGGACCTTCCAGGATGAGGACA | GTTCATCTCGGAGCCTGTAGTG
(il-1p)

Tumor necrosis GGTGCCTATGTCTCAGCCTCTT | GCCATAGAACTGATGAGAGGGAG
factor- 0. (tnf a)

firefly luciferase GTGGTGTGCAGCGAGAATAG CGCTCGTTGTAGATGTCGTTAG
(fluc)

II1.2.9 Biodistribution Study

IVIS imaging was performed at 6 and 18 hours following treatments to determine biodistribution.
To acquire ex-vivo IVIS images, mice were sacrificed according to approved euthanasia protocols after 18
hours following localized treatments. Immediately following live IVIS imaging, fractured limb, liver, lung,
spleen and kidney were harvested and imaged ex-vivo. Bioluminescence was acquired using the ‘Auto’
setting and regions of interest were measured for bioluminescence using Livinglmage software. All tissues

were then flash frozen immediately using liquid nitrogen and stored at -80°C.
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II1.2.10 Statistics

Animal sample size was determined a priori using the mean and standard deviation from our
preliminary data, where a power analysis was conducted using R Studio to determine that 5 mice/group/time
are required for IVIS outputs (total flux) to achieve a power level >80% with an effect size 1?=0.99 and a
significance level of 5% (SUPPLEMENTAL FIGURE 2). Statistical analysis was performed using Graph
Pad Prism 8. Logl0 transformation was performed on all IVIS outputs and all statistics was executed on
log transformed values. Data were plotted so that each sample represented a single dot on each graph. The
bar indicates the mean with error bars representing standard deviation. Statistical difference was determined

by ANOVAs and all post-hoc comparison performed using Tukey’s HSD test.

I11.3 Lipofectamine™ prolongs expression of FLuc at the fracture site as compared to TransIT

Both TransIT and Lipofectamine were tested for transfection efficacy. Following quantification of
the IVIS images, the FLuc-Lipofectamine™-MCM group had the highest and most prolonged expression
24 hours following injection and expression was localized to the fracture site (FIGURE 11). Because of
this efficacy, only cationic lipofectamine was used in subsequent experiments.

Day 7 Images
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Figure 11. IVIS images of two manufactured lipoplexes, Lipofectamine™ and TransIT®, revealed that
Lipofectamine™ had consistently higher expression in all mice and at all time points tested.
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111.4 MC3-MCM/FMCM complex did not prolong transfection in vivo

Lipofectamine and MC3 LNPs were tested for their transfection potency using hypertrophic
chondrocytes in vitro. In characterizing cytotoxicity following delivery of the lipoplexed FLuc mRNA,
Lipofectamine™ was found to have significantly less cells at 6 and 24 hours following delivery as compared
to the no treatment group, signifying some level of cytotoxicity with Lipofectamine delivery system
(FIGURE 12A). No significant differences were found between MC3 LNPs and the no treatment group at

any time point tested.
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Figure 12. MC3 LNP and Lipofectamine™ were tested in A). metabolic activity, B). firefly luciferase
expression, and C). il-1f expression in hypertrophic chondrocytes in vitro.

To evaluate transfection efficiency, temporal RNA expression for the reporter construct firefly
luciferase was evaluated from 3 to 48 hours after delivery. MC3 LNPs delivering firefly luciferase mRNA
had significantly higher luciferase expression at 3, 6 and 24 hours following treatment as compared to the
no treatment group (FIGURE 12B). Additionally, MC3 LNPs had more luciferase expression than
Lipofectamine™ groups at 3 and 24 hours (p=0.0291, p=0.0143 respectively). Pro-inflammatory factor i/-
1 was quantified through qRT-PCR revealing that MC3 LNPs had the least amount of i/-1f expression at
6 hours following treatment compared to the no treatment group (p=0.0041) (FIGURE 12C).

MC3 LNPs were then tested as an mRNA delivery vehicle in combination with MCM and FMCM
technology and to further localize mRNA expression. Since our data support that MC3 LNPs have better

transfection when tested in vitro, we then used these LNPs to generate an mRNA lipoplex to replace the
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mRNA-Lipofectamine™ lipoplex that was used in studies within Chapter II. MCM-MC3 and FMCM-MC3
formulations were first tested in vitro in hypertrophic chondrocytes, resulting in FMCM-MC3 to
significantly enhance transfection efficacy of MC3 LNPs at 6 hours after treatment (FIGURE 13A). Taken
these promising results, we tested the MCM-MC3 and FMCM-MC3 in our murine tibia fracture model.
Despite the promising in vitro results, the FMCM-MC3 group did not lead to significantly more transfection
efficacy nor prolonged transfection in vivo (FIGURE 13B-C). The first two days following treatments, all
groups (MC3, MCM-MC3 and FMCM-MC3) were found to have significantly more luciferase expression
over the PBS control (p=0.0062, p=0.0006, p=0.0005 respectively for day 1). All other p-values can be

found on FIGURE 13.
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Figure 13.MCM and FMCM were tested in their capacity to enhance MC3 LNPs in vitro and in vivo. A).
First, MCM-MC3 and FMCM-MC3 formulations were tested for firefly expression in vitro using
hypertrophic chondrocytes. Next, the formulations were tested in a murine fracture model and B). daily
1VIS images were taken and C). quantified.

77




No significant differences were detected between the treatment groups tested at day 1, yet MC3 was found
to have significantly more luciferase signal over FMCM-MC3 at day 2, day 3 and day 4 (p=0.042;
p=0.0337; p=0.049 respectively). In fact, MC3 LNPs maintained significance over PBS control for all the

5 days tested, where MCM-MC3 lost significance over PBS at day 4.

IIL.5 SM-102 LNPs improved mRNA delivery characteristics as compared with MC3 LNPs in vitro
and in vivo

SM-102 and MC3 LNPs were generated and then characterized to determine differences between
the two formulations. First, we characterized the LNPs through size, polydispersity index (PDI) and surface
charge (FIGURE 14A). MC3 and SM-102 LNPs were of similar size, with MC3 LNPs being 10 nm larger
in diameter than SM-102 LNPs (97 nm and 87 nm respectively), but both under 100 nm according to current
best practices. PDI reveals a monodisperse LNP sample set, as both are under a PDI of 0.15. In this
application, a PDI of 0.0 suggests a perfectly uniform population and a PDI of 1.0 suggests a heterogenous
population of particle size.[34] Lastly, the zeta potential, or the surface charge of nanoparticles in solution,
analysis resulted in near net neutral surface charges for both of the LNPs. It has previously been published
that net neutral nanoparticles fall within the range of -10 and +10 mV, while cationic and anionic
nanoparticles are characterized as having a surface charge of £30 mV and over/under.[35]

Transfection efficacy was assessed in human bone-marrow MSCs using firefly luciferase as a
reporter gene to track and measure level of transfection. SM-102 was found to have significantly more
transfection compared to MC3 LNPs and the no treatment group (FIGURE 14B). While MC3 did have
significantly higher transfection when compared the PBS treatment group (p=0.0411), SM-102 LNPs was
found to have the highest transfection in in vitro testing. No significant differences were determined
between treatment groups in metabolically active cells revealing no cytotoxic effects with any treatment

(FIGURE 14C).
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Figure 14. Characterization of MC3 and SM-102 ionizable LNPs. A). structure and characteristics, B).
transfection efficacy of firefly luciferase loaded LNPs, and C). metabolic activity of LNPs in vitro.
Schematic created with Biorender.com.

Due to the promising transfection kinetics seen in vitro, both LNP formulations were tested in our
murine tibia fracture model to assess transfection efficacy and kinetics. Daily IVIS images were taken of
all treatment groups (FIGURE 15A) and the bioluminescence was quantified (FIGURE 15B) within the
standardized region of interest (ROI). There was significantly greater luminescence within the ROI in the
SM-102 LNPs group as compared with PBS controls at days 1-7 after delivery (FIGURES 15A, B). The
MC3 LNPs group had significantly higher bioluminescence as compared with PBS controls on days 1-5
and day 8 following injection. There were no significant differences determined between MC3 and SM-
102 treatment groups at any timepoint during analysis. SM-102 LNPs sustained transfection for 7 days
following treatment as compared to MC3 LNPs which sustained transfection for 5 days. Further measures
of transfection were taken as firefly luciferase RNA expression was quantified within the fracture callus
(FIGURE 15C). Although SM-102 LNPs had the highest expression 1 day after injection, this difference

did not reach significance.
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Figure 15. A). Daily IVIS images after delivery of MC3 and SM-102 LNPs, and B). log-transformed
quantitative IVIS. C). Firefly luciferase RNA expression was assessed within the fracture callus.

Local inflammatory response to the LNPs was evaluated within the fracture callus using gene
expression analysis. No significant differences were determined in il-/f levels within the fracture callus
between any groups (FIGURE 16A). MC3 LNPs had significantly higher tnfa expression at day 10
following treatments as compared to both PBS and SM-102 treatment groups (FIGURE 16B). To assess
systemic inflammatory response from delivery of LNPs, C-reactive protein (CRP) was measured in the
serum 1 and 10 days following treatments (FIGURE 16C). Here, both LNP treatment groups showed
elevations on day 1 injection relative to PBS, with MC3 LNPs having significantly elevated CRP levels, as
compared with the PBS and SM-102 groups. No significant differences were found between any treatment
group at 10 days after injection. To measure effect on fracture healing, the expression of osteogenic genes

alp and collOal were compared between groups. No significant differences were determined in the
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expression of the early osteogenic marker alp. However, MC3 LNPs were found to have significantly less
coll0al expression than the SM-102 group at days 1 and 10 post injection. No significant differences in

coll0al were found between the MC3 and PBS groups, nor SM-102 and PBS at any time point.

A : B

il-1 tnf-a
8- 8- p=0393
hd _—p=0.0009 c
6 6
g = Serum CRP
o
é 44 2 5; 44 p=0.0039
& & p=0.0033
2 2
b p<0.0001
0 0 15
D Day 1 Day 10 E Day 1 Day 10
10
2.5 alp colX 2
2
204 2+ p=0.013 54
—_ . r
G 1.5 5
3 ° 3 o
< 1.0 1 ~ )
& A & o5 &
0.5
0.0 T 04
Day 1 Day 10 Day 1 Day 10

[ PBS] [a mc3inP | [@ sm-t02LnP |

Figure 16. Gene expression analysis of the fracture callus through qRT-PCR for markers of A-B).
inflammation with il-18 and tnf-0, and D-E). osteogenesis with alkaline phosphatase and collagen
10al (colX). C). Additionally, C-reactive protein in serum was analyzed at days 1 and 10 after
treatment.

I11.6 Biodistribution remained largely localized to the fracture site following LNP injection

A biodistribution study was performed to characterize the distribution of the LNPs following a
localized injection to the site of the fracture callus. It is important to determine if the LNPs remained
localized or if they were subjected to distribute through the reticuloendothelial system. Significantly more
luciferase signal was determined at the fracture site after injections at 6 and 18 hours between MC3 LNPs
and PBS control and additionally between SM-102 LNPs and PBS control (FIGURE 17A,C). Ex-vivo IVIS
images depicted some luciferase signal in the liver, yet was not significantly different when compared to

the PBS group (FIGURE17B,D). Further, no significance was noted in luciferase expression between any
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of the groups tested in lung, spleen, or kidney tissues. MC3 and SM-102 had significantly higher luciferase
signal in the fractured limbs when compared to the PBS control, but no significance was determined

between the MC3 and SM-102 LNP groups.
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Figure 17. Biodistribution study was performed to determine if the injections were localized to the
fracture. A,C). Live IVIS imaging was performed at 6 and 18 hours following injections and B,D). ex-
vivo IVIS was performed on various organs and tissues.

II1.7 Conclusions

In orthopaedic applications, viral gene therapy has made tremendous strides as evidenced by the
success of early in-human trials showing efficacy of functional gene(s) to treat rheumatoid arthritis and

osteoarthritis (OA).[36-39]. One such trial in patients suffering from rheumatoid arthritis was aimed to
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reduce inflammation within the microenvironment through ex-vivo, intra-articular delivery of autologous
transduced fibroblasts derived from the synovium using a retrovirus containing inhibitor of interleukin-1,
interleukin-1 receptor antagonist (IL-1Ra) ¢cDNA.[38, 40] Despite these successful clinical trials, the
logistics of the ex-vivo treated synovium and the expense of viral gene therapy treatments have limited their
clinical successes.[39] Several clinical trials for orthopaedic pathologies remain ongoing, however, to date,
poor safety profiles and strong immunogenic responses using viral delivery systems have continued to
hinder progression to FDA approval in the US.[44]

Non-viral gene delivery systems have the potential to overcome the challenges associated with viral
gene therapy, with some of the main advantages being reduced immunogenicity and stronger safety
profiles.[45, 46] Delivering mRNA to elicit a functional outcome is a promising approach for bone
regeneration. However, for mRNA-based gene therapies to be successful in promoting the desired
biological response, mRNA molecules must reach the targeted tissue and cell types. Targeted delivery and
stability remain a critical need in mRNA therapeutics.[36, 47] The COVID vaccines successfully overcame
this limitation by utilizing LNPs to deliver mRNA safely and efficaciously [28, 48] The ‘bioinspired’ design
of the LNPs are advantageous due to their biocompatibility as they contain naturally occurring components,
like cholesterol.[49] However, the use of mRNA delivery to address musculoskeletal diseases, specifically
for bone healing remains a nascent field.[47] The recent work utilizing LNPs for use in bone tissue
engineering have involved the use of surgically implanted collagen scaffolds to slow the release kinetics of
the mRNA being delivered is one example of a successful approach, however an injectable system that does
not require surgical implantation would be ideal, as this would mitigate risks and healthcare costs associated
with surgery. [49-52] Another strategy using bone-targeting liposomes to deliver bisphosphonates locally
in impaired fracture healing models increased liposomal localization to the site of the fracture without the
use of a scaffold, yet immunogenicity was not tested.[53] The central advantageous feature of ionizable

LNPs giving rise to their high transfection capacity is their pKa between 6 and 7, which enhances endosomal
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escape of the mRNA through electrostatic interaction of the endosomal phospholipids and cationic ionizable
lipids.[54, 55]

In this series of experiments, the cationic manufactured liposome Lipofectamine, superior
transfection efficacy as compared to TransIT following localized injection to a fracture callus.
Lipofectamine was then compared with 2 LNPs, MC3 and SM-102, to better understand reporter mRNA
transfection efficiency within the fracture callus, immunogenicity and biodistribution following localized
injection. Both MC3 LNPs and SM-102 LNPs were formulated with the same concentration of cholesterol,
helper lipids, and pegylated lipids to ensure direct comparison of the two LNP formulations. We saw
superior efficacy using ionizable LNPs as compared to manufactured liposomes (Lipofectamine and
TransIT) and we proceeded with optimizing ionizable LNPs for fracture healing applications.

Charged LNPs, such as Lipofectamine and TransIT, often distribute to the lung and spleen when
administered intravascularly in vivo putting these systems at risk of off-target effects.[56] Other studies
have shown that intramuscular injections of neutral LNPs distribute to the liver, suggesting similar off-
target risks.[31] In our work, a localized injection within the fracture callus was selected to enhance site-
specificity.[31, 56, 57] Despite using a localized route of administration, mRNA-based pharmaceuticals
have been found to diffuse within circulation and thus provoke an immunogenic response.[57] Due to the
promiscuity of LNPs seen following localized administration, it is imperative to examine the biodistributive
properties of pharmaceuticals. In this study, localized treatments of neutral LNPs did not show significant
luciferase expression in liver, lung, spleen or kidney when tested ex-vivo.

SM-102 LNPs were found to enhance reporter mRNA transfection in in vitro When examining
both formulations in our murine fracture and stabilization model, SM-102 LNPs prolonged transfection for
a longer duration as compared with the MC3 formulation. This further signifies that SM-102 LNP improved
stability of mRNA to facilitate greater endogenous protein expression. Taken these results, mRNA delivery
with SM-102 LNPs has the potential to promote a greater biological outcome in a fracture healing

application.
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We initially felt it would be advantageous to combine mRNA-LNP with MCM or FMCM (see
Chapter II) to minimize immune response and further localize the lipoplexes to the site of the fracture callus.
Despite promising in vitro results showing enhanced transfection potential with combined FMCM-MC3
LNPs, no beneficial effect was seen when combining these technologies in vivo. In fact, the combination
of these technologies reduced the transfection kinetics of MC3 LNPs. This may have been due in part to
centrifugation requirements of MCM technologies which reduces the volume to suit a mouse fracture site,
Further, mRNA-LNP complexes which were not bound to MCM may have undergone destabilizing effects
with centrifugation or were removed through aspiration and resuspension of the solution. Importantly, this
may signify insufficient interaction between MCM and ionizable LNPs which requires further optimization
to facilitate proper binding of these two technologies.

Interestingly, when testing the use of combining MC3 LNPs with optimized mineral coated
microparticles as developed in Chapter II, no beneficial effects were found in enhanced transfection.
Further, it was proposed to combine these two technologies as an alternative approach for evading an
immune response and additionally to further localize the lipoplexes to the site of the fracture callus. Despite
promising in vitro results showing enhanced transfection potential with combined FMCM-MC3 LNPs, no
beneficial effect seen when combining these technologies in vivo. In fact, the combination of these
technologies reduced the transfection kinetic potential of MC3 LNPs. This may have been due in part to
centrifugation requirements of MCM technologies which reduces the volume to suit a mouse fracture site.
As this may signify insufficient interaction between MCM and ionizable LNPs, further optimization needs
to be performed to facilitate proper binding of these two technologies.

Immunogenic effects, and any potential interference in osteogenesis were also tested in vitro and
in vivo. No significant cytotoxic effects were noted when testing either LNP formulation in vitro, yet MC3
LNPs showed significantly more pro-inflammatory expression within the fracture callus. Despite MC3
being the only formulation to provoke a localized immunogenic response, all injections including the PBS

control were shown to increase systemic CRP activity with MC3 formulation being the highest. MC3 also
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significantly reduced osteogenic gene, coll0al, as compared to SM-102 formulation but no significance
was noted between MC3 and PBS control at either osteogenic gene tested. While MC3 LNP caused a
localized pro-inflammatory response, no interference of osteogenesis was noted within the fracture callus

with either LNP formulation.

I11.8 Limitations and Future Directions

This study has several limitations including the generation of all ionizable LNPs were prepared at
within the Department of Musculoskeletal Regeneration at Houston Methodist, and specifically in
Francesca Taraballi’s laboratory prior to all in vitro and in vivo studies. Thus, the ionizable LNPs were not
prepared and then immediately tested after preparation. Time from preparation to injection ranged from 1-
2 weeks following formulation. Here, a shelf-life experiment testing firefly luciferase mRNA-MC3 LNP
stability was performed to determine potential effects given this limitation. Here, MC3 LNPs showed
significantly less firefly luciferase protein expression in vitro on ATDCS cells (SUPPLEMENTAL
FIGURE 3). Future studies should address shelf-life of mRNA by testing functional outcomes with varied
shelf-life times. We also noted that manufactured cationic lipid vesicles showed lower transfection potential
with increased shelf-life. To circumvent this limitation, manufactured reagents were ordered at the same
time prior to each in vivo study to ensure both reagents are at their highest transfection potential. One last
limitation is that all immunogenicity, fracture interference and biodistribution studies were performed
following a single concentration of mRNA.

Delivery with higher mRNA concentrations may only heighten an innate immune reaction. Thus,
future studies should address the use of higher mRNA concentrations on localized and systemic immune
responses. To assess localized inflammation, pro-inflammatory markers can be tested on RNA expression
within the fracture callus and for systemic inflammation, acute pro-inflammatory markers within serum can
be used. In addition to immunogenicity, biodistributive properties should be re-measured with increased

concentrations. While no significant luciferase expression levels were found when in the liver after a
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localized delivery of 10 pg/mouse, a nearly five-fold increased dose may show a varied distribution profile.
SM-102 LNPs prove to be a promising mRNA delivery vehicle and next steps in this platform include

delivery of a functional gene to promote bone formation in this fracture model.
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CHAPTER IV: NON-DESTRUCTIVE B-CATENIN MRNA PROMOTES BONE IN FRACTURE

MODEL

IV.1 Introduction

Gene therapy to enhance bone regeneration using viral vectors for delivery of complementary DNA
(cDNA) has been extensively studied in preclinical models.[1-4] As an example, bone formation was
enhanced using BMP-2 gene therapy in preclinical models and circumvented some of the challenges
associated with BMP-2 protein delivery, such as the need for supraphysiologic doses of protein in vivo.[2]
In fact, the expression resulting from gene delivery using viral vector methods has been shown to persist
up to 6 weeks in rabbit and mouse femoral defect models.[1, 2] While prolonged protein expression is
desirable in some cases, it can also be associated with untoward effects, like immunogenicity of the viral
vector. Gene therapy using mRNA-based technologies direct transient gene expression, or expression of
the mRNA for only a short period of time, which has the potential to be efficacious in fracture healing
applications. Bone repair is a transient process involving the temporal regulation of proteins throughout the
various bone healing stages. However, delivery of mRNA provokes an immunostimulatory effect as seen
when tested preclinically and clinically.[5, 6] Thus, mRNA-based therapies aim to maximize endogenous
protein expression while minimizing immunogenicity.

It has been found that using mRNA as a therapeutic requires 50-1,000 fold higher concentration as
compared to using mRNA as a vaccine in order to provoke a therapeutic response.[7] High concentrations
of mRNA are associated with activation of the innate immune system. Thus, there is a need to optimize
transfection efficiency and subsequent protein expression, while reducing immunogenicity of the mRNA
transcript and the delivery mechanism.[8] Recent advancements in transcript engineering and in packaging
materials, specifically lipid nanoparticles (as covered in Chapter 3), are promising strategies to address

these limitations.
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Various transcript engineering approaches have been studied to enhance protein expression and to
minimize immunogenicity.[9] These techniques include nucleoside modifications, cap analogs and
sequence optimization. Of these, nucleoside modifications are the most commonly utilized strategy in
successful mRNA technologies.[7] The most frequent modified nucleoside in cellular RNA is
pseudouridine, an isomer of uridine.[10-12] The substitution of pseudouridine for uridine is a post-
translational modification which has been shown to reduce activation of the innate immune response.|[7,
13, 14] The SARS-COV-2 vaccines developed by Pfizer and Moderna were generated using N1-methyl-
pseudouridine to enhance protein translation and thus enhance efficacy of the vaccine.[7, 15]

Cap analogs located on both 5’and 3’ ends have also been shown to enhance translation. Standard
cap analogs, or Cap0 structure, have a N7-methyl guanosine (m7G) connected to the 5 nucleotide. This
cap analog is protects the RNA from 5’ exonuclease degradation and also aids in initiation of transcription
through cap-dependent initiation.[16, 17] When using CapO structure for in vitro transcription (IVT), it
clongates the transcript resulting in both forward and reverse oriented products.[16] Anti-reverse cap analog
(ARCA), or Capl structure, transformed IVT as the cap analog is added exclusively in the forward
direction, further enhancing translation of the desired product by two fold.[18, 19] Following this advance,
a co-transcriptional capping method using CleanCap AG trimer which results in higher transcription
efficiency over Capl, 94% efficiency compared to 70% efficiency respectively.[20, 21]

To further exemplify the necessity of mRNA modifications, and specifically nucleoside
modifications, one of the SARS-CoV-2 mRNA vaccine candidates, Curevac, can be reviewed. Curevac
was developed to encode the same spike protein as both Pfizer-BioNTech and Moderna Therapeutics, yet
the sequence used unmodified nucleosides.[15] When testing the clinical efficacy in a clinical trial, Curevac
resulted in only 47% efficacy rates against SARS-CoV-2 symptoms and preventing disease.[22, 23]
Additionally, when delivering Curevac at high doses, an aberrant immunogenic response and high rates of
side effects were found in several participants, such as severe flu-like symptoms, headaches and fatigue.[22]

While participants developed antibodies against the spike protein, the amount of antibodies was found to
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be comparatively low especially to the antibody level seen from both Pfizer-BioNTech and Moderna

Therapeutics vaccines.[22]

In addition to stability and immunogenicity, the challenge with orthopaedic adoption of mRNA
therapies is finding an effective target. Prior work in Dr. Bahney’s laboratory has detailed the imperative
role of canonical Wnt pathway in endochondral ossification, a process in which cartilage forms between
the fracture gap before transforming into bone.[24, 25] First, genetic loss- and gain-of-function experiments
conditionally inhibiting or expressing canonical Wnt in hypertrophic chondrocytes were performed in a
fracture callus to determine [-catenin’s role in endochondral bone repair.[25] Importantly, these
experiments were executed through conditional inhibition or expression of a stabilized form of f-catenin in

ERT2

Aggrecan-Cre™" "~ mice, with daily injections of Tamoxifen at 6-10 days post-fracture.[25] Loss-of-function
experiments showed significantly less bone at 2 and 3 weeks after fracture and conversely, gain-of-function
experiments displayed significantly more bone at these time points.[25] Further, day 6 was selected to
conditionally express or inhibit canonical Wnt this represents the beginning of the soft callus phase in
mouse fracture remodeling, following the initial hematoma.[26, 27] Additionally, this data reveals
canonical Wnt’s imperative role in endochondral ossification and specifically in chondrocyte-to-osteoblast
transdifferentiation.

In this series of experiments, we aimed to develop and test an mRNA construct encoding a non-
destructive B-catenin sequence, B-catenin®*, for stimulating bone regeneration by activating the canonical
Wnt signaling pathway at a temporally optimized time within bone repair. The p-catenin®" mRNA was
generated using GMP-compliant techniques at Houston Methodist within the RNA Core Facility and was
subsequently encapsulated in SM-102 LNPs. Here, we validate B-catenin® bioactivity and efficacy in
promoting bone in vitro and in vivo after localized delivery to the fracture site in a murine tibia fracture

model. We hypothesized that delivery of chemically modified p-catenin®* mRNA encapsulated in SM-102

LNPs would activate canonical Wnt pathway and promoted bone formation in a murine tibia fracture model.
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IV.2 Methods & Materials

IV.2.1 LNP Formulations

SM-102 LNPs were synthesized as detailed in Section II1.2 Methods & Materials. For these
experiments cargo mRNA encoded B-catenin®* sequence (SUPPLEMENTAL FIGURE 1). B-catenin“*®
sequence was developed based on gain-of-function phenotypes that have been previously published.[28]
The sequence was then optimized using online codon optimality tool, icodon.org. N1-methyl-pseudouridine
was used as a modified nucleoside to replace all uridines and Clean Cap technology was used as a 5’ cap.
The mRNA construct was generated at the RNA Core facility at Houston Methodist, a GMP compliant
facility. The RNA Core facility uses proprietary untranslated regions (UTRs) and additionally a long poly

A tail of 150 bases.

IV.2.2 Testing bioactivity of B-catenin mRNA in vitro

To test bioactivity of B-catenin mRNA, B-catenin mRNA was encapsulated in SM-102 LNPs as
described in Section IV.2.1 and 0.25 pg mRNA was delivered per well. Canonical Wnt activation was
measured using experiments including Topflash assay and qRT-PCR for axin? and runx2, downstream
genes from canonical Wnt. The chondrogenic cell line, ATDCS cells were differentiated into hypertrophic
chondrocytes. Hypertrophic chondrocyte differentiation involved use of basal ATDCS5 medium
supplemented with 1 % L-Glutamine (ThermoFisher, Cat # 25030149), 10 pg/mL transferrin (Millipore
Sigma, Cat # T8158-100mg), 3 x 10-8 M Selenite (Sigma Aldrich, Cat # S5261-10G), 0.2 mM Ascorbic
Acid (Sigma Aldrich, Cat # A8960-5G), and 10 pg/mL Insulin (Millipore Sigma, Cat # 12643-25 MG)
treated on cells for 7 days with replacing media every 2-3 days.[19]). Passage 5 and under wasused for all
in vitro experiments. ATDCS cells were maintained using basal medium DMEM/F12 (Thermo Fisher, Cat#
11320033), 5 % fetal bovine serum (FBS, Thermo Fisher, Cat# 16000044) and 1 % penicillin/streptomycin
(P/S, Thermo Fisher, Cat# 15140122) until hypertrophic differentiation. For all in vitro experiments,

ATDCS cells were plated at 20,000 cells/well in 12 well plates. Prior to transfection experiments,
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chondrocytes underwent serum starvation using basal media OPTI-MEM (Thermo Fisher, Cat# 31985070)
0.5 % FBS and 1 % P/S for 24 hours. All transfection protocols were executed using serum-free media,
OPTI-MEM supplemented with 1 % P/S. Following transfection, RNA was isolated 6 hours after
treatments, made into cDNA and qRT-PCR was performed for axin2 and runx2 to evaluate Wnt activation.
Topflash assay was used to measure bioactivity of f-catenin mRNA in vitro. First, plasmid vectors M50
(Addgene, Cat # 12456), M51 (Addgene, Cat # 12457) and Renilla (Addgene, Cat # 27163) were grown on
amp-resistant agar plates (Thermo Fisher, Cat # J63197EQF) overnight at 37°C. A single colony was then
amplified in liquid amp-resistant LB broth overnight at 37°C. Plasmids were then isolated using ZymoPure
II Plasmid Maxiprep Kit (Zymo Research, Cat # D4202) according to manufacturer’s instructions. ATDCS5
cells were transfected with plasmid vectors using Lipofectamine 3000, according to manufacturer’s
instructions, using 1 pg of pDNA/well, Renilla was used at 1/10™ the concentration of M50 and M51. The
plasmids were transfected for 2 days prior to treating with 100 ng/mL thWnt3a (R&D Systems, Cat # 5036-
WN-010), as the positive control, or with 2 pg/well B-catenin mRNA. Lipofectamine MessengerMax was
used to deliver mRNA according to manufacturer’s instructions. Treatments were incubated for 48 hours
prior to analysis. Firefly/Renilla Dual Luciferase Assay (Sigma Aldrich, Cat # SCT152) was used as a
reporter assay to quantify both firefly and renilla luciferase expression and was used per manufacturer’s

protocol. Topflash results were reported as a ratio of Firefly to Renilla signal.

IV.2.3 Murine tibia fracture and stabilization model

In vivo experiments were approved by and conducted in compliance with the Institutional Animal
Care and Use Committee at Colorado State University (CSU). Mid-shaft tibial fractures were created in
adult (12-14 weeks), male C57BL/6J mice (Charles River # 027). All animals received a pre-surgical
analgesic, Buprenorphine SR (ZooPharm), at a dose of 0.6-1.0 mg/kg. Mice were placed under general
anesthesia using inhaled 1-5 % isoflurane to effect. Left hind limbs were shaved and sterilely prepared

using 70 % alcohol wipes and Chlorhexidine surgical scrub solution, repeated for a total of 3 times.
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Lubrication was provided for the eyes of each mouse using artificial tears ointment (Bausch & Lomb) and
mice were then transferred to a heated operating table. Using aseptic technique, an incision was made along
the tibia, and a hole was made at the top of the tibial plateau using a 23-gauge needle. An intermedullary
pin (sterilized insect pin) was inserted through the hole made from the tibial plateau through the tibial cavity
and into the distal tibia. One small hole was created in the mid-shaft of the tibia using a Dremel and pressure
was applied to both proximal and distal ends to fracture the tibia.[25, 29] The surgical incision was then
sutured using 5-0 Biosyn Sutures (Covidien, Cat #5687) and one surgical skin staple was applied over the
skin incision to protect against chewing. A local anesthetic, 0.25% Bupivicaine Hydrochloride (NovaPlus,
cat # RL-7562), was applied topically after the initial staple was placed. Mice were then allowed to recover
individually in a heated cage before being transferred back to their original cage. Mice were socially housed
throughout the in-life period, and permitted free ambulation. Mice were closely monitored for pain and
signs of infections for 72 hours following the surgery. All treatments were suspended in 25 pL sterile PBS
and vortexed before injecting. All experimental and control treatment groups were injected on day 6 post-
fracture into the fracture callus using an insulin syringe (BD, Cat # 324702). Animals were sacrificed

according to approved euthanasia protocols at 2 weeks after fracture.

IV.2.4 Localized injections of B-catenin mRNA — SM-102 LNPs

All treatments were injected locally to the site of the fracture callus 6 days following fracture. To
inject the mice, SM-102 B-catenin mRNA was concentrated allow for a 25-30 pL injection volume/mouse
using 100K protein concentrators (Sigma Aldrich, Cat # UFC510024), spun at 5000 x g for 5-10 minutes.
In vivo studies used sterile filtered 1X phosphate buffer solution (PBS, Thermo Fisher, Cat # 10010023) as
the solvent to produce the various solutions. The negative control group was sterile-filtered phosphate
buffered saline (PBS) group. Positive control was rhWnt3a (R&D Systems, Cat # 5036-WN-010), at a

concentration of 1 pg/mL at similar volume (n=7-10).
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IV.2.5 Histology and histomorphometry

Fractured tibias of treated mice were collected 2 and 8 days post injection, immersion fixed in 4 %
paraformaldehyde, and decalcified using 19 % ethylenediaminetetraacetic acid (EDTA). The tissues were
then processed in increased ethanol solutions (50%, 70%, 95% and 100%), processed in xylene (x2) and
then placed in paraffin for 1.5 hours each. Samples were embedded in paraffin, sectioned at 8 um thickness,
and mounted onto glass slides. To perform quantitative histomorphometry, serial sections were obtained
using the first section beginning in the fracture callus and every 10" section afterwards. Standard
histomorphometry principles were used and quantification of the fracture callus components including
bone, cartilage and fibrous tissues were determined.[29, 30] Hall Brundt Quadruple stain was used to
identify the dense collagenous fibrils of bone, stained red by direct red, and proteoglycans in the cartilage
matrix, stained by alcian blue.[31] Quantification of callus composition was determined using the Trainable
Weka Segmentation2 add-on in Fiji ImagelJ (version 1.54f; NIH, Maryland, USA).[32] Volume of specific
tissue types was determined by summing the individual compositions relative to the whole fracture callus
compositions. Tissues were imaged using a Nikon Eclipse Ti microscope. Additionally, photoshop (version

24.7.0, Adobe) was used to isolate fractured tissue from the adjacent muscle and skin tissues.

IV.2.6 uCT analysis

Mice were sacrificed at 2 weeks following fracture and stabilization and the fractured tibia was
dissected and fixed in 4% paraformaldehyde (PFA). MicroCT and microCT analysis was performed as
previously published.[33, 34] Briefly, 'fixed bones were scanned using MicroCT (Viva CT-40, Scanco
Medical, Switzerland) at 15 um resolution, 70 kVP and 112 pA X-ray energy. Bone volume was quantified
using Scanco evaluation software according to the guidelines of the American Society of Bone and Mineral
Research (ASBMR). The mid-point of fracture callus was selected and 150 slices above and below were
analyzed for a total of 300 slices to be evaluated per mouse. Trabecular bone quantity was analyzed with a

Gauss = 0.8, Sigma = 1, threshold of 184. Bone volume, total volume, trabecular number, trabecular

98



separation, trabecular thickness, connectivity density, structure model index, and volumetric bone density

were all CT parameters.

IV.2.7 Statistics

Animal sample size was determined a priori using the mean and standard deviation from our
preliminary data, where a power analysis was conducted using RStudio to determine that 7 mice/group/time
are required for histomorphometry analysis to achieve a power level >80% with an effect size d =0.24 and
a significance level of 5%. Moreover, a significance level of 5% was chosen for all studies. Statistical
analysis was performed using Graph Pad Prism 8. Data were plotted so that each sample represented a
single dot on each graph. The bar indicates the mean with error bars representing standard deviation.
Statistical difference was determined by ANOVAs and all post-hoc comparison performed using Tukey’s

HSD test.

IV.3 B-catenin mRINA activates canonical Wnt in vitro and stimulates bone formation in vivo

Hypertrophic chondrocytes had significantly increased axin2 expression as compared to both the
PBS control and positive control, hWnt3a. Following a 6 hour exposure to B-catenin®* mRNA lipoplexes,
(FIGURE 18A). Axin2 expression was significantly higher in the rhWnt3a treated group as compared with
the PBS control (p=0.0003), but no difference was seen when compared with B-catenin®* mRNA. B-
catenin®f mRNA significantly increased runx2 expression as compared with PBS controls and was not
significantly different as compared with the rhWnts3a group(FIGURE 18B). Topflash did not detect a
significant increase in Wnt signaling in the B-catenin“" mRNA group, however the B-catenin®* mRNA
group did show trends for higher bioactivity than the PBS control (FIGURE 18C). As expected, positive
control thWnt3a significantly enhanced Wnt activity in Topflash study. SM-102-

GOF

B-catenin™” mRNA was then tested histomorphometrically in its abilities to promote bone

formation in a murine tibia fracture model. Histomorphometric analysis demonstrated that both 25 pg and
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45 pg /mouse of SM-102 LNPs encapsulating B-catenin®* mRNA resulted in significantly more total bone
area than PBS controls (FIGURE 19A,C). Additionally, B-catenin®”"mRNA at 45 ug had significantly
more total bone area than the 10 pg/mouse group. Not only did the higher concentrations of SM-102 (-
catenin®mRNA have more bone histologically, but there was significantly less cartilage composition
within the fracture callus in both 25 and 45 pg groups. Not only did these two concentrations have less

cartilage than the PBS control group, but the 25 ug group also had less cartilage composition than the 10

ug group (p=0.0420).
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Figure 18. Canonical Wnt bioactivity of B-catenin®®*mRNA in vitro in a hypertrophic chondrocyte
model. Specifically, A). genes downstream from canonical Wnt pathway were tested and B). a

canonical Wnt reporter assay, Topflash.

MicroCT quantification of bone were consistent with the histomorphometry results and showed
significantly more bone volume following the delivery of 45 pg SM-102 LNPs encapsulating (-
catenin®mRNA compared to the control (FIGURE 19 B, D). No significant differences were found in

any of the other groups tested, or in any of the other measurements acquired.
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Figure 19. SM-102 LNPs encapsulating p-catenin® mRNA were tested in their capabilities to promote
bone in a murine tibia fracture model. A). Histomorphometry was employed to C). quantify bone and
cartilage tissues and B). uCT was used to evaluate D). bone volume/ total volume.

IV.4 Conclusions

The success of the vaccines has heightened interest in mRNA-based therapeutics for many
applications. Transcript engineering was found to be imperative to create a clinically effective of the mRNA
vaccine and these lessons have been pivotal in developing mRNA therapies to date. Both of the Pfizer
BioNTech and Moderna Therapeutics mRNA constructs use modified nucleosides, and specifically both
use N1-methyl-pseudouridine, and optimized 5’ cap structures, based on capl analogs.[16, 35] The success
of these mRNA vaccines is based off of their good safety profiles and over 90% efficacy rates against

SARS-CoV-2 symptoms.[36, 37]

This chapter focuses on developing and validating a functional mRNA sequence encoding a non-

destructive -catenin to promote bone regeneration during fracture repair by activating the canonical Wnt
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signaling pathway. We hypothesized that Wnt signaling activation during fracture repair was an ideal
therapeutic target as an alternative to BMP based on our discovery that this pathway plays a key role in the
transformation of chondrocytes to osteoblast during the endochondral phase of fracture healing.[25] An in
depth review on canonical Wnt for bone healing is described in Chapter I of this dissertation. Non-
destructive B-catenin was selected as the target mRNA sequence to activate the Wnt pathway as they are
associated with enhanced B-catenin expression and protection from proteolytic destruction as compared to
wild-type B-catenin.[28, 38] This constitutive stabilization of B-catenin, B-catenin®*, was proposed in this
study as this will facilitate maximal B-catenin expression of the mRNA therapeutic with potentially lower

doses.

We further translated this non-destructive mRNA B-catenin sequence by chemically modifying the
mRNA for improved therapeutic efficacy using state-of-the-art mRNA engineering techniques. First, N1-
methyl-pseudouridine was selected to replace all uridines in the B-catenin®F transcript. Another main
mRNA modification which influences stability is selecting optimal codons which have a faster translation
elongation by the ribosome than non-optimal codons, while encoding for the same protein.[39, 40] To
further maximize translation efficiency, an online codon optimality tool was selected for use to enhance

mRNA stability, icodon.org.[40]

Several other groups have generated mRNA therapeutics to promote bone healing, primarily
focused on the canonical bone target of BMP. Balmayor ef al. reported that a chemically modified mRNA
(cmRNA) encoding BMP-2 in a collagen sponge resulted in local delivery of significant amounts of BMP-
2 cmRNA, induced more collagen 1 and osteocalcin genes, and generated higher mineral content in
vitro.[41] Zhang et al. has specifically sought to enhance osteogenesis by chemically modifying a BMP-2
mRNA transcript using alternative nucleoside modifications such as substituting pyrimidines with 2-
thiouridine and 5-methylcytidine and optimizing untranslated regions (UTRs).[42] Similarly, Elangovan et
al. incorporated 100% substitution with N1-meethyl-pseudouridine and 5-methylcytidine resulting in

diminished interferon-o expression.[43, 44] The use of these modified nucleosides has also been associated
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with reduced immunogenicity and increased half-life of the chemically modified mRNA (cmRNA). Despite
the use of modified nucleosides to enhance immunogenicity, most of the cmRNA strategies for bone repair

have used capO structures.[42, 43, 45]

Here, we have validated canonical Wnt activation with delivery of B-catenin®* mRNA lipoplexed
with SM-102 LNPs as developed in Chapter III. We verified that this sequence activated canonical Wnt
through qRT-PCR quantification the downstream genes axin2 and runx2. The delivery of SM-102-f-
catenin®"® mRNA had higher axin2 expression as compared to the thWnt3a positive control, yet this was
not found when analyzing the Wnt reporter assay, Topflash. Interestingly, Wnt reporter assay, which
expresses firefly luciferase every time TCF/LEF transcription is activated, revealed higher TCF/LEF
activity with Wnt ligand, rhWnt3a. However, this may be a limitation of the study as B-catenin was
delivered with Lipofectamine instead of SM-102 LNPs. Thus, the canonical Wnt activity measured may

not fully recapitulate the therapeutic efficacy of generated SM-102- B-catenin mRNA.

Interventions which stimulate osteoblast differentiation and proliferation have the capacity to
accelerate fracture healing.[46] Our results show that SM-102-B-catenin®” mRNA promotes bone
formation in vivo in a dose-dependent manner. Significantly more bone composition was determined in the
25 and 45 pg p-catenin®" mRNA groups on pCT analysis. The only group which revealed significantly
more bone in both histomorphometry and puCT was the 45 pg B-catenin®* mRNA group, suggesting this

dose may accelerate bone healing in our murine tibia fracture model.

IV.5 Limitations and Future Directions

This study has several limitations including the difference in volume between the treatment groups.
While the lower concentration SM-102- B-catenin®" mRNA lipoplexes were able to reduce in volume to
25 ul/mouse, the highest concentration tested was unable to reduce in volume to this degree. Thus, the

highest dose tested (45 pg) was delivered using a volume of 30 pL/mouse. Several implications could occur
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with this increased volume including increased immunogenicity and potentially altering transfection
kinetics. Another limitation includes that only one time point was tested in murine tibia fracture model at 2
weeks following fracture. Aberrant bone growth has been reported to occur in mice at 4 months following
treatment with BMP-2.[47] Thus, it is important to test long-term effects of the mRNA treatments. Further,
to confirm that SM-102- B-catenin®* mRNA accelerates fracture healing, longer time points need to be
assessed through uCT and histomorphometry. Time points displaying this group has fully healed prior to
the PBS control needs to be performed, such as at 4 and 6 weeks post-fracture. For this model, additional
time points for pCT and histomorphometry at 4 and 6 weeks after fracture would sufficiently determine

earlier healing.

To fully examine if the B-catenin®*

sequence has a higher transfection capability, additional
groups should be tested. Further an experimental group which encodes the full B-catenin mRNA sequence
should be tested for transfection capacity against the B-catenin“F sequence. Not only could the B-catenin“"
sequence give rise to more robust transfection but may prompt differing immune responses. Future studies
should include varying time points to fully examine the osteogenic profile of the treated mice with SM-
102- B-catenin®* mRNA lipoplexes. Additionally, as immunogenicity was only examined with the SM-
102 LNPs-Firefly luciferase mRNA at a concentration of 10 pg/mouse, future studies should also examine

immunogenicity with the proposed SM-102 B-catenin®®

mRNA lipoplexes. Systemic and localized
immunogenic responses should be evaluated at each of the doses and time points tested for SM-102 (-

catenin®* mRNA lipoplexes.
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CHAPTER V: SUMMARY, IMPLICATIONS, CONCLUSIONS AND FUTURE DIRECTIONS

There remains an unmet clinical need to develop and test novel strategies to promote bone
regeneration and fracture repair. Conventional methods use protein-based therapeutics, including the single
FDA-approved osteoanabolic, recombinant human bone morphogenetic protein-2 (BMP-2).[1-5] However,
BMP-2 has frequently been associated with adverse side effects and high complication rates ranging from
20-70%.[6, 7] Mechanistic data has elucidated the key role that canonical Wnt plays in chondrocyte to
osteoblast transdifferentiation in endochondral ossification, making this pathway a desirable target for bone
repair therapeutics.[8] Because Wnt ligands are post-translationally modified through palmitoylation and
thus, hydrophobic in nature, hindered their translation into the clinic and make them difficult to manufacture
and deliver therapeutically.[9, 10] Gene therapy is a promising strategy to promote fracture repair through
the activation of the canonical Wnt pathway and has the potential to circumvent limitations seen with
current techniques to activate canonical Wnt. Additionally, recent advancements in nanotechnology have

highlighted the potential of using mRNA as a therapeutic for bone tissue engineering.

While mRNA therapeutics have recently gained traction, to date there have been very few studies
using mRNA as a therapeutic modality for bone tissue regeneration.[11, 12] Most approaches have
employed mRNA encoding bone morphogenetic proteins (BMPs). Elangovan et al. used a cationic polymer
to complex with the negatively charged nucleic acid, termed polyplex, loaded onto a collagen scaffold and
tested in a rat calvarial bone defect model.[11] It was reported that this chemically modified mRNA
(cmRNA) encoding BMP-2 significantly increased bone volume as compared to the plasmid DNA polyplex
encoding BMP-2.[11] Other approaches using lipoplexes encapsulating cmBMP-2 have used various
scaffolding materials including collagen sponge, poly-lactic-co-glycolic acid (PLGA) microparticles and
also calcium phosphate cement.[13-16] Interestingly, Fayed et al. used a cmRNA BMP-2 transcript in
combination with a polymeric film to enhance integration of titanium surfaces, finding increased alkaline

phosphatase (ALP) activity leading to higher mineralized content with the transcript activated matrix.[17]
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Another study co-delivered cmRNA BMP-2 and vascular endothelial growth factor (VEGF) in bone
marrow-mesenchymal stem cells (BMSCs) showing improved osteogenesis compared to protein delivery
in vitro, and accelerated fracture healing when delivered on a collagen scaffold in a rat cranial defect model
at both 4 and 12 weeks as compared to untransfected and protein controls.[18] Importantly, all studies have
reported therapeutic efficacy with incorporation of cmRNA encoding BMP-s in vitro, bone defect or
integration models.[11, 13-16] Despite these therapeutic benefits seen, all strategies have required surgical

intervention to implement treatment.

Ex-vivo gene therapy strategies have shown to be more efficacious in bone regeneration with
advantages including reduced cytotoxicity from mitigating direct administration of viral delivery vectors
and lipid vehicles. In fact, when comparing direct in vivo delivery with ex-vivo delivery of the same
adenoviral-based BMP-2 construct, the ex-vivo administration was proven to be more effective following
implementation in a rat cavarial bone defect model.[19] Additionally, ex-vivo gene therapy has shown to be
more efficacious than direct protein delivery in promoting bone.[19, 20] These results support the concept
that ex-vivo transfection can mitigate some of the challenges seen with direct viral gene delivery, including
reduced immunogenicity, yet this approach has been associated with high manufacturing costs associated

from logistics with ex-vivo procedures.[21]

Our work employed a modified mRNA encoding a stabilized, non-destructive B-catenin transcript
that was delivered using an optimized lipid-nanoparticle in a murine fracture model. While other strategies
have used transcripts for bone regeneration, there has been limited research exploring transcripts activating
the canonical Wnt pathway to promote bone regeneration.[12, 22] Our approach for activating canonical
Wnt more directly activates canonical Wnt as B-catenin is a direct modulator of the pathway and also
regulates Runx2 expression.[23] B-catenin was found to play an imperative role in endochondral ossification
and mechanistically drives chondrocytes to differentiate into osteoblasts.[8] Additionally, Balmayor ef al.
determined endochondral healing with the BMP-2 c¢cmRNA group in a rat defect model and

intramembranous healing with the BMP-2 protein group.[24] As fractures heal through endochondral

110



ossification, this signifies a more native like healing route as compared to delivery with the
protein.[24]Taken together, delivering B-catenin in the form cmRNA provides a direct and native approach

to effectively produce bone through driving endochondral ossification.

After reviewing current clinical strategies and emerging technologies in canonical Wnt therapeutics
for bone repair, we have developed a novel mRNA-based therapeutic activating the canonical Wnt pathway
and have tested this mRNA therapeutic in its capacity to promote bone in a murine tibia fracture model.
The approach chosen for this research was novel in that we explored the feasibility of novel, injectable local
and non-viral delivery of a cmRNA designed to activate canonical Wnt to promote bone in a fracture setting.
Despite promising in vitro results showing higher transfection when delivering lipoplexes (LPX) complexed
with MCM and FMCM, these combined MCM-LPX and FMCM-LPX delivery mechanisms did not
significantly increase transfection, yet FMCM-LPX did prolong transfection when tested in a murine tibia
fracture model. Localized delivery of SM-102 LNPs were determined to significantly improve transfection
efficacy and kinetics, minimize immunogenicity and did not interfere with bone healing in a murine fracture
model. Combined with the optimized SM-102 LNPs, a novel mRNA sequence was synthesized encoding a
non-destructive p-cateninmRNA, B-catenin®*, containing modified nucleosides and CleanCap technology
to maximize mRNA stability and reduce immunogenicity. When tested, the SM-102-B-catenin®* mRNA
activated canonical Wnt genes in vitro and increased bone formation when delivered at 45 pg/mouse in a
murine tibia fracture model. Stabilized p-catenin mRNA transcript in combination with optimized lipid
nanoparticles, provides an injectable application system which circumvents the need to surgically deliver

the construct.

Despite the novelty of these findings there are several challenges that need further exploration and
remain as potential limitations with our approach. One of the main limitations include that only one dose
of the optimized SM-102 LNP was tested for immunogenicity. Previously studied mRNA therapies
encoding BMP-2 for a critical sized defect have found success in using 50 pg mRNA delivered on a collagen

sponge.[24] In this study, a similar, yet slightly lower dose of 45 pg was found to be clinically effective
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when tested at 2 weeks after fracture. However, immunogenicity was only tested using a dose of 10
pug/mouse. Our work did not explore the immunological impact with higher doses. This poses a limitation
as the dose that showed efficacy for improved bone formation in vivo was not tested for its capabilities
to cause an immunogenic response. It would be expected that the near 4.5-fold increase in dose would
provoke an even higher acute inflammatory response as compared with the 10 pg dose tested.
Nonetheless, the improved bone formation in a fracture healing setting suggests that any potential
immunogenic influence did not negatively impact bone healing outcomes. Robust testing of systemic and
localized immunological responses with the 45 ug mRNA dose remains to be explored in future studies.
Additional systemic inflammatory measurements should be taken in addition to CRP, as this protein is a
minor acute phase reactant (APR) in mice. The major APR for mice, serum amyloid P-component (SAP),
should also be evaluated amongst other signaling mechanisms known to recruit macrophages such as
chemokine CCL2.[25] To investigate the localized inflammatory profile from delivery with higher doses of
MRNA, pro-inflammatory cytokines IL-1, IL-6, TNF-a and IFN-y and anti-inflammatory cytokines IL-10 and
TGF-B should be assessed through analysis of RNA expression within the fracture callus.[26] Fractures
activate a temporally regulated inflammatory response which necessitates several time points to
determine the full inflammatory profile of a therapeutic. Thus, these systemic and localized inflammatory
responses should be measured at time points following treatments including days 1, 3, 5 and 10 to

determine elevated pro-inflammatory response and its temporal resolution.

Another main limitation of these set of experiments includes that only one time point was tested
following delivery of SM-102-B-catenin®" mRNA at 2 weeks following fracture. By testing later time
points for measures of bone formation, validating fully healed fractures can be determined with each
treatment group. Further, this measure can assess acceleration of bone volume and adverse events, like
heterotopic ossification which has been found to occur in mice as early as 4 weeks after fracture.[27] Future

studies should incorporate later time points to analyze bone formation through uCT and histomorphometry,
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such as at 4 and at 6 weeks following fracture. Expectations of 4 week images would depict a fully healed
fracture in the 45 pg SM-102-B-catenin®" mRNA treatment group with potentially increased bone volume
found in the 25 pg and thWnt3a groups compared to the PBS control. This would further suggest a dose
dependency of the B-catenin®" mRNA as seen through histomorphometry. Lastly, at this time point, adverse
effects frequently associated with osteoanabolics, like heterotopic ossification can be determined. Later
time points, like 6 weeks after fracture, have shown near complete fracture healing in a murine tibia fracture
and stabilization model using similar methods.[28] Bone healing measurements at this time point would

begin to show any delays in fracture healing.

Additional tests need to be performed in diverse fracture types to determine if the developed
therapeutic is efficacious in impaired fracture healing models. For the purposes of this study, a mid-shaft
tibia fracture was performed in young mice and an intermedullary rod was employed to facilitate relative
stability of the fracture site. However, this fracture model does not recapitulate delayed or non-union
models. Several models have been established for delayed and non-union, yet these models have not been
standardized. Models of atrophic nonunion typically involve critical sized defects with or without periosteal
injury and stabilized with either pins or with a plate and screws.[29-33] Similarly, models of hypertrophic
non-union typically involve defects with or without periosteal injury yet are employed by using an
unstabilized fixation technique, creating a large callus.[29, 34] Delayed union models also use defect and
stabilization techniques combined with additional injuries to the periosteum or vasculature.[29, 35, 36]
Additional fracture types due to traumatic injuries include comminuted fractures, or fractures resulting in
bone broken into multiple fragments. Typically this fracture type is treated surgically and depending on the
severity of comminution, reports of non-union can occur more frequently.[37] Surrounding soft tissues, like
muscle, influence fractures by increasing angiogenesis and providing a source of stem cells.[38] Extensive
insult to muscle impedes fracture healing.[38] Traumatic injuries resulting in loss of soft tissue and other
fracture models such as craniofacial models, were not in the scope of this dissertation and thus should be

further investigated in their respective fracture models. Many studies have concluded that femoral fractures
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treated surgically with intermedullary rods serve as a leading model to evaluate therapies to accelerate bone
repair.[29, 39] To test our therapeutic for treatment of non-union or delayed union, these models or similar
models must be employed. It would be expected that these impaired fracture models would benefit from
anabolic agents which augment the biologic microenvironment. Previous studies have shown benefits
following treatment with osteoanabolic agent thBMP-2 and thBMP-7 in non-union cases, but many of these
trials reported complications, such as heterotopic ossification.[40-43] The need to develop therapeutics to

accelerate fracture healing in impaired fracture healing cases remains to be met.

Different delivery platforms and routes of administration are necessary depending on each specific
application. For instance, modes of delivery can be optimized for critical sized defect models. These cases
may present a lack of soft callus completely bridging both the ends of the fracture which require
implementation of a structural support in addition to an osteoanabolic treatment. For these cases, the
developed therapeutic SM-102-B-catenin®" mRNA would be complexed within an osteoconductive
support, such as allograft material demineralized bone matrix. For these types of applications, further dose

responses need to be explored.

One such limitation seen when using MCM as an mRNA delivery platform was that the binding
efficacy of MC3 LNPs were not tested when complexed with MCM or FMCM. While the combination of
these two technologies provided promising in vitro results showing enhanced transfection efficacy with the
FMCM-MC3 group. However, binding efficiencies of the MC3 LNPs with FMCM/MCM vehicles were
not assessed prior to in vivo studies. The immense variation of luciferase signal between mice within MCM-
MC3 and FMCM-MC3 groups can potentially be reduced by optimizing the binding protocol between the
two technologies. The net neutral surface charge seen with ionizable LNPs hinders any electrostatic
interaction with calcium and phosphate ions located in mineral coating of MCMs. Future studies should
assess various binding buffers to facilitate an electrostatic interaction between these two technologies, such
as MES buffers adjusted to pH of 4.5. Reports with this buffer have supplemented with CaCl2 to counteract

the loss of calcium within acidic pH ranges.[44]
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Post-hoc power analyses are typically performed to determine the proper effect size for the model.
In this case, a priori power analysis for histomorphometry analysis revealed that a major effect would
present significant results with an n-value of 6 per sample. The low sample size performed for
histomorphometry analysis could give rise to a type Il error, or false negative, which would suggest that
there were differences between groups despite not finding differences.[45] A post-hoc power analysis
exposed that the effect size for testing MCM and FMCM for osteogenesis in vivo was n° = 0.15 giving rise
to an n-value of 123 per group to reach significance. Conversely, a p-value can be used to examine type I
error, or false positive, in a power analysis where the lower the p-value the lower possibility of type I error
to occur.[45] Given the results of this study, a low power of 8% was determined for histomorphometric
analysis. This may inhibit future work from being performed and ultimately leading to not determining
potential differences between MCM, FMCM and controls. Future studies should aim to increase power by

potentially increasing effect size through increasing delivered doses or increasing n-values.

Here we presented the development and testing of a novel mRNA-based therapeutic activating the
canonical Wnt pathway. Additionally, we hypothesized that the B-catenin®* transcript would reduce the
efficacious dose as it is a non-destructible form of B-catenin, yet this was not explicitly tested. Thus, future
studies should determine whether wild-type (WT) PB-catenin is just as efficacious as the B-catenin®*
transcript. To determine activation, and thus nuclear localization of B-catenin, following delivery of the
stabilized and WT B-catenin mRNA treatments then nuclear B-catenin staining can be performed. Following
nuclear B-catenin staining, positively stained cells can be quantified and averaged in at least 3-5 sections

GOF

per sample. Through quantification of the nuclear B-catenin staining, efficacy of the B-catenin™" transcript

over the WT B-catenin transcript can be determined. Expected outcomes involve higher nuclear -catenin

GOF

staining with B-catenin™™" treated mice.

In summary, we have developed an injectable and biocompatible method to deliver functional
mRNA modalities specifically for bone tissue regeneration. Despite the promise of using a MCM-LPX

complex in a bone healing application, the lipid nanoparticles (LNPs) were found to more consistently
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express mMRNA within the fracture without interfering with fracture healing. SM-102-B-catenin®" mRNA
was found to increase bone formation in a murine tibia fracture model, indicating its potential to be used to
accelerate fracture healing. Given the high number of delayed or non-union fractures, the approach has the
potential for significant clinical impact and deserves further development.[46] Our injectable SM-102-f-
catenin®® mRNA therapeutic may prove to accelerate fracture healing, without requiring additional

surgeries, thereby reducing healthcare costs and morbidity associated with impaired fracture healing.
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APPENDIX A: SUPPLEMENTAL FIGURES AND TABLES

ATGGCTACTCAAGATATCGACGGGCAGTATGCAATGACCAGGGCTCAGCGAGTCCGAGCTGCCATGTTC
CCAGAGACCCTAGATGAGGGAATGCAGATCCCATCCACGCAGTTTGACGCTGCTCATCCCACTAATGTCC
AGCGTCTTGCTGAACCATCCCAGATGTTGAAACATGCTGTTGTCAATCTTATTAACTATCAGGATGACGC
AGAACTTGCCACAAGAGCAATTCCTGAACTGACAAAACTGCTAAACGATGAGGACCAGGTGGTCGTTAA
TAAGGCTGCTGTTATGGTCCATCAGCTTTCCAAAAAGGAAGCTTCCAGACATGCTATCATGAGATCCCCT
CAGATGGTGTCTGCCATTGTACGTACCATGCAGAATACAAATGATGTTGAGACCGCTCGTTGTACTGCTG
GTACTCTGCACAACCTTTCTCACCACCGCGAAGGACTGCTGGCCATCTTTAAATCTGGTGGAATCCCTGC
TCTGGTCAAAATGCTGGGATCACCTGTCGATTCTGTACTGTTCTACGCCATTACAACACTGCATAATCTCC
TGCTCCACCAGGAAGGAGCAAAGATGGCTGTGCGCCTAGCTGGTGGACTGCAGAAAATGGTGGCTTTG
CTCAACAAAACAAATGTGAAGTTTTTGGCTATTACGACGGACTGCCTGCAGATCTTAGCTTACGGAAATC
AAGAGTCTAAGCTCATCATTCTGGCCTCTGGAGGACCCCAAGCCTTAGTCAACATCATGAGGACCTACAC
TTATGAGAAGCTTCTGTGGACAACCAGCAGAGTGCTGAAGGTGCTGTCTGTCTGCTCTAGCAATAAGCC
GGCCATTGTAGAAGCTGGAGGGATGCAGGCACTGGGACTGCATCTGACAGATCCATCCCAGCGACTTG
TGCAGAACTGTCTTTGGACTCTCAGAAATCTTTCCGATGCAGCGACTAAGCAAGAAGGGATGGAAGGCC
TCCTGGGGACTCTGGTTCAGCTTCTGGGTTCCGATGATATAAATGTGGTCACCTGCGCAGCTGGAATTCT
CTCTAACCTCACCTGCAATAATTACAAAAATAAGATGATGGTGTGCCAAGTGGGTGGCATAGAGGCTCT
GGTACGCACCGTCCTTCGTGCTGGTGATCGTGAAGACATCACTGAGCCTGCGATCTGTGCTCTGCGTCAC
CTGACCAGCCGGCATCAGGAAGCAGAGATGGCCCAGAATGCTGTTCGCCTTCATTACGGTCTGCCTGTT
GTGGTTAAACTTCTGCACCCACCTTCTCACTGGCCCCTGATAAAGGCAACTGTTGGATTGATTCGAAACC
TTGCTCTTTGCCCAGCTAATCATGCTCCTCTGCGAGAACAGGGAGCTATCCCACGACTGGTTCAGCTTCTT
GTCCGTGCTCATCAGGACACCCAACGTCGCACCTCCATGGGTGGAACGCAGCAGCAATTTGTTGAGGGC
GTGAGAATGGAGGAGATCGTGGAAGGGTGTACCGGAGCTCTCCACATCCTCGCTCGAGACGTCCACAA
CCGGATCGTAATCAGAGGACTTAATACCATTCCATTGTTTGTGCAACTGCTTTACTCGCCTATTGAAAACA
TCCAAAGAGTCGCTGCTGGGGTCCTCTGTGAACTTGCTCAGGATAAGGAGGCTGCCGAGGCCATTGAA
GCTGAGGGAGCTACCGCTCCTCTGACAGAGTTACTGCACTCCCGTAATGAGGGAGTCGCAACCTACGCA
GCTGCAGTCCTGTTCCGAATGTCTGAGGACAAGCCACAGGATTACAAGAAGCGGCTGTCCGTTGAGCTC
ACCAGTTCCCTCTTCCGTACCGAGCCAATGGCTTGGAACGAGACTGCAGATCTTGGACTGGATATTGGT
GCCCAGGGAGAAGCCCTTGGATATCGTCAGGACGACCCCAGCTACCGTTCTTTTCATTCTGGTGGATAC
GGTCAGGATGCCTTGGGGATGGACCCTATGATGGAGCATGAAATGGGTGGCCATCACCCTGGAGCTGA
CTATCCAGTTGATGGACTGCCTGATCTGGGACATGCCCAGGACCTCATGGATGGGCTGCCCCCAGGTGA
TTCAAATCAGCTCGCCTGGTTCGATACTGACCTGTAA

Supplemental Figure 1. Optimized open reading frame (ORF) of B-catenin sequence without exon 3.
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IVIS OQutput from 1% Pilot Study (10/2020):

Trtmnt Flux

MCM 1.32E+04
MCM 2.31E+04
Lipo 7.97E+05
Lipo 6.87E+05

TransIT 5.12E+04
TransIT 2.32E+04

R Studio Output -- effect size for preliminary IVIS data set:

Parameter | Sum Squares | df | Mean_Square | F p
Trtmnt | 6.8le+11 | 2 |  3.40e+11 | 157.30 | < .00l
Residuals | 6.49+09 | 3 | 2.16e+09 | |

Anova Table (Type 1 tests)

# Effect Size for ANOVA (Type I)
Parameter | n? | 95% CT

Trtmnt | .99 | [0.92, 1.80]

- One-sided CIs: upper bound fixed at [1.86].

Power analysis for effect size £=0.99::

Balanced one-way analysis of variance power calculation

k=3
n = 4.444827
f = 8.99
sig.level = 0.65
power = @.8

NOTE: n is number in each group

R Studio Code:

#install.packages(”

library(knitr)

library(tidyverse)

1ibrary(emmeans)

library(pur)

knitr::opts_chunk$set( FALSE, FALSE)

knitr::opts_chunk$set( FALSE, NA)

library(effectsize)

seven <- read.csv("U:/PhD/Dissertation/Stats calcula tio S preliminary da
ta.csv", R TRUE)

str(seven)

m <- Im(Flux ~ Trtmnt, seven)

parameters::model_parameters(anova(m))

options( TRUE) # get nice symbols when printing! (On Windows,

requires R »>= 4.2.8)

eta_squared(m, FALSE)
pwr. anova.test(k=3,7-8.99, .85, .8)

Supplemental Figure 2. Preliminary data from IVIS output was used to calculate effect size (), which
was then used to determine the smallest sample size to reach a power of 80%. Smallest sample size was
determined to be n=4.4. R Studio code provided on the right.
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Difference in FFLuc expression with LNP over 5 weeks
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Supplemental Figure 3. MC3 LNPs were tested for transfection efficacy using reporter gene, firefly
luciferase mRNA. Firefly luciferase was tested through qRT-PCR as described in Chapter III. Shelf-life of
firefly luciferase mRNA-MC3 LNPs were tested within receiving LNPs 1-2 weeks after formulation and
again at 5 weeks after formulation.
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Supplemental Table 1. Histopathology results used a Semi-quantitative scoring method using a
modification of ISO10993-6 Annex E: Biological evaluation of medical devices — Part 6: Tests for local
effects after implantation.

Score
Cell tvpe/response 0 1 2 3 4
Polymorphonuclear cells (PMNs) | None | Rare, 1-5/HPF* | 5-10/HPF | Heavy mfiltrate | Packed
Lymphocytes None | Rare, 1-5/HPF | 5-10/HPF | Heavy infiltrate | Packed
Plasma cells None | Rare, 1-5/HPF | 5-10/HPF | Heavy infiltrate | Packed
Macrophages (M) None | Rare, 1-5/HPF | 5-10/HPF | Heavy infiltrate | Packed
Giant cells None | Rare, 1-2/HPF | 3-5/HPF | Heavy mfiltrate | Sheets
Necrosis None | Minimal Mild Moderate Severe
Edema None | Minimal Mild Moderate Severe
Hemorrhage None | Minimal Mild Moderate Severe”
Neovascularizati gn& None | Mimimal Mild Moderate Severs
Fibrosis None | Minimal Mild Moderate Severe
Signs of implant degradation None | Minimal Mild Moderate Severe
Particulate debris None | Minimal Mild Moderate Severe
*HPF — high powered field
& Neovascularization — severe suggests numerous neovascular vessels
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