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ARTICLE INFO ABSTRACT
Keywords: Fractures continue to be a global economic burden as there are currently no osteoanabolic drugs approved to
Gene therapy accelerate fracture healing. In this study, we aimed to develop an osteoanabolic therapy which activates the

Fracture healing
Lipid nanoparticles
mRNA

Canonical Wnt

Wnt/p-catenin pathway, a molecular driver of endochondral ossification. We hypothesize that using an mRNA-
based therapeutic encoding p-catenin could promote cartilage to bone transformation formation by activating the
canonical Wnt signaling pathway in chondrocytes. To optimize a delivery platform built on recent advancements
in liposomal technologies, two FDA-approved ionizable phospholipids, DLin-MC3-DMA (MC3) and SM-102, were
used to fabricate unique ionizable lipid nanoparticle (LNP) formulations and then tested for transfection efficacy
both in vitro and in a murine tibia fracture model. Using firefly luciferase mRNA as a reporter gene to track and
quantify transfection, SM-102 LNPs showed enhanced transfection efficacy in vitro and prolonged transfection,
minimal fracture interference and no localized inflammatory response in vivo over MC3 LNPs. The generated
p-catenin®® mRNA encapsulated in SM-102 LNPs (SM-102-B-catenin®" mRNA) showed bioactivity in vitro
through upregulation of downstream canonical Wnt genes, axin2 and runx2. When testing SM-102-p-catenin®F
mRNA therapeutic in a murine tibia fracture model, histomorphometric analysis showed increased bone and
decreased cartilage composition with the 45 pg concentration at 2 weeks post-fracture. pCT testing confirmed
that SM-102-p-catenin®F mRNA promoted bone formation in vivo, revealing significantly more bone volume
over total volume in the 45 pg group. Thus, we generated a novel mRNA-based therapeutic encoding a p-catenin
mRNA and optimized an SM-102-based LNP to maximize transfection efficacy with a localized delivery.

1. Introduction long bones is tibial shaft fractures, and despite surgical interventions
upwards of 15-48 % of patients with this type of fracture fail to heal as

Fractures continue to be one of the most frequent type of hospitalized expected [3-7]. The risk of developing impaired fracture healing
traumas with reports of about 32.7 million new cases of lower leg (non-union or delayed union) is often highest in patients with open tibial
fractures globally in 2019 [1,2]. The most frequent fracture amongst fractures or medical co-morbidities with tibial non-union having a more
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significant impact on patient quality of life than congestive heart failure
or myocardial infarction [6,8]. Over the last decade, significant ad-
vancements in the molecular and cellular understanding of fracture
healing have led to new mechanisms that may be capitalized upon in the
quest for novel therapeutic targets to promote repair [9-12].

Fractures heal through a tightly regulated process consisting of
overlapping, yet distinct sequences of essential repair steps [10]. The
first stage consists of a robust inflammatory response, involving the
secretion of cytokines and growth factors imperative in the recruitment
of progenitor cells, cells necessary in driving osteoblastogenesis [10,13].
Bone forms through two distinct mechanisms: direct and indirect bone
formation [14]. Direct bone formation, or intramembranous ossifica-
tion, involves the direct differentiation of progenitor cells to osteoblasts
[14]. Indirect bone formation, or endochondral ossification, involves
progenitor cells differentiating into a cartilage intermediate prior to
transdifferentiating into osteoprogenitors and osteoblasts [14-18]. The
final remodeling stage involves the replacement of trabecular bone with
cortical bone [10]. Aberrations within any of these fracture healing
stages can lead to delays or impairments in fracture repair [10]. Other
than additional surgery, biologic solutions to facilitate fracture healing
in non-union or delayed union cases are limited. The only FDA-approved
osteoanabolic, recombinant human bone morphogenetic protein-2
(BMP-2), has limited use in the clinic and is currently only approved
for specific spinal fusion cases and acute, open tibial shaft fractures. Its
clinical success has been limited by significant adverse reactions, such as
heterotopic ossification [19-24]. As such, these clinical side effects have
prompted the exploration of other therapies with fewer untoward con-
sequences. There remains a clinical need to develop safe and effective
therapies for the stimulation of bone in fracture repair.

Mechanistic data highlighting the necessity of canonical Wnt
pathway during fracture repair has facilitated a framework for Wnt-
based therapeutics [10,11]. p-catenin was found to regulate
chondrocyte-to-osteoblast transdifferentiation during fracture repair as
detected through genetic deletion and stabilization of Wnt in a murine
model [18]. Therapies aiming to directly activate Wnt have been met
with manufacturing and delivery challenges due to the insoluble char-
acteristics of lipidated Wnt ligands [25,26]. Current clinical approaches
involve the indirect activation of the canonical Wnt pathway through
targeting the inhibitors of Wnt, such as Sclerostin [26,27]. Preclinical
success using indirect approaches was reported in osteoporosis appli-
cations, yet these indirect strategies were not found to be efficacious in
fracture repair [28]. The use of RNA therapy to directly activate the
canonical Wnt pathway would likely mitigate the limitations associated
with the production of hydrophobic Wnt proteins. Despite these over-
coming these challenges, RNA therapeutics continue to be limited by
stability of the RNA transcript and stimulating an innate immune
reaction.

Recently, there have been significant advancements in lipid-based
nanotechnology for nucleic acid and drug delivery, which have resul-
ted in the successful clinical translation of several novel and highly
effective therapies [29]. Specifically, optimization of physiochemical
properties like particle size, surface charge, and long-term stability have
promoted successful clinical translation [30]. The most recent break-
through in this field are carriers known as lipid nanoparticles (LNPs),
nanosized vesicles that ensure RNA encapsulation in the protected core
due to the physio-chemical properties of all components [31]. LNPs have
been successfully translated to the clinic in several instances, such as
with the Onpattro® formulation, used to deliver small interfering RNA
for the treatment of transthyretin amyloidosis, or with the
Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) formulations,
that achieved outstanding protection against the SARS-CoV-2 virus. The
key components of all the aforementioned lipid-based delivery system
include: (i) an ionizable cationic lipid, (ii) a helper lipid known as DSPC
(1,2-distearoyl-sn-glycero-3-phosphocholine), (iii) cholesterol, and (iv)
a pegylated lipid [32]. All four components have specific roles in both
the encapsulation and the delivery process. A central feature of ionizable
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LNPs that gives rise to high transfection capacity is a formulation
parameter known as “apparent pK,”, ideally between 6 and 7, which
enhances endosomal escape of the mRNA through electrostatic inter-
action of the endosomal phospholipids and cationic ionizable lipids [54,
55].

In this study, our goal was to develop and test an mRNA construct
encoding a B-catenin sequence, p-catenin®®F, for stimulating bone
regeneration by activating the canonical Wnt signaling pathway at a
temporally optimized time within bone repair. We hypothesized that
delivery of a chemically modified p-catenin®F mRNA encapsulated in
SM-102 LNPs would activate the canonical Wnt pathway and promote
endochondral bone formation. We investigated two lipidic compositions
in the fabrication of LNPs for mRNA delivery in a fracture repair
application. Here, we tested a more traditional ionizable lipid compo-
sition, MC3 LNP, against a modified version of the Moderna ionizable
LNP formulation, SM-102 LNP. Validation of the bioactivity and efficacy
of SM-102-p-catenin®®F mRNA in promoting bone were performed in
vitro and in vivo following a localized delivery to the fracture site in a
murine tibia fracture model. The therapeutic developed in this study has
the potential to mitigate additional surgeries required to intervene for
impaired fracture healing cases.

2. Materials & Methods
2.1. Lipid nanoparticle synthesis and characterization

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. Lipid nanoparticles
containing mRNA were synthesized with the microfluidic system
Benchtop Nanoassemblr. Ionizable lipids DLin-MC3-DMA (MC3) and
SM-102 were purchased from MedChemExpress (Cat # HY-112251, HY-
134541 respectively). Cholesterol (Cat # 700000P), 18:0 DSPC (Cat #
850365P) 18:1 (A9-Cis) PC DOPC (Cat # 850375P), and DMG-PEG2000
(Cat # 880151P) were purchased from Avanti Polar Lipids. First, 300 pg
of mRNA was dissolved in 750 pl 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 pl of ethanol to make up the organic phase. Sec-
ond, both of the phases were warmed to 45 °C and loaded into syringes
for synthesis using the Nanoassemblr microfluidic device using pre-set
parameters (flow rate ratio = 1:3 (organic:aqueous), total flow rate =
9 ml/min, waste = 100 pl). The final N/P ratio (ratio between the
positively charged amine groups from the ionizable lipids over the
negatively charged phosphate groups from the mRNA) was set to 6
independently of the mRNA sequence. After synthesis, LNPs were dia-
lyzed against 1x PBS (overnight, 4 °C) and filtered with 0.22 pm syringe
filters.

Physio-chemical properties of each LNP formulation were measured
via dynamic light scattering (DLS, Malvern Zetasizer), for up to 4 weeks
upon storage at 4 °C. To measure size and polydispersity index, 10 pl of
LNPs were diluted in 990 pl of PBS and Zeta potential (mV) measure-
ments were collected using a solution containing 10 pl LNPs, 90 pl PBS
and 900 pl of double distilled water. 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 (Invitrogen, Cat #R11490). First, LNPs were initially diluted 1:100
in TE buffer and then subsequently diluted 1:2 in either TE buffer (to
measure un-encapsulated RNA), or 2 % (v/v) Triton-X in TE buffer (to
lyse LNPs and measure encapsulated RNA), for a total volume of 100 pl.
The diluted LNPs were incubated for 15-min at 37 °C. Ribogreen reagent
was diluted 1:10 in TE buffer and 100 pl were added to the diluted LNPs.
Following a 10-min incubation at room temperature, the plate was read
at Ex/Em of 480nm/520 nm. Results obtained from LNPs diluted in TE
buffer were subtracted from those obtained for LNPs diluted in Triton-X
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to calculate the final mRNA concentration.

Two mRNA sequences were used to execute all in vitro and in vivo
assays, firefly luciferase and a non-destructive p-catenin sequence,
p-catenin®F. Firefly Luciferase mRNA (TriLink Biotechnologies, Cat
#17202) was used as a reporter gene. [3—cateninGOF sequence was
developed based on gain-of-function phenotypes that have been previ-
ously published [33]. 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 tech-
nology was used as a 5° cap. The mRNA construct was generated at the
RNA Core facility at Houston Methodist. The RNA Core facility uses
proprietary untranslated regions (UTRs) and additionally a long poly A
tail of 151 bases. The generated p-catenin®F mRNA was encapsulated
using SM-102 LNPs as detailed in the lipid nanoparticle synthesis
methodology.

2.2. Testing transfection efficacy and cytotoxicity in vitro

hMSCs were grown in alphaMEM (VWR, Cat # 50-012-PC) supple-
mented 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, n = 3. Cells
were treated for 24 h and then were washed with PBS 2X and lysed (5:1
PBS to CCLR) (Promega, Cat #E1531). Firefly Luciferase activity was
assayed by mixing Firefly luciferase assay buffer (50 mM Tris, 10 mM
MgS04, 6 mM D/L cysteine, 20 pM Sodium Pyrophosphate, 1 mM EDTA
and 2 g/L Bovine serum album) with ATP (1 mM Final), and D-Luciferin
(150 pg/mL). 100 pL of this assay buffer was added to 20 pL of lysate and
read on a plate reader for bioluminescence.

The CellTiter-Blue® Reagent was employed to measure cytotoxicity
of hMSCs as the ingredients have been optimized for use to study cell
viability. 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. Celltiter Blue Reagent (Promega, Cat
#G8080) was mixed 1:5 with cell culture media and incubated for 1 h
with cells, n = 3. The plate was then read at 579Ex/584 Em. Basal media
with Celltiter Blue Reagent was used to control background signal and
metabolic activity was compared between the treated and untreated
groups.

2.3. Testing bioactivity of p-catenin®F mRNA in vitro

To test bioactivity of p-catenin®® mRNA, B-catenin® mRNA
encapsulated in SM-102 LNPs was delivered to hypertrophic ATDC5
cells. For all in vitro experiments, ATDC5 cells were plated in triplicate at
20,000 cells/well in 12 well plates, n = 3. Passage 5 and under was used
for all in vitro experiments. ATDCS5 cells were maintained using basal
medium DMEM/F12 (Thermo Fisher, Cat# 11320033), 5 % fetal bovine
serum (FBS, Thermo Fisher, Cat# 16000044) and 1 % penicillin/strep-
tomycin (P/S, Thermo Fisher, Cat# 15140122) until hypertrophic dif-
ferentiation. ATDC5 cells were then differentiated into hypertrophic
chondrocytes over a series of 7 days. Hypertrophic chondrocyte differ-
entiation involved use of basal ATDC5 medium supplemented with 1 %
L-Glutamine (ThermoFisher, Cat # 25030149), 10 pg/mL transferrin
(Millipore Sigma, Cat #T8158-100 mg), 3 X 108 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. [34]).
Prior to transfection experiments, chondrocytes underwent serum star-
vation using basal media OPTI-MEM (Thermo Fisher, Cat# 31985070),
0.5 % FBS and 1 % P/S for 24 h. Transfection was performed using
serum-free media, OPTI-MEM supplemented with 1 % P/S, delivered at
a concentration involved 0.25 pg mRNA/well, 100 ng/mL rhWnt3a
(R&D Systems, Cat # 5036-WN-010) for the positive control, and
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serum-free media as the negative control [35-37]. Following trans-
fection for 6 h, RNA was isolated from each well, made into cDNA and
qRT-PCR was performed for downstream genes from canonical Wnt,
axin2 and runx2, to evaluate Wnt activation. Canonical Wnt activation
was measured using experiments including Topflash assay and qRT-PCR
for axin2 and runx2.

Topflash was used to measure in vitro bioactivity of f-catenin mRNA
using a reporter plasmid assay. Topflash (M50) vector contains a pro-
moter region coupled to Tcf-binding sites with an upstream firefly
luciferase gene. The plasmid vectors were co-transfected with Renilla
luciferase plasmids as a control for transfection efficacy. 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 in-
structions. ATDC5 cells were transfected with plasmid vectors using
Lipofectamine 3000 according to manufacturer’s instructions, deliv-
ering a total of 10 pL total solution/well and delivering 1 pg of pDNA/
well, n = 3. Renilla was used at 1/10th the concentration of M50 and
M51. The plasmids were transfected for 2 days prior to treating with
100 ng/mL rhWnt3a, as the positive control, or with 2 pg/well p-catenin
mRNA. Lipofectamine MessengerMax was used to deliver mRNA ac-
cording to manufacturer’s instructions. Treatments were incubated for
48 h 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 [38,39].

2.4. Tibia fracture repair 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), 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
create a pin-stabilized tibia fracture. The surgical incision was then su-
tured 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 proper ambulation on the surgical limb and
signs of infections for 72 h following the surgery. If any signs of aberrant
ambulation were observed, these mice were injected with an additional
round of Buprenorphine SR at a dose of 0.6-1.0 mg/kg, as recommended
and under supervision from veterinary staff. All treatments were injec-
ted locally to the site of the fracture callus 6 days following fracture
based on our prior work demonstrating genetic overexpression of
fB-catenin/canonical Wnt from day 6 to day 10 post-fracture accelerated
fracture repair [40]. To determine the ability of ionizable MC3 and
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SM-102 LNPs to deliver mRNA, MC3 and SM102 LNPs were concen-
trated to allow for a 25 pL injection volume using 100K protein con-
centrators (Sigma Aldrich, Cat # UFC510024), spun at 5000xg for 5-10
min (n = 5/group). Firefly luciferase (FLuc) mRNA was used as a reporter
gene at 10 pg/mouse. Negative control groups included a sterile-filtered
phosphate buffered saline (PBS) group. To determine B-catenin®f
mRNA bioactivity in vivo, SM-102-p-catenin®°" mRNA was concentrated
to allow for a 25-30 pL injection volume/mouse using 100K protein
concentrators spun at 5000xg for 5-10 min. SM—lOZ—B—cateninGoF
mRNA was delivered at concentrations of 10, 25 and 45 pg/mouse (n =
6-10/group). The negative control group was sterile-filtered phosphate
buffered saline (PBS) group. Positive control was rhWnt3a (R&D Sys-
tems, Cat # 5036-WN-010), at a concentration of 1 pg/mL at similar
volume [41,42]. All treatments were vortexed for 10 s prior to aspirating
into the Hamilton 1800 series syringe (Hamilton, Cat # 84881) and were
then injected locally to the fracture callus. Animals were sacrificed ac-
cording to approved euthanasia protocols.

2.5. Transfection efficacy and kinetics testing 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 at 24 h and
every day following injection until signal dissipated. IVIS imaging was
performed daily to quantitatively assess the magnitude and duration of
luciferase expression from the time of delivery of reporter mRNA, n = 3-
5. All mice were anesthetized using isoflurane and injected with 100 pL
of firefly luciferase substrate, D-luciferin, subcutaneously at 30 mg/mL
in PBS. Continued isoflurane was maintained at 1-5% and mice were
imaged 5 min following subcutaneous injection of D-luciferin. Biolu-
minescence was acquired using the ‘Auto’ setting and regions of interest
were measured for bioluminescence using Livinglmage software. To
assess the biodistribution following localized injections of the LNP-
mRNA therapies, IVIS imaging was performed at 6 and 18 h following
treatments. To acquire ex-vivo IVIS images, mice were sacrificed ac-
cording to approved euthanasia protocols after 18 h 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 soft-
ware. All tissues were then flash frozen immediately using liquid ni-
trogen and stored at —80 °C.

2.6. 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, n = 3-5. 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 min, or at least until all large
chunks were broken down. RNA was isolated using TRIzol™ Reagent
(ThermoFisher, Cat# 15596026) according to the manufacturer’s
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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
gScript cDNA SuperMix (QuantaBio, Cat# 95048-025). Next, primers
were designed and are listed in Table 1. Quality measurements were
used to confirm primer specificity and appropriate reaction tempera-
tures 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 s, annealing at 60 °C for 30 s and extension at 72 °C for 1
min. The bands were analyzed on a 1.5 % agarose gel with 2 pL GelStar
Nucleic Acid Stain (Lonza, Cat # 50535) run at 150V for 25 min.
Quantitative real-time PCR was run using SYBR Green Master Mix (Bio-
Rad, Cat#1725270) to detect the amplified DNA. qRT-PCR was per-
formed 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-(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 fol-
lowed and described in Schmittgen et al. [34] 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# MCRPO0O0) according to manufacturer’s instructions on the serum
collected at day 1 and 10 post-treatment, n = 3-5 [43].

2.7. 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), n = 6-8. 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
h each. Samples were embedded in paraffin, sectioned at 8 pm thickness,
and mounted onto glass slides. To perform quantitative histo-
morphometry, serial sections were obtained using the first section
beginning in the fracture callus and every 10th section afterwards.
Standard histomorphometry principles were used and quantification of
the fracture callus components including bone, cartilage and fibrous
tissues were determined [15,44]. 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
[45]. Quantification of callus composition was determined using the
Trainable Weka Segmentation2 add-on in Fiji ImageJ (version 1.54f;
NIH, Maryland, USA) and was trained to detect bone, cartilage, fibrous
tissues and background [46]. 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.

2.8. 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

Table 1

Primer sequences validated for use in qRT-PCR for use in all LNP treated fracture calluses.
Gene Forward Reverse
p-2-modulin ATACGCCTGCAGAGTTAAGCA TCACATGTCTCGATCCCAGT
Collagen 10al (col10al) TTCTGCTGCTAATGTTCTTGACC GGGATGAAGTATTGTGTCTTGGG
Alkaline Phosphatase (alp) GTTGCCAAGCTGGGAAGAACAC CCCACCCCGCTATTCCAAAC

interleukin-14 (il-1p)

Tumor necrosis factor- a (tnf a)

firefly luciferase (fluc)

axin2

runt-related transcription factor 2 (runx2)

TGGACCTTCCAGGATGAGGACA
GGTGCCTATGTCTCAGCCTCTT
GTGGTGTGCAGCGAGAATAG
GTGAGCTGGTTGTCACCTACTT
ACTCTTCTGGAGCCGTTTATG

GTTCATCTCGGAGCCTGTAGTG
GCCATAGAACTGATGAGAGGGAG
CGCTCGTTGTAGATGTCGTTAG
GCAAATTCGTCACTCGCCTTC
GTGAATCTGGCCATGTTTGTG
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published, n = 7-10 [47,48]. Briefly, fixed bones were scanned using
MicroCT (Viva CT-80, Scanco Medical, Switzerland) at 15 pm 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 sepa-
ration, trabecular thickness, connectivity density, structure model
index, and volumetric bone density were all CT parameters.

2.9. Immunohistochemistry

Immunohistochemical staining for p-catenin (f-CAT) was performed
using a similar protocol as previously described, n = 5-6 [49-51].
Briefly, paraffin sections were deparaffinized and rehydrated in water.
Heat-mediated antigen retrieval was performed using sodium citrate
buffer (10 mM, pH = 6.0) for 20 min in a water bath at 91 °C and cooled
for 10 min. All sides were washed in PBS three times and then blocked
with 5 % donkey serum (017-000-121, Jackson ImmunoResearch) in
PBS for 1 h. The section slides were then incubated in rabbit-anti-p-CAT
primary non-phosphorylated antibody (ab 223075, 1:1000 dilution,
Abcam, Waltham, MA, USA) in a 5 % donkey serum/PBS solution at 4 °C
overnight. The slides were then washed with PBS three times and treated
with 0.5 % hydrogen peroxide in PBS for 30 min at ambient tempera-
ture. After another three PBS washes, slides were then incubated with a
biotinylated horse anti-rabbit-IgG (BA-1100-1.5, Vector Laboratories
Inc., Newark, CA, USA) at a 1:300 dilution. After another three PBS
washes, the slides were then incubated with VECTASTAIN® Elite
ABC-HRP Kit (Peroxidase, Universal) (Vector Laboratories Inc., Newark,
CA, USA) for another 2 h according to manufacturer’s protocol. After
PBS wash, a DAB kit (SK-4100, Vector Laboratories Inc., Newark, CA,
USA) was used for color reaction to reveal positive cells. After rinsing
with water, Hematoxylin QS (H-3404-100, Vector Laboratories Inc.,
Newark, CA, USA) was used to counterstain the cell nuclei. Slides were
then dehydrated in gradient alcohol, cleared with xylene, dried, and a
coverslip was then applied with Acrymount Mounting Medium (IHC
World, LLC, Ellicott City, MD). Images were captured with a Nikon NI
microscope (Nikon Instruments Inc., Melville, NY, USA). Positive cell
numbers and bone surface or area were counted and measured using
Image J software. Positive cells were stained brown. Activated $-CAT
located in the cell nuclei. Inactivated phosphorylated p-CAT located at
cytoplasm or membrane. The positive cells were expressed as cell
number/mm bone surface or cell number/mm bone area.

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 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. All data were plotted so that
each sample represented a single point on each graph. Each 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.

3. Results

3.1. SM-102 LNPs improved mRNA delivery as compared with MC3
LNPs in vitro

SM-102 and MC3 LNPs were generated and then characterized to
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determine differences between the two formulations. First, we charac-
terized the LNPs through size, polydispersity index (PDI) and surface
charge (Fig. 1A). MC3 and SM-102 LNPs were of similar size, with MC3
LNPs being 101.04 &+ 1.97 nm and SM-102 LNPs being 105.0 £ 0.73 nm.
PDI reveals a monodisperse LNP sample set, as both are under a PDI of
0.15 (0.11 + 0.01 a.u. for MC3 LNPs, and 0.09 + 0.01 a.u. For SM-102
LNPs) [52]. Additionally, the Zeta potential, or the surface charge of
nanoparticles in solution, analysis resulted in near net neutral surface
charges for both of the LNPs (—5.55 + 1.01 mV for MC3 LNPs, and
—5.57 4+ 0.30 mV for SM-102 LNPs), according to literature guidleines
that describe 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 [53]. Finally, while
the encapsulation efficiency of the MC3 formulation has been charac-
terized by our group elsewhere, SM-102 formulation displayed an
encapsulation efficiency of over 85 % [54]. As shown in SUPPLEMEN-
TARY Fig. 1, both physio-chemical properties and encapsulation effi-
ciency remained consistent for four weeks upon storage at 4C, n = 3.

Transfection efficacy was assessed in human bone-marrow MSCs
using firefly luciferase as a reporter gene to track and measure level of
transfection following delivery with 0.5 pg mRNA/well, n = 3. A one-
way ANOVA showed significance between luminescence and treat-
ment groups, F(2,6) = 149.8, p < 0.0001. SM-102 significantly
increased transfection compared to MC3 LNPs and the no treatment
group, p < 0.0001 for both comparisons (Fig. 1B). While MC3 did have
significantly higher transfection than the no treatment group (p =
0.0411), SM-102 LNPs was found to have the highest transfection in
vitro. No significant differences were determined between treatment
groups in metabolically active cells revealing no cytotoxic effects with
any treatment, F(2,6) = 0.6803, p = 0.5416 (Fig. 1C).

3.2. SM-102 LNPs prolonged mRNA delivery in murine tibia fracture
healing model

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 (Fig. 2A) and the bioluminescence was quantified
(Fig. 2B) within the standardized region of interest (ROI), n = 3-5. All
IVIS output (total flux (p/s)) were log-transformed to normalize the total
flux data. A two-way ANOVA revealed significant differences in lumi-
nescence between time points and treatment groups, F(18, 97) = 5.441,
p < 0.0001. All further significance gained from Tukey’s multiple
comparison testing between the PBS control and either MC3 or SM-102
can be found on FGURE 2A. SM-102 LNPs had significantly more total
flux than MC3 LNPs at day 2 after treatment (p = 0.0463), but no other
differences were found between SM-102 and MC3 LNPs at any other day
tested. The MC3 LNP group had significantly higher luminescence as
compared with PBS controls on days 1-5 following injection, while SM-
102 LNPs had significantly higher luminescence as compared to PBS at
days 1-7 post-injection (Fig. 2A and B). SM-102 LNPs sustained trans-
fection 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 (Fig. 2C). A two-way ANOVA revealed no significant
differences in luciferase expression between time and treatment group, F
(2,16) = 1.021, p = 0.3826. Although SM-102 LNPs trended with the
highest luciferase activity 1 day after injection, this difference did not
reach significance.

3.3. SM-102 LNPs do not alter localized inflammatory response or
osteogenic gene expression within fracture callus

Local inflammatory response to the Luciferase mRNA-loaded LNPs
was evaluated within the fracture callus using gene expression analysis,
n = 3-5. A two-way ANOVA revealed no significant differences in il-14
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Fig. 2. 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
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expression between time and treatment group, F(2,16) = 1.572, p =
0.2380, but showed significant differences in tnf-o expression between
time and treatments, F(2,16) = 8.230, p = 0.0035 (Fig. 3A and B).
Tukey’s multiple comparisons showed MC3 had significantly higher tnf-
o expression at day 10 as compared to the PBS control and SM-102 LNPs
(p = 0.0393, p = 0.0009 respectively).

To assess systemic inflammatory response from delivery of LNPs, C-
reactive protein (CRP) was measured in the serum 1 and 10 days
following treatments, n = 3-5 (Fig. 3C). A two-way ANOVA revealed
significant differences in CRP activity between days and treatments, F
(2,10) = 9.364, p = 0.0051. MC3 LNPs had the highest amount of CRP 1
day following treatment as compared with PBS and SM-102 from
Tukey’s multiple comparison analysis (p < 0.0001, p 0.0033,
respectively). Additionally, SM-102 had more CRP activity as compared
to PBS control 1 day after treatment, p = 0.0039. No significant differ-
ences were found between treatment groups at 10 days after injection.
To measure effect on fracture healing, the expression of osteogenic genes
Alp and Col10al were compared between groups, n = 3-5. No significant
differences were determined in the expression of the early osteogenic
marker Alp between days and treatment groups as revealed by a two-
way ANOVA, F(2,16) = 0.73, p 0.4973 (Fig. 3D). However,
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significant differences were found between treatments when testing
Col10al expression analyzing simple main effects, F(2,16) = 8.972,p =
0.0024. Sidak’s multiple comparison’s testing showed SM-102 at day 1
following injection to have significantly more Coll10al expression than
MC3 LNPs, p = 0.0149 (Fig. 3E). No significant differences in Col10al
were found between the MC3 and PBS groups, nor SM-102 and PBS at
any time point.

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

A biodistribution study was performed to characterize the distribu-
tion of the LNPs following a localized injection to the site of the fracture
callus, n = 5. It is important to determine if the LNPs remained localized
or if they distribute through the reticuloendothelial system. All IVIS
output (total flux (p/s)) were log-transformed to normalize and reduce
the skewness of the total flux. A two-way ANOVA was performed to
examine the effect of time and treatment group on luminescence. There
was a statistically significant interaction between time and treatment
group on luminescence, F(2,10) = 39.98, p < 0.0001, and all further
significance gained from Tukey’s multiple comparison testing is listed
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Fig. 3. Gene expression analysis of the fracture callus through qRT-PCR for markers of A-B). inflammation with il-1p and tnf-a, 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.

on FGURE 4A-C. No significant differences were found between MC3
and SM-102 LNPs at 6 or 18 h (p = 0.8073 and p = 0.575 respectively). A
two-way ANOVA was conducted to determine statistical significance in
log-transformed total flux between main organs and tissues and treat-
ment groups, F(8,50) = 1.893, p = 0.082. Pairwise comparisons revealed
no significant differences were noted in luciferase expression between
ex-vivo IVIS images of any of the groups tested in liver, lung, kidney or
spleen tissues (Fig. 4B-D). However, MC3 and SM-102 had significantly
higher luciferase signal in the fractured limbs when compared to the PBS
control (p = 0.0003, p = 0.0002 respectively), but no significance was
determined between the MC3 and SM-102 LNP groups (p = 0.977).

3.5. ﬂ—cateninGOF mRNA activates canonical Wnt in vitro
To assess bioactivity of p-catenin®F mRNA, all groups were treated
for 6 h prior to assessing downstream canonical Wnt markers and ca-
nonical Wnt reporter assay, Topflash, n = 3. An ordinary one-way
ANOVA was conducted to determine statistical significance in relative
gene expression for both axin2 and runx2 genes between the treatment
groups, F(2,6) = 209.1, p < 0.0001 and F(2,6) = 8.07, p = 0.0199,
respectively. Axin2 expression was significantly higher in the rhWnt3a
treated group as compared with the negative control (p = 0.0003), yet
p-catenin®F mRNA showed the highest axin2 expression over both
rhWnt3a (p < 0.0001) and the negative control (p < 0.0001) (Fig. 5A).
Additionally, p-catenin®°F mRNA significantly increased runx2 expres-
sion as compared with the negative control (p = 0.212), yet no signifi-
cance was determined between p-catenin®F mRNA and rhwnt3a group
(p = 0.0513) (Fig. 5B). Statistical significance in Topflash was deter-
mined from conducting an ordinary one-way ANOVA, F(2,6) = 55.28, p
0.0001, revealing significance between firefly:renilla luciferase
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activity and treatment groups. Tukey’s multiple comparisons testing
revealed no significant differences in Wnt reporter assay, Topflash, be-
tween the p-catenin®F mRNA group and negative control (p = 0.105)
despite B-catenin®f mRNA group trending higher (Fig. 5C). As ex-
pected, positive control rhWnt3a significantly enhanced Wnt activity as
compared to both the negative control (p = 0.0001) and p-catenin®°F
mRNA group (p = 0.0007).

3.6. SM-102-p-catenin® mRNA activates canonical Wnt and stimulates
bone formation in vivo

SM-102-p-catenin®*mRNA was then tested histomorphometrically
in its abilities to promote bone formation in a murine tibia fracture
model. All tissues were harvested and analyzed at 2 weeks post-fracture,
or 8 days post-SM-102- p-catenin®°F mRNA treatment for all histological
(n=7-10), pCT (n = 6-8) and immunohistochemical evaluations (n = 5).
A two-way ANOVA was conducted to determine significant differences
in bone and cartilage composition between treatment groups, F(4,54) =
13.55, p < 0.0001. An ordinary one-way ANOVA was executed to
determine significance in percent BV/TV between treatment groups, F
(4,35) = 3.608, p = 0.0145. Multiple comparisons testing of histo-
morphometry data showed increased bone composition in the SM-102-
B-catenin®F mRNA 45 pg group over the PBS control, p = 0.0002
(Fig. 7E and F). Additionally, SM-102-p-catenin®*mRNA 45 pg group
had significantly more total bone area than the 10 pg/mouse group, p =
0.0051. The two higher concentrations of SM-102 p-catenin®**mRNA of
25 and 45 pg had significantly less cartilage composition within the
fracture callus as compared to the PBS group (p < 0.0001 and p =
0.0011 respectively). The 25 pg group also had less cartilage composi-
tion than the 10 pg group (p = 0.0036). MicroCT quantification of bone
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was consistent with the histomorphometric results and showed signifi-
cantly more bone volume following the delivery of SM-102-p-catenin®°F
mRNA 45 pg group compared to the PBS control (p = 0.0328) (Fig. 6 A,
B). No significant differences were found in any of the other groups
tested, or in any of the other measurements acquired (Fig. 6C).
Immunohistochemistry staining was performed using an anti-non-
phosphorylated p-catenin antibody which detects activated form of
B-catenin. The samples in the PBS group showed some positive stain
suggesting endogenous expression in bone and in hypertrophic chon-
drocytes. The rhWnt3a samples showed positive -catenin staining for
all of the tissue types. The SM-102 p-catenin®°f mRNA groups showed
B-catenin expression with all doses tested and in bone and cartilage
tissues within the callus (Fig. 8A-C). No f-catenin expression was
observed in the negative control for the primary antibody in any group
or tissue tested (Fig. 8D and E). These data taken together indicate that
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treatment with SM-102-p-catenin®°F mRNA activates the canonical Wnt
signaling pathway as detected in all main tissue types within a fracture
callus.

4. Discussion

Therapeutic mRNA has shown great success with worldwide vacci-
nation against COVID-19 using mRNA lipid nanoparticles [55-57].
However, the use of mRNA delivery to address musculoskeletal diseases,
specifically for bone healing, remains a nascent field [58]. Expansion of
this technology holds promise for regenerative medicine especially for
healing of musculoskeletal diseases. Here, we demonstrate that local
delivery of mRNA targeting canonical Wnt pathway delivered using
SM-102 LNPs promoted bone in vitro and in our murine tibia fracture
model. Most previous RNA-based therapeutic approaches for bone tissue
regeneration have employed mRNA encoding bone morphogenetic
proteins (BMPs) [59,60]. 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 [59]. 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 [59]. 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 to
slow the release kinetics of the mRNA being delivered [61-64]. Impor-
tantly, all studies have reported therapeutic efficacy with incorporation
of cmRNA encoding BMP-s in vitro, bone defect or integration models
[59,61-64]. Despite the therapeutic benefits seen, all strategies have
required surgical intervention to implement treatment. However, an
injectable system that does not require surgical implantation would be
ideal, as this would mitigate risks and healthcare costs associated with
surgery [57,65-67].

In these experiments, two ionizable lipids were tested in LNP



A.L. Nelson et al.

Bioactive Materials 39 (2024) 273-286

B-CAT mRNA (ug)

MicroCT 3D view X»

B p=0.0328
60
A
| H
2 a0l ¥
é‘o o |
2 e o3
[9) A e ]
Sl s ¥ -
] © .
o
0 T T T T T
) L L ® o
O A
&

rhWNT3A

10+
A
8 |
£ ® eee ‘
6_
g Al|A _L
T 4] < o|® n®
4 4 L F Y] A
8 , ]
=2
0 T T T T T
] 3 ¢ O 2
7 O > S O’
Q o P RO
&

Fig. 6. MicroCT of all fractured tibias were evaluated for bone volume at 2 weeks after fracture. A). Representative 3D images of each treatment group. B). Per-
centage of bone volume over total volume and C). trabecular number were recorded for each sample tested.

formulations for fracture healing applications, with the goal of
improving mRNA transfection efficiency, while assessing immunoge-
nicity and biodistribution following localized injections. LNPs are
comprised of naturally occurring components, like cholesterol, confer-
ring them biocompatible and having a ‘bioinspired’ design [57]. Both
MC3 LNPs and SM-102 LNPs were formulated with the same concen-
tration of cholesterol, helper lipids, and pegylated lipids to ensure direct
comparison of the two LNP formulations. Modifications to LNP
composition are an innovative strategy used to tailor different aspects of
LNP-based genetic cargo delivery, such as targeting and endosomal
escape [70,71]. Here, given the importance of the apparent pK, of the
ionizable lipid depending on the type of genetic cargo, we compared a
DLin-MC3-DMA-based control formulation (with the same composition
of the Onpattro formulation for siRNA delivery) to a test formulation
including SM-102 as ionizable lipid. In fact, changes in apparent pK,
from 6.44 (DLin-MC3-DMA) to 6.68 (SM-102) have been shown to be
more suitable for mRNA delivery [32]. Additionally, we assessed im-
provements in cargo delivery between the control MC3 LNPs and
SM-102 LNPs, which exploited DOPC as a helper lipid, instead of the
typical DSPC. The design strategy for LNP lipid components revolves
around their capacity to trigger non-bilayer (known as type Hy) lipid
structures, essential for facilitating membrane fusion events that enable
the intracellular delivery of macromolecules like mRNA [68]. It is
widely acknowledged that unsaturated phospholipids, such as DOPC,
exhibit strong compatibility with Hy structures [69-71]. In the case of
DOPC, characterized by two unsaturated fatty acid tails of oleic acid, an
expansion of the hydrophobic region leads to a molecular configuration
that promotes membrane fusion and disruption of the bilayer. Hence,
maintaining a substantial degree of chain unsaturation in the lipophilic
region of a lipid bilayer plays a major role in destabilizing the intra-
cellular bilayer of the endosome, therefore allowing the release of the
cargo in the cytoplasm.

These observations are echoed by both our in vitro and in vivo results
with luciferase mRNA. In fact, our in vitro investigation showed signif-
icantly increased transfection efficiency when treating chondrocytes
with luciferase-loaded SM-102 LNPs, when compared to the MC3-based
formulation. Additionally, SM-102 LNPs enabled signal detection in vivo
for up to 8 days post-administration, when compared to only 6 days for
the MC3 control formulation. Changes in the lipid composition of our
test formulation did not affect LNP physio-chemical properties nor
encapsulation efficiency, as both MC3 and SM-102 formulations showed
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similar stability in size, polydispersity index, Zeta potential, and
encapsulation efficiency when evaluated after 28 days of storage at 4 °C.
This clearly indicated that the use of an unsaturated helper lipid does not
affect the overall structure of the LNP and that SM-102 LNPs improved
delivery of mRNA by endosomal escape, facilitating greater endogenous
protein expression.

Due to the promiscuity of LNPs seen following localized adminis-
tration, it is imperative to examine the immunogenicity and bio-
distribution of these therapeutics. In our work, a localized injection
within the fracture callus was selected to enhance site-specificity
[72-74]. The SM-102-mRNA platform that was developed in this
study has shown to present protein at biologically active levels for 8 days
following treatment. In studies using similar mRNA gene therapeutics
encapsulated by LNPs, such as the SARS-CoV-2 vaccine, protein
expression was reported for 9 days near the injection site in preclinical
models [75]. Despite using a localized route of administration,
mRNA-based pharmaceuticals have been found to diffuse within circu-
lation and thus provoke an immunogenic response [74]. While no
cytotoxic effects were noted when testing either LNP formulation in
vitro, MC3 LNPs were found to upregulate the pro-inflammatory factor
TNFa within the fracture callus. While MC3 was the only formulation to
provoke a localized immunogenic response, all injections including the
control were shown to elevate systemic inflammatory factor, CRP, with
MC3 formulation being the highest. Despite the elevated levels of in-
flammatory responses, no interference of osteogenesis was noted within
the fracture callus with any formulation tested. Additionally, studies
have shown that intramuscular injections of neutral, ionizable LNPs
distribute to the liver, suggesting similar off-target risks [73]. In fact, Di
et al. echoed this distribution profile and found greater lymphatic up-
take with nanoparticles under 200 nm [76]. The detection of LNPs and
cargo products in tissues other than the intended tissue necessitates
assessment for safety and efficacy profiles. In this study, localized
treatments of neutral LNPs did not show significant luciferase expression
in liver, lung, spleen or kidney when tested ex-vivo. Given these results,
mRNA delivery with SM-102 LNPs has the potential to promote a greater
biological outcome in a fracture healing application while minimizing
immunogenicity without interfering with osteogenesis.

Following the selection of the optimized LNP to deliver mRNA for
fracture healing applications, we aimed to develop and validate a
functional mRNA sequence encoding p-catenin to promote bone regen-
eration by activating the canonical Wnt signaling pathway. We
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Fig. 7. Histomorphometry was performed to quantify bone and cartilage composition for all treatment groups 2 weeks after fracture. Representative images of each
treatment group of A). the entire callus region (40X), B). an overview of the callus region (40X), C). newly formed trabecular bone (200X) and D). cartilage regions
within the callus (200X). The regions were quantified using standard histomorphometric principles and the percent area of each region can be viewed in E). for bone
and F). for cartilage. Scale bars at 40X magnification represent 500 pm and at 200X they represent 100 pm.

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 [11,18].
An in depth review on canonical Wnt for bone healing has previously
been detailed in a review [77]. p-catenin was selected as the target
mRNA sequence to activate the Wnt pathway and a mutant, stabilized
fB-catenin sequence was optimized to enhance p-catenin expression and
protection from proteolytic destruction compared to wild-type p-catenin
[33,78]. This constitutive stabilization of p-catenin, ﬁ-cateninGOF, was
proposed in this study to facilitate maximal p-catenin expression
through the mRNA therapeutic, with potentially lower doses.

There has been limited research exploring RNA-based transcripts
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activating the canonical Wnt pathway to promote bone regeneration
[60,79]. However, Zhang et al. aimed to activate canonical Wnt in a
mandible bone repair application through co-delivery of vascular
endothelial growth factor (VEGF) and Runx2 mRNA transcripts [80].
Here, mRNAs were delivered using polymeric nanomicelles in a rat
mandibular bone defect model resulting in the most amount of bone
regeneration with the co-delivered mRNAs [80]. While Runx2 does
activate the canonical Wnt pathway, the direct interaction between
these two regulators is not yet well established. However, both p-catenin
and Runx2 play key roles in osteoblast proliferation and differentiation
[81]. Interestingly, overexpression of Runx2 in mice resulted in an
osteoporotic phenotype which was rescued by activation of canonical
Wnt [81]. These results together suggest that activation of canonical
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cartilage tissues following treatments. C). Negative control entailed testing for non-specific antibody staining in both bone and cartilage tissues. Scale bars represent

100 pm.

Wnt is imperative in osteoblast proliferation and differentiation while
Runx2 is heavily implicated in bone resorption and remodeling [82].
Thus, our approach which involves the direct activation of canonical
Wnat, through delivery of p-catenin, and sequential modulation of Runx2
expression may be more effective for promoting bone in a fracture
healing application [81].

Verification of canonical Wnt activation following delivery of SM-
102-p-catenin®F mRNA was performed through gene expression anal-
ysis for in vitro testing and through immunohistochemistry for f-catenin
for all in vivo studies. The developed therapeutic’s bioactivity was
confirmed as SM-102-p-catenin®F mRNA had higher axin2 and runx2
expression and stained positively for f-catenin in vivo. As interventions
which stimulate osteoblast differentiation have the capacity to accel-
erate fracture healing, we next aimed to test capabilities of SM-102-
B—(:ateninc'oF mRNA in stimulating bone formation in vivo [83]. Signifi-
cantly more bone composition was determined in the 45 pg
SM-102-p-catenin®" mRNA groups through histomorphometry. The
only group which revealed significantly more bone in both histo-
morphometry and pCT was the 45 pg SM-102--catenin®®" mRNA
group, suggesting this dose may accelerate bone healing in our murine
tibia fracture model. These sets of experiments together show that
treatment with SM-102- B-catenin®" mRNA promotes chondrocytes
within the fracture callus to express p-catenin, to upregulate canonical
Wnt markers, Axin2 and Runx2 and ultimately to promote bone for-
mation. Further, increased bone volume and bone composition imply
that the SM-102-p-catenin®¥F mRNA therapeutic promotes chon-
drocytes to transdifferentiate into osteoblasts through activation of ca-
nonical Wnt signaling. Despite Wnt ligand rhWnt3a showing bioactivity
in vitro, rhWnt3a was not found to be efficacious in stimulating bone in
vivo. This data remains consistent with prior reports on the limited
clinical efficacy of relatively insoluble rhWnt3a [84,85]. In conclusion,
the mRNA therapeutic described in this study can overcome limitations
seen with other mRNA platforms for bone regeneration which require
surgical intervention and the gain of function sequence has the potential
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to minimize the therapeutic dose.

Despite the novelty of these findings, there are several challenges
that need further exploration and remain as potential limitations in our
approach. One main limitation is that all immunogenicity, fracture
interference and biodistribution studies were performed following a
single concentration of mRNA. Delivery with higher mRNA concentra-
tions may only heighten the innate immune reaction as mRNA delivery
activates the cell’s antiviral defense mechanism through production of
type I interferons and pro-inflammatory cytokines [86-89]. Thus, future
studies should address the use of higher mRNA concentrations on
localized and systemic immune responses. In addition to immunoge-
nicity, biodistribution should be re-evaluated with increased concen-
trations. While no significant luciferase expression levels were found
when in the liver after a localized delivery of 10 pg/mouse, a nearly
five-fold increased dose may show a varied distribution profile.

Effective mRNA delivery to cells requires the use of carriers that will
protect the nucleic acids from degradation from nucleases [90,91].
Currently, liposomal complexes (lipoplexes) are the most commonly
utilized delivery vehicles for mRNA based therapeutics, and include
lipid nanoparticles and liposomes [90,91]. However, lipoplexes can
induce immunogenic reactions and are rapidly cleared by the mono-
nuclear phagocytic system (MPS) [90]. Alternative strategies have been
employed to mitigate limitations seen with liposomal delivery and to
effectively transport genes for bone repair, including the use of p-tri-
calcium phosphate biomaterials and mineral coated microparticles
(MCM) [92-94]. 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
[94-96]. However these approaches have yet to be translated into the
clinic.

Future work entails establishing the full time course of fracture
repair and remodeling, as the current work was limited by testing only
one time point at 2 weeks following fracture. The long-term effects of
this novel therapy are important to test as aberrant bone growth has
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been reported to occur in mice at 4 months following treatment with
BMP-2 [97]. Further, to confirm that SM—102—[3—cateninGOF mRNA ac-
celerates fracture healing, longer time points need to be assessed
through uCT and histomorphometry. Specifically, for this model, addi-
tional time points at 4 and 6 weeks after fracture would sufficiently
determine earlier healing.

5. Conclusions

In summary, we have developed an injectable and biocompatible
method to deliver functional mRNA modalities specifically for bone
tissue regeneration. 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, this approach has the potential for sig-
nificant clinical impact and deserves further development. Given the
potential of injectable SM-102-B-catenin®F mRNA to accelerate fracture
healing without requiring additional surgeries, this therapeutic may
have the capacity to reduce healthcare costs and morbidity associated
with impaired fracture healing.
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