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Abstract

Musculoskeletal disorders and injuries are highly prevalent and encompass a broad range of
conditions, including bone fractures and segmental defects, tendinopathies and tendon injury, and
cartilage disorders such as osteoarthritis, cartilage defects, and intervertebral disc disease. These
conditions can arise from diverse causes including trauma and injury, tumor resection, congenital
abnormalities, and age-related degeneration. In the past decades, administration of chemically
modified mRNA (cmRNA) encoding growth factors and transcriptional regulators has demonstrated
effectiveness in repairing musculoskeletal tissues in preclinical studies. This review summarizes
recent advancements in bone, tendon, cartilage, intervertebral disc, and muscle regeneration
achieved through the localized delivery of protein-encoding mRNAs to express therapeutic target
proteins. Delivery of cmRNA encoding growth factors such as BMP-2, BMP-9, VEGF, FGF-18, and
IGF-1, or transcriptional regulators including Runx1 to various animal models has shown beneficial
effects on bone, tendon, cartilage, and muscle injury repair in preclinical models. Alongside these
progresses, the advantages and disadvantages of applying chemically modified mRNA for
musculoskeletal tissue regeneration are also discussed. While studies show the promise of cmRNA
for therapeutic applications in orthopaedic tissue regeneration, more research is required to optimize
growth factors and delivery methods, as well as validate long-term safety and efficacy prior to

successful translation into new therapies to benefit patients.

Keywords: chemically modified protein encoding mRNA; bone; cartilage; tendon; skeletal muscle;
intervertebral disc; biomaterials

1. Introduction

Disorders of the musculoskeletal system are a major public health burden and a leading cause
of disability, affecting an estimated 27.7% of the population worldwide in 2014 [1]. Regeneration of
musculoskeletal tissues including bone, tendon, cartilage, intervertebral disc, and skeletal muscle
remains a significant clinical challenge, particularly in terms of large segmental defects, chronic
degeneration, or impaired healing. Current treatment strategies such as autografts, allografts,
recombinant growth factors, gene therapy, and surgical reconstruction often carry limitations such
as donor-site morbidity, graft supply, variable efficacy, or off-target effects [2]. These challenges have
driven increasing interest in messenger RNA (mRNA)-based therapeutics, which offer localized
expression of growth factors without the integration risks associated with retroviral, lentiviral
mediated gene therapy or the supraphysiological dose required for recombinant protein therapy.

The application of growth factors using gene therapy, ex vivo cell therapy, and biomaterials has
proven effective for musculoskeletal tissue regeneration or repair [3,4]; however, its clinical utility
has been limited by the challenges associated with recombinant protein delivery and gene therapy
approaches. Currently, recombinant human bone morphogenic proteins-2 (rhBMP2)(Infusion Graft)
and -7 (thBMP7) have been approved by the FDA for therapeutic applications in bone regeneration,
but have since been limited due to adverse side effects impeding clinical applications [5]. The
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supraphysiological dose required to accommodate for a short in-vivo half-life increases the cost of
treatment and exacerbates adverse effects [6,7]. In attempts to address these limitations, gene therapy
approaches employing viral and non-viral vectors for tissue regeneration have demonstrated
efficacy, but are constrained by safety concerns of viral vectors and low transfection efficiencies of
non-viral vectors [8-11].

Following the success of COVID-19 mRNA vaccine in controlling the COVID-19 pandemic,
therapeutic mRNA has gained significant momentum as a novel strategy for therapeutic target
delivery. Numerous preclinical studies have explored the feasibility of protein encoding chemically
modified mRNA for musculoskeletal tissue repair. A previous review article summarized RNA
therapies for musculoskeletal conditions and focused primarily on mRNA delivery vehicles [12]. This
review article focuses on the applications of protein-encoding mRNA therapy for regenerating bone,
tendon, cartilage, intervertebral disc and muscle.

2. Mrna for Bone Regeneration

2.1. Mrna-Based Therapeutic Strategies for Craniomaxillofacial Bone Regeneration

Large osseous defects of the craniomaxillofacial region, often caused by trauma, infection, tumor
resection, or skeletal abnormalities are difficult to regenerate and remain a significant clinical
challenge as they can lead to significant physical and psychological impacts [13,14]. Current clinical
treatment methods include but are not limited to allografts, autografts, graft-substitutes, or the
application of recombinant growth factors such as BMPs [14]. Limitations to each of these techniques
necessitate novel treatment options. mRNA therapy for bone repair has the potential to overcome
limitations of existing treatment strategies by enabling the localized expression of bone morphogenic
proteins (BMPs) and/or other various angiogenic and osteogenic gene targets.

2.1.1. Bmp-Encoding Mrna Delivery for Calvarial Bone Regeneration

Recombinant forms of bone morphogenic proteins, particularly BMP-2 and BMP-9, have been
widely investigated for their applications in bone regeneration [15-18] . Therefore, chemically
modified mRNA encoding BMPs represented some of the earliest mRNA-based attempts for bone
regeneration. Among the BMP family, BMP-2 is the most effective BMP [17] and has been widely
investigated in mRNA-based bone regeneration. Elangovan S et al. first investigated the effects of
chemically modified ribonucleic acid (cmRNA) encoding BMP-2 delivered using polyethylenimine
(PEI) for inducing osteogenic differentiation of human bone marrow mesenchymal stem cells
(hBMMSCs) in vitro, followed by an in vivo evaluation of cnRNA-based therapy for the repair of a
rat calvarial bone defect model in comparison with conventional plasmid DNA gene therapy. The
polyplex were injected into the collagen scaffold and implanted into a 5mm diameter calvarial bone
defect in rats. In vitro results demonstrated a two-fold increase in BMP-2 protein expression by
transfected hBMMSCs compared to PEI-pDNA at the same dose. In vivo, pCT results revealed partial
defect healing and increased bone volume to trabecular volume (BV/TV) in defects treated with PEI-
cmRNA encoding BMP-2 (25pug BMP-2 cmRNA) polyplexes compared to 25ug BMP-2 pDNA
polyplexes and significantly increased healing compared to empty defects. Histology analysis further
validate extensive bone bridging with more mature mineralized bone tissue in the BMP-2 PEI-
cmRNA group, while the pPDNA group only showed minimal formation of new bone tissue in the
defect margin [19].

Surisaeng T et al. demonstrated that BMP-2 cnRNA/LNP loaded on either silk fibroin (SF) or
gelatin silk fibroin (G) scaffolds showed an increased quantity of mineralized bone matrix within the
defect, increased percentages of calvarial defect closure, and increased BV/TV compared to empty
defects. Using the SF scaffold, only the 15ug dose of BMP-2 mRNA showed a statistically significant
increase in BV/TV, while using the G scaffold all BMP-2 mRNA doses (1.5, 5, and 15ug) significantly
increased BV/TV. However, only partial defect closure was achieved at 15pg BMP-2 mRNA dosage
using either scaffold (57 or 58% closure). This study further demonstrated that implantation of BMP-
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2 cmRNA transfected rat bone marrow mesenchymal stem cells (rBMSCs) or rat fibroblasts resulted
in near complete defect healing compared to partial healing of the delivery of BMP-2 mRNA alone
[13]. These results demonstrated that the presence of cells that continuously express BMP-2 is very
important. Collectively, these studies demonstrated the efficacy of cmnRNA encoding BMP-2 in
promoting calvarial bone regeneration and its advantages over conventional plasmid DNA therapy.

In addition to BMP-2 mRNA, others have also investigated BMP-9 mRNA for calvarial bone
defect repair. Khorsand B et al. compared the regenerative capacity of nanoplexes of
polyethylenimine (PEI)-delivered BMP-9 cmRNA (10pug) and BMP-9 pDNA (10ug) incorporated into
perforated collagen membranes (PCMs) in a critical sized calvarial defect model in rats. PEI-cmRNA
encoding BMP-9 loaded on PCMs significantly increased mineralized bone and BV/TV relative to the
scaffold only group, and a trended increase in BV/TV was observed compared to PEI-pDNA-PCM
treatment group [20]. The same research team compared cmRNA encoding BMP-2 and BMP-9
complexed with PEI at 50ug dose and injected the PEI-cmRNA into collagen scaffolds and freeze
dried for subsequent use for in vivo bone regeneration. It was found that both BMP-2 and BMP-9
cmRNAs regenerated significantly more bone compared to an empty defect (control) with complete
defect closing. Although there was no difference in callus formation or BV/TV between BMP-9 and
BMP-2 cmRNA groups, the connectivity density was twofold greater and more bone tissue was
discovered in the BMP-9 cmRNA group compared to the BMP-2 cmRNA group [21]. These findings
suggest that BMP-9 may be a more effective growth factor than BMP-2 for bone regeneration, when
delivered in cnRNA form.

2.1.2. Cmrna Encoding Other Angiogenic and Osteogenic Genes for Craniofacial Bone Repair

While BMPs have been the most extensively investigated in terms of bone repair, other growth
factors including fibroblast growth factor-2 (FGF-2), platelet-derived growth factor-BB (PDGF-BB),
transforming growth factor beta-3 (TGFf3-3), runt-related transcription factor 2 (Runx2), and vascular
endothelial growth factor (VEGF) are also potential gene targets for chemically modified mRNA
therapy.

Co-Delivery of BMP mRNA with Additional Growth Factor mRNAs for Craniofacial Bone Defect
Repair

Geng Y et al. investigated the synergistic effects of VEGF and BMP-2 cmRNA for bone repair. In
vitro assay demonstrated VEGF and BMP-2 secretion by cmRNA lasted for 48 hours. Furthermore,
BMP-2 mRNA transfected rat bone marrow stem cells (BMSCs) (2ug mRNA transfected 2x105 cells)
demonstrated increased osteogenic potential in vitro and enhanced critical sized defect repair in rat
calvarial bones when using a collagen scaffold. VEGF and BMP-2 cmRNA transfected rBMSCs
synergistically enhanced bone defect repair compared to BMP-2 mRNA transfected BMSCs by
simultaneously promoting osteogenesis and angiogenesis, resulting in improved bone healing and
almost complete defect closure. Additionally, the regenerated bone with BMP2 and VEGF cmRNAs
showed higher gene expression of osteogenic related genes and angiogenesis related genes (CD31)
as demonstrated by immunohistochemistry and western blot [22].

Similarly, Tsou HK et al. explored the effects of co-application of 10ug BMP-2 and TGF3-3
c¢cmRNA (unknown amount) -loaded polyplex (PEG-Pasp (DET) block copolymer) nanomicelles on a
gelatin sponge scaffold on calvarial defect healing in 8 weeks old male mice. At two weeks post
administration, only a small bone island had formed in the BMP-2+TGF3-3 mRNA group, while there
was no bone formation in the BMP-2 mRNA group. The BMP-2 and TGEp3-3 mRNA combined
group regenerated over 10-fold new bone volume (BV) at 8 weeks compared to the BMP-2 mRNA
nanomedicine administration alone. However, the defects were only partially healed with bone
volume/defect volume ratios around 12% in the combined group. [23] These results indicated a
potential synergistic relationship between TGFp-3 and BMP-2 in enhancing endochondral bone
repair, likely due to the role of TGF{-3 in promoting chondrogenesis.
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Surisaeng T et al. evaluated the effect of BMP-2 mRNA applied alone or in combination with
FGF-2 and PDGF-BB for calvarial bone defect repair. Although BMP-2 cmRNA significantly
enhanced bone regeneration in the calvarial defects, neither FGF-2 nor PDGF-BB cmRNA alone
promoted bone repair. Surprisingly, co-delivery of PDGF-BB cmRNA with BMP2 cmRNA
suppressed the bone regenerative effects of BMP-2 cmRNA [13]. In contrast, both PDGF-BB and FGF-
2 in their recombinant protein forms have previously been shown in enhancing bone regeneration
[24,25]. Collectively, these findings indicate that co-delivery of selective growth factors such as VEGF
or TGF[3-3 can further enhance bone formation whereas other factors such as FGF-2 or PDGF-BB may
be ineffective or inhibitory.

cmRNA Encoding RUNX2 and VEGF for Craniofacial Bone Defect Repair

In addition to the co-delivery of mRNA encoding growth factors with BMP-2, the combination
of other growth factors such as Runx2 and VEGF has also been investigated for promoting osteogenic
differentiation and craniofacial bone defect repair. Zhang M et al. injected polyethylene glycol (PEG)
and polyamino acid (Poly(N-[N'-(2-aminoethyl)-2-aminoethyl]aspartamide)) (PEG-PAsp(DET))
nanomicelles loaded with Runx2 (10pg) and VEGF mRNAs (10pg) to a mandibular defect model at
7 days after the creation of a 4mm mandible defect. Results revealed that while each mRNA
individually significantly enhanced bone regeneration, their combined administration produced a
synergistic effect, further promoting bone formation compared with either RUNX2 or VEGF mRNA
alone, as evidenced by increased BV and BV/TV in uCT and histology analyses. However, complete
defect healing was not achieved, even in the combined RUNX2 and VEGFA mRNA treatment groups
[26].

2.2. Mrna Therapy for the Repair of Long Bone Defects

2.2.1. Cmrna for Repair of Non-Critical Sized Long Bone Defects or Fractures

The physiological mechanism of fracture healing is a complex, innate, regenerative process.
However, this process is susceptible to failure and can potentially result in unfavorable results for
the patient including delayed or non-union fractures[27]. Non-union is estimated to occur in 2% of
all fractures, with instances of non-union rising to as high as 20% for certain long bone shaft fracture
injuries [28]. Several mRNA therapy studies on femoral or tibial fractures in animal models have
aimed to address this clinical need.

Balamayor E et al. first reported that BMP-2 cmRNA expressing stem cells demonstrated
enhanced osteogenic differentiation in vitro. BMP-2 cmRNA (2.5ug) loaded on Fibrin + C12-
EPE/hBMP-2 cmRNA lipoids was applied to a 3mm non-critical sized rat femoral defect model,
resulting in the increased formation of mineralized callus volume and regenerated bone as early as 2
weeks at a very low dose compared to the fibrin only control defect. Additionally, more mature bone
was observed in the BMP-2 cmRNA group as evidenced by the formation of haversian canals and the
presence of bone lining cells in the bone tissue [29]. Badieyan ZS et al., further reported that vacuum-
dried cmRNA-loaded collagen sponges, termed transcript activated matrices (TAMs), exerted 100%
transfection efficiency of reporter target protein and can translate target protein for 6 days. TAM
loaded 2.5ug BMP-2 cmRNA applied to a 2mm drill hole non-critical rat femur defect resulted in a
statistically significant increase in bone callus volume, bone area, and osteoid volume as confirmed
by puCT and histomorphometric analysis [30]. These findings indicate the therapeutic potential of
BMP-2 encoding mRNA in non-critical size long bone defect repair.

In addition to BMP-2 cmRNA , other osteogenic factors for mRNA therapy have also been
explored in tibia fracture healing. Nelson AL et al. examined the activation of the Wnt/B-catenin
pathway using (3-catenin®®F cmRNA encapsulated within SM-102 lipid nanoparticles to promote
endochondral ossification during fracture healing in mice. After injection of 3-catenin°f mRNA/LNP
at 6 days post-fracture at various doses (10 to 45ug in 25-30pl volume) to a mouse tibia fracture site,
it was found that 45ug (3-catenin®°f cmRNA promoted bone fracture healing as revealed by increased
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bone formation and decreased cartilage composition and a higher BV/TV compared to control group.
Similar effects were observed with 25ng of rWnt3A delivered at the fracture site [31].

2.2.2. Mrna Therapy for Repair of Critical Sized Segmental Long Bone Defects

Critical sized segmental bone defects remain a significant clinical challenge in terms of
treatment. These defects, which can be caused by tumor resection, trauma, infection, or other
diseases, currently rely on surgical treatment such as bone autografts, allografts, or free flaps[26,32].
The delivery of cnRNA has shown therapeutic potential in animal models to repair critical size
segmental bone defects of the femur. De La Vega RE et al. evaluated BMP-2 cmRNA delivery versus
recombinant BMP-2 protein (thBMP-2) in a rat critical sized femoral defect model. Various doses of
BMP-2 cmRNA or rhBMP-2 protein was loaded on a collagen sponge and implanted into a 5mm
defect covered with a deep muscle pouch. BMP-2 cmRNA promoted dose-dependent bone
regeneration, with complete defect bridging observed at 50ug but not at lower doses. The 50ug
cmRNA group exhibited greater BV/TV and Tb.N at 8 weeks after surgery, faster mechanical
recovery, initiated bone remodeling faster than control group, and produced superior bone quality
when compared with all other groups. Similar results were observed with the application of 11ug
rhBMP-2. Additionally BMP-2 delivered via cnRNA remained localized at the defect with no off-
target detection in other tissues or organs and no adverse effects, whereas an ectopic callus was
formed in the rhBMP-2 group at 11 ug dosage [33].

3. Mrna Therapy for Tendon Regeneration and Healing

Tendon related injuries account for 30% of musculoskeletal injury related conditions [34], yet
advancements in repair techniques are necessary as surgical interventions have high rates of re-injury
and attempts to reduce inflammation have variable success [34]. The use of novel therapeutics such
as cnRNA presents a potential innovative approach to the healing of tendon injuries. Several studies
thus far have explored the potential to achieve localized protein expression through cmRNA
transfection in tendon tissues.

Groth K et al. demonstrated that injection of naked cmRNA encoding the reporter gene
Luciferase in saline solution into tendon tissue explants in a variety of species including ovine,
equine, bovine, rats, and porcine resulted in high expression of reporter gene (BLI) in the injection
site. The authors further observed dose-dependent expression of reporter genes following injection
in saline. They also proved the expression of Laz reporter gene and human BMP-7 protein in the
explant tissues. They subsequently tested different solvents for injection of 50pg Luc cmRNA in
bovine explants and found HEPES-buffered glucose (HBG 5 %) reached maximum expression after
24 hours among all solvents tested. Furthermore, 5% glucose in HEPES or saline reached equal
Luciferase expression levels while DreamfectGold and Branched PEI did not induce Luciferase
expression compared to an untreated tendon. The authors further tested the injection of naked
c¢cmRNA in the tendon of rats in vivo and found the expression of the reporter gene Luciferase (Luc)
peaked in 24 hours and declined to baseline at 7 days. Finally, human BMP-7 cmRNA(100ug) injected
into a ruptured rat tendon resulted in significantly high expression of hBMP-7 at 2 days and
decreased collagen III expression in the regenerating tissues at day 7. Another animal tendon injury
model using collagenase diluted in a fibrin and thrombin solution into superficial digital flexor
tendons (SDFT) more closely resembled the clinical picture of acute tendinopathy in sheep. cnRNALuc
was further tested using 5% HBG injection solution in a sheep tendinopathy model. They found target
gene Luciferase expression did not increase over time in intact tendon, while dose-dependent
Luciferase expression was found in the injured tendons [35]

Moreover, Herbst E et al. performed a pilot study by using 5% HEPES buffered glucose as
injection solution to inject 110ug (1mg/ml cmRNA in 110ul) of basic fibroblast growth factor (bFGF)
c¢cmRNA or Luciferase cmRNA into a proximal and distal 2mm Achilles tendon defect in rats. The
results showed Luciferase expression can be detected for up to 3 days post-treatment. The bFGF
cmRNA group demonstrated increased tendon stiffness at 14 days compared with the Luciferase
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cmRNA control group, reaching levels similar to that of a contralateral healthy side tendon. No
differences were observed in terms of load to failure or in the expression of COL1,2,3,4 or procollagen
I compared with the Luciferase cnRNA-treated group. The bFGF cmRNA-treated group exhibited
more oval-shaped nuclei than the Luciferase cnRNA control group. No side effects were detected
[36]. It is noteworthy to mention that these earlier studies injected naked mRNA without any lipid
nanoparticles or other delivery carriers, thereby requiring large doses of cnRNA.

Sturm L et al. optimized the efficiency of a cationic, hyperbranched poly(amidoamine)-based
nanoparticles to deliver tdTomato mRNA to various cells including rat tendon derived
stem/progenitor cells (rTDSPCs). It was found that nanoparticle (NP)-mediated mRNA delivery to
tendon-derived cells was effective in a dose-dependent manner. The transfection efficiency for
rTDSPC was 18.13% + 12.07. Moderate amounts of NPs enhanced transfection efficiency, while higher
doses caused cytotoxicity, evidencing the need to balance effect delivery with cell viability.
Furthermore, an increase of the mRNA loading ratio (2:50, 4:50, or 6:50 w/w mRNA:NPs) had no
impact on transfection efficiency[37]

More recently, Faustini B et al. aimed to improve tendon repair by targeting two pathways using
injectable poly(amidoamine)-based polymers (ps-PAAQ) as nanoparticle (NP) carriers to deliver
chemically modified ARCA-capped mRNAs (cmRNAs) encoding Interleukin-1 receptor antagonist
(IL1IRA) and Platelet-Derived Growth Factor-BB (PDGF-BB). In vitro study demonstrated that
delivery of 0.5ug to 1ug of target cmRNA using the aforementioned nanoparticles efficiently induced
target protein expression in tendon cells and explant tendon tissues. PDGF-BB cmRNA transfected
cells exhibited enhanced proliferation and migration, as well as increased proliferation within tendon
explants. IL1IRA cmRNA transfected cells exhibited reduced levels of pro-inflammatory cytokines. In
vivo, the authors found that delivery of 1.9ug of target cnRNA at 7 days post-surgery resulted in the
most effective target protein expression and patellar tendon defect repair, compared to delivery
immediately after surgery or a staged approach involving immediate delivery of ILIRA cmRNA
followed by PDGF-BB cmRNA at 7 days in a pilot study. Furthermore, simultaneous delivery of 1.9
ug PDGF-BB cmRNA and 1.9 ug ILIRA cmRNA using Ps-PAAQ nanoparticles at 7 days post-surgery
improved tendon repair in a rat patellar tendon window defect model (2mm diameter). The beneficial
effects were mediated by a reduction in inflammatory cells (CD68), decreased expression of pro-
inflammatory cytokine (COX2) at early time points post-injury, reduced levels of fibrotic markers
(5100a4), and an enhancement in repair tissue structure [38]

Zhang Y et al. demonstrated that in vitro delivery of mouse ILIRAcmRNA to tendon stem cells
induced IL1RA protein expression for up to 72 hours, suppressed TNFa, IL6, and iNOS expression,
and restored Collagen I/IIl balance as well as cell migration. In vivo, a single injection of 2ug ILIRA
cmRNA encapsuled within SM102 lipid nanoparticles (LNPs) in a collagenase I-induced
tendinopathy model in mice reduced inflammatory markers and MMP1/13 expression and improved
collagen alignment at 1week post-administration. At 4 weeks post-administration, histology results
showed improved collagen organization, increased COL1, decreased COL3, and decreased COLIII/I
ratio compared to the untreated group, and functional recovery was evidenced by the re-
establishment of typical gait pattern as normal uninjured mice [39] . Collectively, these studies
demonstrated that delivery of cmRNA encoding IL1RA, by targeting inflammation, promotes the
regeneration of tendon defects and offers a potential approach for the treatment of tendinopathy.
More recent studies have demonstrated that delivering cmRNA via lipid nanoparticles could more
effectively induce target therapeutic protein expression with much lower dose of mRNA.

4. Mrna Therapy for the Regeneration of Articular Cartilage

4.1. Mrna for Traumatic Osteoarthritis Repair

Osteoarthritis (OA) is an increasingly prevalent cause of disability in older adults [40,41]. While
conventional, non-surgical, treatment options are aimed at symptom management, approaches that
are capable of regenerating or slowing the degeneration of cartilage remain limited and are still under

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1402.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 February 2026 d0i:10.20944/preprints202602.1402.v1

7 of 14

active research [42]. In the context of mRNA-based approaches for chondrogenesis, several mRNAs
encoding proteins such as runt-related transcription factor-1 (Runx1), insulin-like growth factor-1
(IGF-1), fibroblast growth factor-18 (FGF-18), and transforming growth factor beta-1 (TGFf3-1) have
been investigated.

Runx1 represents a promising mRNA therapeutic target as it has a regulatory role in articular
cartilage maintenance and OA development [43,44]. Overexpression of Runx1 within the knee joint
of an OA mouse model has been shown to have a protective effect on articular cartilage [45]. Aini L
et al. first reported using mRNA encoding Runx1 for cartilage repair. Two polyethylene glycol (PEG)-
polyamino acid block copolymer-based polyplex nanomicelles were developed: PEG-PAsp (DET)
and PEG-PAsp(TET). PEG-PAsp (DET) promoted strong reporter gene (Luciferase) expression at
24hours, whereas PEG-PAsp(TET) induced target reporter gene expression at 4 hours that persisted
for up to 96 hours. Intra-articular injection of Runx1 mRNA (1ug in 20ul volume every 3 days for one
month) via PAsp(DET) nanomicelles improved MCL- and MM-transection-induced OA, but the
effects did not reach statistical significance compared to GFP mRNA. However, administration of an
equivalent dose of Runxl mRNA using PEG-PAsp(TET) nanomicelles in the same mouse OA model
induced target protein expression in superficial and middle zones of the articular cartilage,
significantly suppressed OA development (decreased OARSI histology score) and formation of
osteophytes, and increased SOX9 and COL2 expression and cell proliferation [46]. Subsequently,
Pezzotti G et al. used the same animal model to deliver Runxl mRNA using PAsp(DET) nanomicelles
and evaluated the outcomes using Raman spectroscopic analysis, which revealed cartilage
regeneration at the molecular level. The mechanism of cartilage restoration was attributed to
activation of remaining chondrocytes by Runx1 leading to increased hyaluronic acid synthesis and
restoration of organized collagen secondary structures [47]

Treatment with IGF-1 mRNA has also shown promising results. The intra-articular injection of
IGF-1 mRNA transfected adipose derived stem cells (ADSCs) (2x10%) at 1 and 2 weeks post-DMM
surgery prevented the degeneration of articular cartilage as proved by decreased OARSI histology
score and increased COL2 and ACAN expression [48]. FGF-18 mediates proliferation and
differentiation of chondrocytes and has been investigated in its recombinant form (rhFGF-18) in
clinical trials for the regenerative treatment of OA [49]. Huang K et al. designed a new proprietary
lipid nanoparticle TG6A with branched tails and five ester bonds. This TG6A LNP significantly
increased reporter GFP mRNA expression in transfected MSCs by 9- and 41-fold compared to
commercialized DLin-MC3-DMA and ALC-0315 lipid nanoparticles respectively. MSCs transfected
with TG6A LNP-encapsulated circular FGF-18 mRNA exhibited enhanced chondrogenic
differentiation in an in wvitro 3D pellet culture differentiation model. In a rat OA model,
transplantation with circular FGF18-engineered MSCs not only protected cartilage from damage, but
also improved repair as evidenced by thicker cartilage layers, reduced histopathological scores,
maintenance of zone structure, and higher type II collagen and extracellular matrix (ECM) deposition
compared to untreated control [50]

Furthermore, Sun M et al. developed a novel articular cavity-localized lipid nanoparticle (LNP)
named WG-PL14. This optimized formulation has a nearly 30-fold increase in mRNA expression as
well as better articular cavity enrichment compared to commercial MC3 lipids after intra-articular
injection. Treatment of anterior cruciate ligament transection induced (ACLT) OA mice with an intra-
articular injection of 2pg (in 20ul/knee, once a week for 3 weeks) mRNA encoding rhFGF-18
complexed with WG-PL14 LNPs reduced OA progression. Delivery of rhFGF-18 encoding mRNA to
the joint reduced osteophyte formation and increased tibial subchondral bone BV/TV,Tb.Th and bone
mineral density [51]. Consequently, rhFGF-18 mRNA delivered on optimized LNPs also improved
pain response, upregulated cartilage extracellular matrix (ECM)-related genes such as COL2 and
ACAN, and decreased COL1, MMP13 and IL1{ [51]. More recently, Kong K et al. reported that
LNP/FGF18 mRNA can deliver FGF18 cmRNA deeper within cartilage than proteins. Intra-articular
injection of FGF18 mRNA/LNP (6pug weekly in 20ul) or 500 ng FGF18 protein (in 20ul) for 8 weeks in
the joint of DMM-induced age-related OA models improved OA symptoms via activation of the
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FOX3A-autophage pathway, protecting chondrocytes from degeneration and senescence [41].
Together, these findings highlight the potential of FGF-18 mRNA, delivered directly or via
engineered MSCS, for the treatment of OA.

4.2. Cmrna for Osteochondral Defect Repair

In addition to using cnRNA for traumatic osteoarthritis treatment, cnRNA has also been tested
in an osteochondral defect model.

TGFB-1 mRNA plays an important role in cartilage homeostasis and has also been investigated
for use in cartilage defect repair [52]. Fontana G et al. developed mRNA delivery vehicles using
mineral coated microparticle (MCM) and fluoride MCM (FMCM) and mimicked a clinical setting
using bone marrow aspirate concentrate (BMAC) as ex vivo mRNA carrier. After complexing TGF[3-
1 mRNA (at an unspecified dose) with FMCMs, the mRNA was used to transfect BMAC. The
transfected BMAC was then combined with autologous peripheral blood to form a clot, which was
implanted into a 2.7mm condyle osteochondral defect created in a rabbit knee. Rabbits treated with
the BMAC-TGFB-1 mRNA regenerated cartilage with increased type II collagen and
glycosaminoglycan deposition, as well as reduced COL1 formation; however, no improvement in
Odriscoll’s histology scores was observed [53]. Collectively, these studies demonstrate that mRNA-
based delivery of chondrogenic factors represents a promising approach to the protection and
restoration of osteoarthritic cartilage and osteochondral defect repair.

5. Mrna for Intervertebral Disc Regeneration

Intervertebral disc degenerative disease (IVDD) affects millions of people worldwide and is a
major factor contributing to low back and neck pain and associated disability. Current treatments
mainly focus on symptom management using surgical approaches, yet no treatments address disc
regeneration, as the underlying mechanisms leading to IVDD are still elusive.

Lin C et al. used PAsp (DET) to form nanomicelles complexed with Runx1-mRNA, which were
then injected (4ug in 6pl) into a needle puncture induced disc injury model in the rat coccygeal 4-5
disc. They found that injection of nanomicelle-Runxl mRNA complexes reduced inflammation and
increased intradiscal Runx1 expression compared to naked Runxl mRNA injection, which in turn
reduced disc height loss, prevented fibrous tissue formation, increased disc hydration content as
revealed by MRI, and enhanced nucleus pulposus ECM production of COL2 and ACAN at 2 and 4
weeks post-injury [54,55]. Antony ] S et al. designed a new IGF-1 mRNA construct using
neurotrophin-3 (NTE3) signal peptide, pro-human IGF-1 domain, and a full length IGF-1 mRNA
coding sequence (Cpd.3) to enhance IGF-1 secretion. This IGF-1 mRNA construct secreted higher
levels of mature IGF-1 protein than IGF-1 natural signal peptide sequence (Cpd.l) following
transfection of multiple cell lines. Starting at one month after the induction of a lumbar spine disc
degeneration model using needle puncture and disc denucleation (disc herniation model), injection
of 20ug of Cpd.3 IGF-1 mRNA in 20ul were performed on days 30, 37, 44 and 51 using citrated saline
buffer. At 90 days following the injection of Cad.3 IGF-1 mRNA, the disc height index and histology
scores were significantly higher than saline-injected discs, although still inferior to uninjured controls
[56]. The success of these studies using mRNA therapy in ameliorating IVDD progression
demonstrated potential therapeutic benefits of delivery of Runx1 and IGF-1 mRNAs.

6. Mrna Therapy for Skeletal Muscle Injury and Repair

Antony | S et al. designed a new IGF-1 mRNA construct using brain derived growth factor
(BNDF) signal peptide, pro-domain of human IGF-1, and a full length IGF-1 mRNA coding sequence
(Cpd.2) to enhance IGF-1 secretion. This modified IGF-1 mRNA construct secreted 3.1- to 6.1-fold
higher levels of mature IGF-1 protein than IGF-1 natural signal peptide sequence (Cpd.1) after
transfection of multiple cell lines. The concentration dependent EC50 was equivalent to clinically
approved recombinant protein INCRELEX [56]. Injection of Cpd.2 IGF-1 mRNA (1ug) to a notexin-
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induced myotoxic mouse muscle injury achieved functional muscle recovery equivalent to that of
10pug Cad.1 IGF-1-mRNA. A dose dependent injection revealed Cpd.2 IGF-1 mRNA achieved peak
effects at a 3ug dose (bell-shaped effect), whereas Cpd.1 IGF-1 mRNA did not reach a bell-shaped
effect even at a 30ug dosage. The healing potency of Cpd.2 IGF-1 mRNA was found to be 15-fold
higher than Cpd.1 IGF-1 mRNA in a skeletal muscle injury model [56]. Furthermore, a single injection
of Cpd.2 IGF-1 mRNA in a rat punch TA muscle injury model produced IGF-1 protein levels of
18pg/mg protein within the 4mm injection site, reaching the therapeutic range and activating the
down-stream signaling pathway (pAKT), with effects spreading up to 4-8mm from the injection site.
Human IGF-1 expression was sustained for 3 days, with an approximate 20-hour half-life, and
activated the down-stream IGF-IR signaling pathway. Furthermore, injection of 3ug Cpd.2 IGF-1
mRNA significantly increased the expression of early myogenic differentiation markers PAX7 and
MYHS3, as well as MyoD1, MYH5, and MyoG expression within 72hrs in the 4-8 mm injection site.
The late myogenic markers MYHS8 and MYH4 did not change within 72 hours. This supports the
therapeutic effects of Cpd.2 IGF-1 mRNA in this more severe muscle injury model [56].

7. Advantages and Disadvantages of Protein Encoding Mrna Therapy for
Musculoskeletal Tissue Repair

Following the success of the COVID-19 mRNA vaccines in controlling the COVID-19 pandemic
and the Nobel Prize recognition for the development of modified mRNA technology, protein
encoding mRNA therapeutic gained momentum over the past decade. Therapeutic mRNA
applications in the treatment of orthopaedic injuries and degenerative diseases have progressed
significantly and showed promising preclinical results. It is recognized that the use of mRNA as a
vaccine is advantageous in its applications as mRNA vaccines leverage muscle as a protein-
producing organ to release the target antigen into the blood stream, thereby stimulating the immune
system to produce cellular and humoral immunity. The immune system does not require large
amounts of the target protein or sustained protein release to be effective. Another advantage is that
therapeutic mRNA can be prepared rapidly, without the need for lengthy protein purification and
refolding processes. Well-developed lipid nanoparticle delivery systems and modified uridine or
cytidine further reduce mRNA incurred immune response.

However, application of mRNA therapeutics to musculoskeletal tissue regeneration is not
without shortcoming. One limitation is most of the studies using mRNA therapeutics to repair bone
presented better BV/TV and very few presented the total regenerated bone volume. In terms of bone
tissue engineering or regeneration, the regenerated bone volume is of higher importance, meaning
that complete defect healing is more important than partial healing with a high BV/TV. For the
treatment of bone defects, most studies use substantially higher doses of mRNA compared with
protein. For example, in treating a rat segmental bone defect model, 50pg BMP-2 mRNA was required
to achieve complete healing, compared to 11pg BMP-2 protein, with the additional requirement to
cover the mRNA/LNP using host muscle tissues [33]. In a mouse tibia fracture model, 45ug {3-catenin
mRNA was used and produced effects comparable to using 25ng Wnt3A protein [31]. The
requirement for such high mRNA doses may be due to the lack of host cells within the bone defect
after injury, resulting in a limitation of host cell transfection and subsequent degradation of large
amounts of unincorporated mRNA. In contrast, protein administration with sustained released
biomaterials only required a very small dose of BMP-2 (as little as 1ug) to achieve complete bridging
of a critical size femoral defect [57] or calvarial bone defect [17] . Secondly, once mRNA is applied in
the defect, it is not certain which cells it will transfect. For example, if mRNA/LNP transfects
inflammatory cells, they will not undergo osteogenesis. It is also hard to determine the exact quantity
of the target protein produced. In contrast, protein delivery can elicit immediate functional effects
and even recruit host reparative cells to the defect area. Most studies that track target protein
expression use reporter genes, not therapeutic genes. On the other hand, mRNA transfected stem
cells (ex vivo therapy) appeared more effective, likely due to the delivery cells themselves playing an
important role in the regenerative process. In this aspect, compared to retroviral or lentiviral vector
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ex vivo gene therapy, mRNA transfected cells do not offer extended expression of target protein, but
rather transit expression only (maximum 6 days in vitro or in vivo).

However, mRNA therapy appeared more effective in tendon, articular cartilage, skeletal muscle,
and intervertebral disc repair than in bone defect repair and did not require a higher dose nor a
lipid nanoparticle delivery system, compared to its application in bone defect repair. This is likely
due to the tendon, articular cartilage, skeletal muscle, and disc injury sites having target cells for
mRNA to transfect, resulting in therapeutic target protein expression in the injury site.

8. Perspective

The application of mRNA therapeutics in musculoskeletal regeneration represents a promising
and rapidly evolving field. Despite much progress in the applications of protein encoding-mRNA for
orthopaedic tissue regeneration, gaps remain in the existing literature. First, direct comparative
studies are needed between mRNA targets, dosages, and delivery platforms (e.g., lipid nanoparticles,
scaffolds, stem cell carriers) to optimize effects for repair of various tissues. Current studies lack
standardization of outcome measures, complicating the ability to compare across studies and
establish clinical relevance. Second, regarding combinatorial growth factor therapies, the synergistic
and inhibitory relationships observed between BMP-2 and various growth factors [13,22,23] warrant
further investigation of additional combinations to optimize therapeutic efficacy. The contradictory
results might be related to the delivery nanoparticle and timing of administration rather than the
growth factor’s role in bone defect healing. Third, despite tendon, articular cartilage, and
intervertebral disc repair using cmRNA being less developed than for bone repair, it appears that
only lower doses are required when using lipid nanoparticles for mRNA delivery of target
therapeutic genes and is therefore more promising in terms of cost, potential side effects, and clinical
application. Identification of therapeutic mRNA targets specific for tendon, articular cartilage, and
other musculoskeletal tissues requires further investigation. BMPs have been shown effective in
cartilage repair either using gene therapy or biomaterial mediated-delivery [4,58-60], but have not
been studied using mRNA delivery for articular cartilage repair. Furthermore, even fewer studies
have investigated mRNA therapy for muscle injury repair. No study has been conducted for
meniscus or ligament repair likely due to difficulties in creating injury models and the delivery of
target mRNA. Finally, while the short-term safety and efficacy have been evaluated in pre-clinical
models, additional research is needed to assess long term effects, off-target expression, immune
responses, and challenges before translation to treatment of human patients. Future studies should
focus on optimizing mRNA constructs and delivery systems to maximize efficiency and minimize off
target effects and cytotoxicity. Investigations into synergistic effects of growth factor combinations,
particularly in tendon and cartilage repair, are warranted and may further enhance regenerative
outcomes. Additionally, long-term preclinical and translational studies are needed to address safety,
efficacy, and potential clinical applications.

9. Conclusion

In summary, protein encoding mRNA-based therapeutics offer a novel approach to
musculoskeletal tissue regeneration that can overcome some limitations of protein and gene
therapies. Current available preclinical literatures have shown efficacy of protein encoding mRNA in
the regeneration or repair of craniomaxillofacial and long bone defects, tendon defects or injuries,
OA and IVDD, and skeletal muscle injuries using various functional target genes, but no clinical trial
has been initiated. However, comprehensive studies addressing the choice of growth factors, doses,
and delivery strategies are still needed. Additionally, further information regarding long-term safety,
efficacy, and translational feasibility are necessary to fully understand the therapeutic potential of
mRNA therapy for musculoskeletal regeneration before clinical translation of this research.
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