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Targeted Therapy of Osteoarthritis via Intra-Articular
Delivery of Lipid-Nanoparticle-Encapsulated Recombinant
Human FGF18 mRNA

Mengze Sun, Bin Ma, Zihang Pan, Yun Zhao, Liangliang Tian, Yifei Fan, Weijing Kong,
Junyan Wang, Boyang Xu, Yingfang Ao, Quanyi Guo, Xi Wang, Xiaohong Peng, Xiaoxia Li,
Jin Cheng,* Lei Miao,* Kai Wang,* and Xiaoqing Hu*

Fibroblast growth factor 18 (FGF18) emerges as a promising therapeutic
target for osteoarthritis (OA). In this study, a novel articular cavity-localized
lipid nanoparticle (LNP) named WG-PL14 is developed. This optimized
formulation has a nearly 30-fold increase in mRNA expression as well as
better articular cavity enrichment compared to commercial lipids MC3 when
performing intra-articular injection. Then, a mRNA sequence encoding
recombinant human FGF18 (rhFGF18) for potential mRNA therapy in OA is
optimized. In vitro assays confirm the translation of rhFGF18 mRNA into
functional proteins within rat and human chondrocytes, promoting cell
proliferation and extracellular matrix (ECM) synthesis. Subsequently, the
therapeutic efficacy of the LNP-rhFGF18 mRNA complex is systematically
assessed in a mouse OA model. The administration exhibits several positive
outcomes, including an improved pain response, upregulation of ECM-related
genes (e.g., AGRN and HAS2), and remodeling of subchondral bone
homeostasis compared to a control group. Taken together, these findings
underscore the potential of localized LNP-rhFGF18 mRNA therapy in
promoting the regeneration of cartilage tissue and mitigating the progression
of OA.
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1. Introduction

Osteoarthritis (OA) is the predominant
form of arthritis and is marked by persis-
tent joint pain and disability.[1] The rising
age of the global population and the es-
calating prevalence of obesity are primary
contributors to the continual growth in OA
cases observed worldwide.[2] Apart from the
substantial impact on individuals, the so-
cioeconomic expenses associated with OA
are significant. Consequently, OA emerges
as a noteworthy public health challenge ex-
pected to persist in the coming decades.
Addressing the multifaceted aspects of this
condition is imperative to mitigate its indi-
vidual and societal consequences.[3,4] Com-
mon clinical strategies for OA, such as
lifestyle management, physical therapy, and
medication, mainly aim at symptom relief
rather than reversing the underlying dis-
ease processes. Thus, there is an ongo-
ing need for research and development of

interventions that can modify the course of OA and potentially
offer disease-modifying effects.[5]

M. Sun, Y. Fan, J. Wang, B. Xu, Y. Ao, J. Cheng, X. Hu
Engineering Research Center of Sports Trauma Treatment Technology
and Devices
Ministry of Education
Beijing 100191, China
B. Ma, L. Miao
State Key Laboratory of Natural and Biomimetic Drugs
School of Pharmaceutical Sciences
Peking University
Beijing 100191, China
E-mail: lmiao_pharm@bjmu.edu.cn
B. Ma, L. Miao
Beijing Key Laboratory of Molecular Pharmaceutics
School of Pharmaceutical Sciences
Peking University
Beijing 100191, China

Adv. Healthcare Mater. 2024, 13, 2400804 2400804 (1 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advhealthmat.de
mailto:chengjin@bjmu.edu.cn
mailto:huxiaoqingbd01@sina.com
https://doi.org/10.1002/adhm.202400804
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lmiao_pharm@bjmu.edu.cn


www.advancedsciencenews.com www.advhealthmat.de

Fibroblast growth factor 18 (FGF18) belongs to the FGF8
subfamily, which can bind and activate FGFR3 signaling.[6]

Notably, FGF18 exhibits protective roles in OA. By stimulat-
ing downstream signaling of MAPK, FGF18 plays a signifi-
cant role in synovial joint development, stimulating the pro-
liferation and accumulation of type II collagen and proteogly-
cans in cultured chondrocytes.[7,8] Additionally, it promotes chon-
drogenesis and cartilage repair in injury-induced rat models of
OA, identifying FGF18 as a molecule protective against artic-
ular cartilage degeneration.[9] As a potential therapeutic target
of OA, sprifermin, a recombinant human fibroblast growth fac-
tor 18 (rhFGF18), has been investigated as a potential disease-
modifying OA drug.[10] Nevertheless, the prolonged and costly
production of protein drugs has constrained their widespread ap-
plication in clinical treatments.[11] This underscores the impera-
tive to innovate and devise new delivery methods for rhFGF18.

To date, mRNA has emerged as a promising alternative for
delivering therapeutic proteins.[12,13] Since the targeted protein
is produced via translation by endogenous cells, mRNA facil-
itates post-translational modifications resembling endogenous
proteins. In contrast to DNA or viral-based gene therapies,
mRNA does not require nuclear localization, reducing the risks
of genomic insertions and mutations. Crucially, mRNA therapy
allows transient expression with a defined half-life, avoiding con-
stitutive gene expression which may bring several potential side
effects.[14] These features position mRNA as a potential method
for delivering proteins with complex biophysical properties, in-
cluding growth factors.

Whereas, mRNA poses challenges for intracellular delivery
due to its negative charge, which prevents it from crossing the
anionic lipid bilayer of cell membranes. Additionally, mRNA is
susceptible to degradation by nucleases present in the body. To
overcome these hurdles, lipid nanoparticles (LNPs) are utilized,
particularly those containing ionizable cationic lipids. The in-
corporation of ionizable cationic lipids in LNPs allows for elec-
trostatic interactions with nucleic acids, enabling effective bind-
ing and condensation of the mRNA. This condensation process
shields the mRNA from nuclease degradation. Furthermore, the
LNPs can be internalized into cells through endocytic pathways,
facilitating efficient in vivo mRNA delivery. Another notable ad-
vantage of using ionizable LNPs is their neutral charge at physio-
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logical pH. This characteristic makes them relatively safer when
compared to conventional cationic lipids or polymers typically
used for RNA condensation in vivo applications.[15–18] Nowadays,
LNPs stand as the only FDA-approved nonviral delivery platform
for mRNA therapeutics. Various new LNP formulations have un-
dergone evaluation in preclinical settings. Nevertheless, achiev-
ing targeted delivery of the LNP-mRNA complex to specific tis-
sues or organs remains a challenge. Current LNP formulations
can be absorbed and drained into peripheral blood, regardless
of whether systemic or localized injection is employed. The off-
target LNPs will accumulate in the liver, causing potential toxicity.
Consequently, a library screening of new LNP formulations was
conducted to enable localized LNP delivery to the muscle for im-
mune protection and to tumors for cancer therapy.[19,20] For OA
treatments, targeted delivery via intra-articular injection is pre-
ferred due to the avascular nature of the articular cavity. Nowa-
days, to our best knowledge, the targeted delivery of the LNP-
mRNA complex to the articular cavity has not yet been achieved.
In this context, we design a new LNP formulation for localized
delivery to joints to facilitate the in situ retention of rhFGF18
mRNA.

In this study, we propose a disease-modifying strategy for OA,
emphasizing in situ mRNA delivery of rhFGF18, a therapeutic,
cartilage-anabolic growth factor. We first propose the localized de-
livery of LNP to joint and screen out a new multiamine lipid from
a lipid library composed of 1000 lipids. We also optimize the for-
mulation to control the particle size and surface charge to facili-
tate the maintenance of the LNP-mRNA complex. The resulting
LNP, WG-PL14, owns an almost 30-fold increase in mRNA ex-
pression as well as better enrichment in the articular cavity com-
pared to commercial lipids MC3. Then we characterize the effect
of rhFGF18 mRNA on primary rat chondrocytes, human normal,
and OA chondrocytes, showing the ability of rhFGF18 to promote
cell proliferation and ECM synthesis. At last, we evaluate the ther-
apeutic potential of rhFGF18 in the mouse OA model, reveal-
ing the improved pain response and remodeling of subchondral
bone homeostasis. Overall, these findings suggest that rhFGF18
mRNA is a novel therapeutic way for OA.

2. Results

2.1. Optimizing LNP Formulation for rhFGF18 mRNA Delivery

In our study, we selected PL14, a cationic ionizable lipid, from
a novel ionizable lipid library called PAMA, with improved ef-
ficiency in delivering mRNA to the joint through intra-articular
injection (Figure 1A). To establish our initial formulation, we em-
ployed compositions similar to lipidoids such as cKK-E12 and
C12-200, which consist of ≈16 mol% phosphatidylethanolamine
(DOPE) as a helper lipid and 2.5 mol% polyethylene glycol 2000
(PEG-2000) (Table S1, Supporting Information). However, we en-
countered issues with LNP leakage into the systemic circulation
and mRNA expression in the liver.

To address these challenges and optimize the specific accumu-
lation of LNPs and mRNA in the cartilage cavity, we made mod-
ifications to the original formulation by adjusting the water-to-
ethanol ratio (W/O ratio), the N/P ratio, the percentage of PEG,
and the dialysis buffer (Figure 1B). We observed a slight decrease
in liver expression when we increased the N/P ratio of LNPs
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Figure 1. Formulation optimizations of PL14 LNPs to improve the specific accumulation of LNPs and mRNA in the articular cavity while minimizing
expression in the liver. A) Schematic illustration of the preparation method of nanoparticles. B) Illustration of enhanced accumulation of Luc-mRNA
LNPs in cartilage cavity by adjusting the water-to-ethanol ratio (W/O ratio), the N/P ratio, the percentage of PEG, and the concentration of dialysis buffer.
C) The size, zeta potential, and bioluminescence images of ICR mice (n = 3) after intra-articular injection of LNP-Luc mRNA (2 μg mRNA) in different
formulations. The unit of the fluorescent scale bar is photons/sec/cm2/sr, the radiance scale of 1.0 × 107–2 × 108. Data were represented as mean ±
SEM. Statistical significance was calculated via one-way ANOVA, followed by Dunnett’s multiple comparisons test (*p < 0.05, **p < 0.01, and ***p <

0.001).

(Figure 1C). The incorporation of more ionizable cationic lipids
resulted in a slight increase in the surface charge. To further eval-
uate whether increasing the charge density could improve the
retention and expression of LNPs in cartilage, we formulated an-
other cationic LNPs by incorporating the cationic lipid DOTAP
into the WG-PL14 LNPs (refer to the work by Cheng et al for the
DOTAP formulation).[21] However, despite observing the expres-
sion of most of the mRNA within the cartilage, the protein expres-
sion was not as high as without the addition of DOTAP (Figure
S2C, Supporting Information). This suggests that mRNA expres-
sion is influenced by a combination of factors, including binding,
cellular uptake, and endosomal release. Moreover, cationic lipids
are often associated with increased inflammation.[22] There-
fore, for local injections, we focused on LNPs with net neu-
tral to negative charges to minimize potential inflammatory
responses.

Notably, we discovered that increasing the W/O ratio and de-
creasing the PEG ratio, along with reducing surface charge and
increasing particle size, resulted in significant improvements in
LNP accumulation and mRNA expression within the cartilage
cavity, while reducing systemic exposure (Figure 1C). This find-
ing may seem counterintuitive; however, it aligns with previous
reports indicating that smaller particles are more likely to be
cleared by lymphatic drainage and systemic circulation. Thus, in-
creasing particle size is one mechanism for achieving local parti-
cle expression.[23]

In addition to particle size, the type and amount of PEG play a
crucial role in the uptake of LNPs by chondrocytes. Higher PEG
amounts enhance surface hydrophilicity and inhibit local cellu-
lar uptake. Additionally, lower PEG alkyl chain lengths resulted in
faster shedding.[24] To validate our choice of PEG-lipid, we further
modified the PEG from C14-PEG to C18-PEG (DSG) and found
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Figure 2. Comparison of the top performing WG-PL14 LNPs with MC3 LNPs for intra-articular injections. A) Representative biodistribution image of
luciferase expression for original and optimized formulation LNP. B) The biodistribution image of luciferase expression in articular cartilage as measured
with an IVIS imaging system 24 h after intra-articular injection of 2 μg of total mRNA. C) Immunofluorescence staining for Luc in mouse chondrocytes
after intra-articular injection of LNP-Luc mRNA (2 μg mRNA). The yellow arrows indicate the luminescent zone. D) Representative TEM and STEM
of LNPs. E) The biodistribution image of luciferase expression in articular cartilage after intra-articular injection of concentrated and unconcentrated
LNP-Luc mRNA (2 μg mRNA). F) The comparison between WG-PL14 and MC3 in vivo expression, after injection of LNP-Luc mRNA (2 μg mRNA), then
imaged in 6, 24, 48, 72, and 96 h. Data were represented as mean ± SEM. Statistical significance was calculated by t-test. The unit of the fluorescent
scale bar is photons/sec/cm2/sr, the F radiance scale of 1.0 × 107–2 × 108 (*p < 0.05, **p < 0.01, and ***p < 0.001).

that the inclusion of long-alkyl chain PEG decreased local mRNA
expression while increasing systemic mRNA expression (Figure
S2C, Supporting Information). Therefore, using C14-PEG, along
with a lower percentage, allows for a balance between LNPs pen-
etration and the gradual shedding of PEG, which ultimately fa-
cilitates uptake and expression.

Moreover, it is worth noting that in the context of the os-
teoarthritis model, there is a decrease in the microenvironment
pH. Given that our WG-PL14 LNPs possess a surface pKa of pH
6.8, they are expected to undergo gradual ionization despite ex-
hibiting a slight negative charge at the physiological pH (Figure
S2B, Supporting Information). Collectively, the optimization of
our formulation indicates that the interplay between particle size,
charge, and PEG shedding plays a significant role in facilitating
the efficient delivery and expression of LNPs in chondrocytes.

By combining adjustments to the PEG content and W/O ra-
tio (the final formulation: 1.5% PEG, W/O = 1:5, N/P = 9,
and 50 mm dialysis buffer), we achieved an overall net-negative
charge (Figure S2A, Supporting Information) and particle sizes
ranging from 100 to 200 nm (Figure S1A, Supporting Informa-
tion). The final LNPs exhibited a spherical morphology under
TEM and cryo-TEM (Figure 2D), possessed a pKa of ≈6.8 (Figure
S1B, Supporting Information) and the mRNA encapsulation ef-
ficiency was 82%. In comparison to the original formulation,
mRNA expression was twofold higher at 6 h and nearly tenfold
higher at 24 h. The joint-to-liver ratio consistently exceeded 60-
fold (Figure 2A). To confirm the specific expression of mRNA

within the joint, we resected muscles and exposed the articu-
lar cartilage cavity (Figure 2B). IVIS images primarily indicated
mRNA expression within the cavity, and fluorescent imaging re-
vealed specific expression within the chondrocytes, penetrating
deeper into the bone’s central region (Figure 2C). In comparison
to the FDA-approved lipid Din-Lin-MC3 (MC3), commonly used
for mRNA delivery, our final formulation exhibited over 15-fold
higher mRNA expression at 6 h post-dosing (Figure 2F). The ex-
pression remained detectable for 96 h, representing an almost 30-
fold increase compared to MC3-delivered mRNA over the same
period. Also, compared with the noncapsulated free mRNA, the
fluorescent was nearly 103-fold higher in the WG-PL14-mRNA
group (Figure S1C, Supporting Information). In another study,
we were able to demonstrate that the fluorescence-labeled final-
ized formulation, when co-incubated with cartilage, exhibited en-
hanced localization to the cartilage (Figure S3, Supporting Infor-
mation).

Considering that therapeutic RNA often requires higher
dosages in lower volumes, we evaluated the impact of LNP con-
centration on intra-articular injection. By utilizing ultra-filtration,
we concentrated the LNPs, resulting in a concentrated mRNA
solution with a concentration of ≈0.17 mg mL−1 compared to
the original 0.07 mg mL−1. There is no difference between WG-
PL14 and post-filtration WG-PL14 in size, PDI, and Zeta potential
(Figure S4, Supporting Information). Importantly, we observed
no changes in encapsulation efficiency, morphology, or mRNA
expression following injection, indicating the feasibility of
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concentrating LNPs for therapeutic applications via intra-
articular injections (Figure 2E). Moreover, we evaluated the sta-
bility of the optimized WG-PL14 LNPs upon storage at 4 °C. As
shown in Figure S5 (Supporting Information), WG-PL14 LNPs
remained stable over a 20-day period, with no significant changes
observed in terms of particle size, polydispersity index (PDI), or
zeta potential (Figure S5A, Supporting Information). Addition-
ally, the in vivo mRNA delivery efficiency of the WG-PL14 LNPs
remained consistent between day 0 and day 20 (Figure S5B, Sup-
porting Information). These results indicate that our final WG-
PL14 mRNA LNP formulation, similar to the commercially avail-
able MC3 LNP formulation, maintains its physicochemical prop-
erties and bioactivity during long-term storage.

Overall, our initial formulation screening demonstrated that
the final formulation, featuring slightly larger particle sizes and
a net negative charge, enables specific delivery of mRNA to the
joint without off-target systemic distribution. Furthermore, con-
centrating LNPs allows for higher dosage delivery, facilitating the
achievement of locally therapeutic concentrations.

2.2. rhFGF18 mRNA Translated to Functional Protein in Rat
Chondrocytes

Next, we designed a rhFGF18 mRNA sequence via optimiz-
ing the 5′UTR and 3′UTR region and performing codon-
optimization on the rhFGF18 coding sequence (CDS) (Figure
S6A, Supporting Information). Then we sought to determine the
biological functionality of the rhFGF18 mRNA utilizing isolated
primary rat chondrocytes and mouse OA model. Considering
the differences between species, we made a comparison of the
FGF18 sequence among humans, mice, and rats with the canon-
ical CDS (Figure S6B, Supporting Information). We found only
three different amino acids located in the signal sequence or the
chain of FGF18, which means rhFGF18 possibly maintained its
function in mice and rats.

To assess the transfection efficiency of rat chondrocytes, we ini-
tially transfected EGFP mRNA into the cells using Lipofectamine
RNAiMAX transfection reagent. Cells were subjected to further
analysis 12 h post-transfection. Confocal microscope imaging re-
vealed intense green fluorescence compared to the control group
(Figure 3A). Fluorescence-activated cell sorting (FACS) analy-
sis indicated a tenfold increase in EGFP signaling in the trans-
fected group (Figure 3B). Further statistical analysis confirmed
that 92.3% of rat chondrocytes were successfully transfected with
EGFP mRNA (Figure 3C). The above results demonstrated that a
relatively high transfection efficiency of mRNA could be reached
in rat chondrocytes via chemical transfection, which provides a
suitable way to deliver rhFGF18 mRNA into rat chondrocytes.

Next, to evaluate the biological functionality of rhFGF18
mRNA, rat chondrocytes were transfected with rhFGF18 mRNA
using the method mentioned above. Immunostaining on FGF18
reveals widespread expression of rhFGF18 in the cytoplasm
(Figure 3D), with significantly different fluorescent intensities
between control and transfected groups (Figure 3E). Expression
of rhFGF18 in rat chondrocytes was also validated via Western
Blot (Figure 3F). Moreover, rhFGF18 could be detected in the
supernatant (Figure 3G). The concentration of rhFGF18 pro-
tein in the supernatant continuously increased from 12 h post-

transfection to 96 h (Figure S6D, Supporting Information). These
results suggested that the in vitro transcribed rhFGF18 mRNA
could be translated into rhFGF18 protein and correctly secreted
by rat chondrocytes.

Previous studies indicated the positive impact of rhFGF18
protein on chondrocyte proliferation.[25] To investigate whether
rhFGF18 in the supernatant has similar biological effects, we
transfected rat chondrocytes with rhFGF18 mRNA and col-
lected the supernatant as a conditional medium (CM). Super-
natant from cells transfected with EGFP mRNA served as the
control. Subsequently, rhFGF18 mRNA CM and control CM
were used to culture additional batches of chondrocytes to test
whether rhFGF18 accelerated the proliferation of the cells. In-
deed, discrepancies in cell numbers were significant from day 2
(Figure 3H), with the rhFGF18 mRNA CM-cultured cells show-
ing a 2.5-fold increase over the control group by day 3 (Figure 3I).
EdU (5-ethynyl-2′-deoxyuridine) assay was conducted, and after 3
h of EdU labeling, cells cultured with rhFGF18 mRNA CM exhib-
ited ≈35% positive rate, whereas the control group showed only
≈21% positive rate (Figure 3J; Figure S2C, Supporting Informa-
tion). This suggests enhanced cell proliferation under rhFGF18
stimulation. We also performed FACS analysis on Ki-67, a typical
proliferation marker. A slight shift appears between rhFGF18 and
the control group, indicating the upregulation of Ki-67 expression
(Figure S6E, Supporting Information). CCK-8 assay indicated im-
proved cell survival in rhFGF18 mRNA CM (Figure 3I). Over-
all, our findings demonstrate that the secreted rhFGF18 protein
promotes chondrocyte proliferation, implying the potential ther-
apeutic effects of rhFGF18 mRNA in OA.

2.3. Characterization on the Transcriptome of Human
Chondrocyte After Treating with rhFGF18 mRNA CM

To further elucidate potential distinctions among chondrocytes
treated with different CM, we isolated human primary chon-
drocytes from intact areas (healthy group) or damaged areas
(OA group) in femoral condyles of total knee arthroplasty pa-
tients and conducted RNA sequencing (RNA-seq) analysis af-
ter treated with control CM and rhFGF18 mRNA CM for
24 h. Principal components analysis and pairwise correlation
analysis revealed substantial differences after rhFGF18 mRNA
CM treatment (Figure 4A,B). To gain a deeper understanding
of the transcriptional variances, we found the co-upregulated
genes after rhFGF18 mRNA CM stimulation in healthy and OA
groups (Figure 4C; Figure S7A, Supporting Information). The
co-upregulated genes included BMP2 and FGF2, the canoni-
cal growth factors belonging to BMP and FGF signaling, also
AGRN and HAS2, the proteins related to ECM synthesis. We
found the chromatin remodeling factor, HMGA2, which was pre-
viously reported in Lin28a-induced chondrocyte reprogramming
and cartilage anabolism, was also upregulated after rhFGF18 CM
treatment.[26] These results indicated that rhFGF18 protein trans-
lated from rhFGF18 mRNA could promote chondrocyte prolif-
eration and ECM synthesis. We also conducted gene ontology
(GO) enrichment analysis between the different treated groups
and “response to hypoxia”, “heme binding” and “growth fac-
tor activity” were on top ranks (Figure 4D). To further eluci-
date the downstream targets of rhFGF18, we performed gene set

Adv. Healthcare Mater. 2024, 13, 2400804 2400804 (5 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 3. In vitro transfection and characterization of GFP and rhFGF18 mRNA. A) Representative images of rat primary chondrocytes 24 h post-
GFP mRNA transfection. B) Flow cytometry analysis of rat primary chondrocytes 24 h post-GFP mRNA transfection. C) Statistical analysis of GFP
positive cells between control and GFP mRNA group. D) Representative images of immunofluorescence of rat primary chondrocytes 24 h post-rhFGF18
mRNA transfection or GFP mRNA transfection. E) Quantification of the immunofluorescence images. Western blot analysis of F) total protein and G)
supernatant of rat primary chondrocytes 24 h post-rhFGF18 mRNA transfection or GFP mRNA transfection. Rat primary chondrocytes cultured with
control CM and rhFGF18 mRNA CM and perform H) cell counting on day 1,2,3, I) statistical analysis of cell numbers on day 3, J) Quantification of flow
cytometry analysis on EdU positive cells, K) CCK8 assays to assess cell viability. Data are shown as the mean ± SEM. Student’s t-test was used for C),
E), I), J), and K). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. Transcriptome analysis of human primary chondrocytes after rhFGF18 mRNA CM stimulation. A) Principal component analysis (PCA). B)
Pairwise correlation based on Pearson coefficients between all samples. C) Genes co-upregulated in chondrocytes from healthy or osteoarthritis areas
after stimulation of rhFGF18 mRNA CM. D) Gene ontology analysis between chondrocytes cultured with rhFGF18 mRNA CM and control CM. E) Gene
set enrichment analysis (GSEA) reveals MAPK signaling pathway-related genes enriched in chondrocytes cultured with rhFGF18 mRNA CM. F) Western
blot analysis on phosphorylation of key components of MAPK signaling pathway.
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enrichment analysis (GSEA) and found that the rhFGF18 mRNA
CM treated group enriched for MAPK signaling pathway-related
genes, which suggested rhFGF18 potentially activated MAPK sig-
naling to promote proliferation. We used stringDB to the lig-
and of FGF18, and FGFR3 was found (Figure S7B, Support-
ing Information). This prediction was consistent with the pre-
vious report that FGF18 is a high-affinity ligand of FGFR3.[6]

Indeed, phosphorylation of FGFR3 and ERK1/2 was detected
after rhFGF18 mRNA CM or rhFGF18 protein treatment, and
the related bands disappeared after derazantinib, a FGFR3 ki-
nase inhibitor (FGFR3i) treatment (Figure 4F; Figure S3F, Sup-
porting Information). Notably, the concentration of rhFGF18
in CM was ≈20 ng mL−1, but still had a similar effect as
2 μg mL−1 rhFGF18 protein treatment in western blot analy-
sis, indicating the chondrocyte-derived endogenous rhFGF18 is
more effective in activating key components of MAPK signal-
ing (Figure S7G,H, Supporting Information). We also found the
enrichment of proliferation-related, ECM-related, and tyrosine
phosphorylation-related gene sets via GSEA (Figure S7C–E, Sup-
porting Information).

2.4. Intra-Articular Injection of rhFGF18 mRNA Ameliorated OA
Progress in Mouse

Next, our objective was to explore the potential of intra-articular
LNP-rhFGF18 mRNA injection in alleviating the progression
of OA following anterior cruciate ligament transection (ACLT)
in ICR mice. Saline, LNP-Luc mRNA, LNP-rhFGF18 mRNA,
or rhFGF18 protein was administered at 2, 3, and 4 weeks
to the knee joint (Figure 5A). In accordance with a previ-
ous study on intra-articular injection in mice, we administered
2 μg of rhFGF18 mRNA or Luc mRNA per leg for the in vivo
investigation.[27] Considering that OA-induced pain constitutes
a primary focus in the treatment of OA, we evaluated pain re-
sponse using the hotplate test. The results demonstrated that the
intra-articular injection of LNP-rhFGF18 mRNA in ACLT mice
significantly prolonged the response time of mice at 8 weeks
post-surgery (Figure 5B). Given the pivotal role of the bone–
cartilage unit in joint homeostasis and OA development, target-
ing abnormal subchondral bone remodeling becomes crucial for
pain relief and OA treatment.[28] Micro-CT (μCT) analysis was
employed to assess subchondral bone tissue changes with the
aforementioned treatments in ACLT mice. The μCT images of
the knee joints revealed that LNP-rhFGF18 mRNA or rhFGF18
protein treatment significantly decreased osteophyte formation
compared to saline treatment (Figure 5C). Additionally, an un-
even distribution of bone mass and partial loss of bone vol-
ume were observed in saline-treated ACLT mice relative to LNP-
rhFGF18 mRNA or rhFGF18 protein-treated groups (Figure 5C),
indicating disordered subchondral bone formation during post-
traumatic OA development. Quantitative analysis of the tibial
subchondral trabecular bone showed that the trabecular pattern
factor (Tb. Pf) was significantly higher in the saline-treated group
than in sham or LNP-rhFGF18 mRNA or rhFGF18 protein-
treated mice (Figure 5D) after 8 weeks, indicating improved dis-
ruption of the connectivity and microarchitecture of trabecular
bone.[29] Meanwhile, we observed a significant improvement in
trabecular bone volume per total volume (BV/TV) and trabec-

ular thickness (Tb.Th) after LNP-rhFGF18 mRNA or rhFGF18
protein administration (Figure 5E,F) in ACLT animals. Similar
to the sham mice, the bone mineral density (BMD) of the tibia
subchondral bone medial compartment was greater in the ACLT
mice with LNP-rhFGF18 mRNA or rhFGF18 protein treatment
when compared to that in the control groups at 8 weeks post-
operatively (Figure 5G). We also conducted the above-described
experiments at 4 weeks post-operatively and the results were con-
sistent (Figure S8A–G, Supporting Information). In conclusion,
intra-articular injection of LNP-rhFGF18 mRNA demonstrated
positive effects in ameliorating the OA-related symptoms.

To further evaluate the therapeutic efficacy of LNP-rhFGF18
mRNA at the histological level, we conducted various routine
stainings on cartilage tissue sections. Safranin O-fast green stain-
ing revealed a reduction in proteoglycan loss and preservation
of cartilage structure in ACLT mice treated with LNP-rhFGF18
mRNA compared to control groups (Figure 6A). To ascertain
whether rhFGF18 mRNA promotes cartilage proliferation in
vivo, H&E staining was performed, and cell numbers were quan-
tified based on nuclear staining. The results demonstrated a sig-
nificant increase in the number of chondrocytes following LNP-
rhFGF18 mRNA treatment (Figure 6B). IHC staining for Col-
lagen II, Aggrecan, Mmp13, Collagen I, and IL-1𝛽 (Figure 6C)
was conducted to assess the impact of intra-articular injection
of rhFGF18 mRNA on ECM metabolism in cartilage. As antic-
ipated, the expressions of both Collagen II and Aggrecan exhib-
ited significant enhancement after LNP-rhFGF18 mRNA treat-
ment (Figure 6E,F). Meanwhile, Mmp13, a protease responsi-
ble for breaking down collagen,[30] decreased in cartilage tis-
sue following LNP-rhFGF18 mRNA treatment compared to the
control groups, suggesting that LNP-rhFGF18 mRNA inhibits
ECM catabolism (Figure 6G). Additionally, the expression of Col-
lagen I, a marker of fibrous cartilage, and IL-1𝛽, a proinflam-
matory cytokine decreased after treatment, confirming the anti-
inflammatory role of rhFGF18 mRNA (Figure 6H,I). The conclu-
sion was further confirmed by performing the above analyses in
4-week post-treatment joint samples (Figure S9A,G, Supporting
Information).

Furthermore, to confirm the nontoxic nature of LNP-rhFGF18
mRNA injection in mice, we conducted anatomical examinations
of the heart, liver, kidney, lung, and spleen through hematoxylin
and eosin (H&E) staining and no significant differences were ob-
served (Figure S10A, Supporting Information). Additionally, we
conducted a complete blood count and comprehensive metabolic
panel across different experimental groups. The results exhibited
a consistent profile between the saline-administered group and
the groups treated with LNP-mRNA, underscoring the nontoxic
attributes of LNP-rhFGF18 mRNA as an OA treatment (Figure
S10B, Supporting Information).

3. Discussion

Our study advances an efficient approach to articular cartilage
tissue regeneration and osteoarthritis therapy by introducing of
LNP-rhFGF18 mRNA complex via intra-articular injection to en-
hance therapeutic benefits. To make the LNP retained in the joint
cavity, we made modifications to the original formulation to over-
come issues with LNP leakage into the systemic circulation and
mRNA expression in the liver. Then, we design an optimized
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Figure 5. WG-PL14-rhFGF18 mRNA prevents against the progression of post-traumatic OA in vivo. A) Schematic diagram of the timeline of intra-articular
injection of LNP-rhFGF18 mRNA and subsequent analysis. B) Pain response time after placing the mice onto a 55 °C hot plate meter at 8 weeks post-
surgery. C) Representative micro-CT (μCT) images of the joints from mice treated with saline, LNP-luc mRNA, LNP-rhFGF18 mRNA, or rhFGF18 protein
at 8 weeks after sham or ACLT surgery. n = 6 for each group. Quantitative μCT analysis of tibia subchondral bone parameters including D) trabecular
bone pattern factor (Tb.Pf), E) trabecular bone volume per tissue volume (BV/TV), and F) trabecular thickness (Tb.Th) and G) bone mineral density
(BMD) in each group at 8 weeks postoperatively. n = 6 for each group. Data are shown as the mean ± SEM. One-way ANOVA was used for D), E), F),
and G). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. LNP-rhFGF18 mRNA intra-articular injection enhanced chondrocyte proliferation and matrix anabolism. A) Safranin O-fast green staining, B)
H&E staining, and C) IHC staining for Collagen II, Aggrecan, Mmp13, Collagen I, and IL-1𝛽 of mouse knees at 8 weeks post intra-articular injection of
LNP-rhFGF18 mRNA. Quantification of D) cell numbers in H&E staining and positive area in IHC staining of E) Collagen II, F) Aggrecan, G) Mmp13,
H) Collagen I and I) IL-1𝛽. n = 6 in each group. “n” represents the number of mice. Data are shown as the mean ± SEM. Scale bars, 200 μm for A) and
50 μm for B) and C). One-way ANOVA was used for D), E), F), G), H), and I). *p < 0.05, **p < 0.01, and ***p < 0.001.
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rhFGF18 mRNA sequence and fully characterize the biological
functionality and the potential in OA treatment of the rhFGF18
mRNA via in vitro and in vivo experiments. The results demon-
strate that the chemically nucleoside-modified mRNA therapy is
an effective, safe, and affordable approach for potential clinical
translation.

OA is a multifactorial, chronic, degenerative joint disease
characterized by cartilage loss, subchondral bone remodeling,
osteophyte formation, and synovial inflammation. These pro-
cesses contribute to joint pain and functional impairment, pos-
ing a significant and escalating health burden, carrying note-
worthy implications for the affected individuals, healthcare sys-
tems, and broader socioeconomic costs.[31,32] However, OA treat-
ment options remain limited, and there is a lack of drugs
that can reverse the progress. The current pharmaceutical treat-
ments recommended by international guidelines for OA are
primarily symptomatic, characterized by relatively small effect
sizes, and present uncertainties regarding their long-term effi-
cacy and safety.[33,34] Progressive cartilage breakdown is a ma-
jor therapeutic target for putative disease-modifying OA drugs
(DMOADs). Promoting cartilage repair represents a potential ap-
proach to counter cartilage loss in OA. A significant advancement
in anabolic treatments involves sprifermin. Preclinical studies
have identified FGF18 as a crucial anabolic factor, influencing
chondrogenesis, chondrocyte proliferation, and cartilage repair
in both healthy and damaged cartilage through the activation
of FGFR3.[8,9,35] Supporting these findings, sprifermin demon-
strated the stimulation of matrix production by porcine chondro-
cytes when administered intermittently.[25] In bovine explants,
sprifermin induced ECM turnover, elevating the production of
type II collagen and aggrecan, particularly in the absence of pro-
inflammatory stimuli.[36] However, the nature of the articular car-
tilage niche is resistant to the penetration of macromolecules.[37]

Also, direct delivery of protein may not be suitable for chronic
dosing due to a relatively large amount of required dose.[38] These
highlighted a crucial need to develop a new way for rhFGF18 de-
livery.

RNA-based therapies engineered through synthetic chemistry
show great promise for future treatments of OA. These therapies
offer enduring and effective mechanisms of action, precisely tar-
geting the fundamental drivers of pathology. In comparison to
protein drugs, mRNA therapeutics have a distinct advantage in
their ability to synthesize high levels of intracellular proteins.[38]

Optimizing the 5′ cap structure and the sequence of 5′ UTR, 3′

UTR, poly-A tail, and CDS can enhance the stability and trans-
lation efficiency of mRNA. The delivery of mRNA acts as an in-
tracrine approach, leading to the translation of proteins with mul-
tiple posttranslational modifications (PTMs) associated with the
secreting cells. It is important to note that these PTMs may re-
sult in biological functionality differences between the mRNA-
derived protein and in vitro purified protein. Indeed, we observed
that the chondrocyte-derived endogenous rhFGF18 is more ef-
fective, reflecting that 20 ng mL−1 endogenous protein can have
similar effects as 2 μg mL−1 rhFGF18 protein does. This suggests
that, at least in rhFGF18 therapy, mRNA offers advantages in low
dosage, leading to a more cost-effective treatment and compati-
bility with chronic dosing.

As articular cartilage is avascular, systemic drug delivery
is ineffective. Direct intra-articular injections are preferred,

particularly since OA predominantly affects the local joint
environment.[39,40] Injected drugs, however, face the challenge of
brief joint residence time as they quickly exit the synovium vas-
culature and lymphatics.[40,41] Moreover, these drugs encounter
difficulty reaching their target sites within the deep zones of af-
fected joint tissues, such as cartilage, due to the dense meshwork
of collagen and aggrecan proteoglycans. These components con-
tain highly negatively charged glycosaminoglycan chains that im-
pede the penetration of most macromolecules.[37,42] Therefore, it
is crucial to develop materials with the ability to penetrate car-
tilage. Following intra-articular administration, these materials
should facilitate the swift uptake of drugs throughout the en-
tire thickness of the cartilage, ensuring the attainment of ther-
apeutic levels before clearance. Additionally, they should have
the capacity to bind within the cartilage, augmenting joint res-
idence time. LNPs stand at the forefront mRNA delivery system,
enhancing RNA stability and in vivo delivery efficiency. LNPs
possess the following key advantages: 1) mRNA is encapsulated
within the core of LNPs, effectively shielding it from degrada-
tion by RNase enzymes; 2) LNPs can mimic the spontaneous
endocytosis of low-density lipoproteins, leading to high cellu-
lar uptake efficiency; 3) In the neutral environment of the body,
LNPs exhibit an overall neutral charge, resulting in low biolog-
ical toxicity.[21,43,44] Meanwhile, topical administration routes for
mRNA therapeutics have been investigated to achieve local ther-
apeutic effects. For instance, local injection of lipid nanoparticle-
mRNA formulations allows the supplementation of therapeutic
proteins in specific tissues like the heart,[45] eyes,[46] and brain.[47]

However, studies in delivering LNP-mRNA complex toward the
articular cavity are still lacking. In this study, we optimized the
LNP formulation by combining adjustments to the PEG content
and W/O ratio and achieved an overall net-negative charge to fa-
cilitate the delivery of mRNA into the cartilage tissue. The final
LNPs have high encapsulation efficiency and exhibit significantly
strong bioluminescence at the joint cavity when delivering fire-
fly luciferase mRNA. The established new LNP formulation is a
good resource for further study utilizing mRNA to treat OA.

A recent research paper introduced a CRISPR-based system
to activate the endogenous rat Fgf18 gene for OA therapy, high-
lighting the potential of CRISPR-based FGF18 treatment in OA
treatment.[48] This method employed hybrid exosomes incor-
porating the chondrocyte-affinity peptide (CAP) for delivering
dCas9, MS2-p65-HSF1 protein, and sgRNA plasmid, achieving
long-term expression of Fgf18 from endogenous Fgf18 locus.
Additionally, another study developed an AAV2-FGF18 strategy
aimed at achieving prolonged FGF18 production with a single
injection.[49] While these gene therapies offer potential solutions
for the long-term mitigation of OA symptoms with fewer admin-
istration times, LNP-mRNA-based therapy presents the advan-
tages of enhanced safety and a shorter timeline for clinical trans-
lation. Overall, the development of novel FGF18 delivery and ex-
pression methods, encompassing both CRISPR and AAV-based
and mRNA-based therapies, brings significant advances in OA
treatment.

The present study is not without limitations. While we as-
sessed the effectiveness of LNP-rhFGF18 mRNA treatment in a
post-traumatic OA mouse model, our experiments do not cover
the entire spectrum of OA disease. Further investigation is re-
quired to explore the potency of this treatment in OA animals
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driven by other mechanisms, such as natural aging or obesity.
Given that the clinical application of FGF18 protein has primar-
ily been on patients with severe OA symptoms, it is essential to
comprehensively evaluate and compare the therapeutic effects
of protein-based, CRISPR-based, and mRNA-based FGF18 ther-
apies in a mouse OA model with similarly pronounced symp-
toms as well. Also, this study primarily focused on the therapeu-
tic efficacy of a single delivery of rhFGF18 mRNA. However, it
is essential to consider combining rhFGF18 mRNA treatment
with anti-inflammatory treatment in OA to further ameliorate
the disease progress. Co-delivery of multiple anti-inflammatory
cytokines like IL-6 mRNA and IL-10 mRNA could potentially
yield better outcomes. Future research should address this aspect
to comprehensively evaluate the therapeutic potential of mRNA
treatments for OA. Moreover, it is essential to acknowledge the
need for further evaluation in large-animal models. This step is
crucial to establish the potential benefits of rhFGF18 mRNA ther-
apy before its translational application in human patients since
the existence of species variation. Expanding the scope of our in-
vestigations to include larger animal models will provide valuable
insights into the safety and efficacy of the treatment, contributing
to its overall translational relevance.

4. Conclusion

Overall, this study shows that LNP-rhFGF18 mRNA treatment in
mouse OA model has a clear therapeutic benefit leading to ame-
liorate of OA progress, consistent with previous reports.[25,50,51]

The optimized LNP formulation has a nearly 30-fold increase
in mRNA expression as well as better articular cavity enrich-
ment compared to commercial lipids MC3. And the presented
experiments demonstrate, for the first time, that rhFGF18 mRNA
can be translated into a functional therapeutic protein in rat and
human primary chondrocytes, and shows therapeutic effects in
mice. Most importantly, rhFGF18 mRNA can work with a rela-
tively low dosage, which shows a proof of concept for the advan-
tage of mRNA therapy in treating OA.

5. Experimental Section
LNP Materials: The ionizable lipids DLin-MC3-DMA (MC3) were

purchased from Avanti Polar Lipids, Inc. Helper lipids containing 1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), cholesterol, and
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-
PEG2000) were bought from A.V.T. Pharmaceutical Tech Co., Ltd.

LNP Formulation and Characterization: LNP mRNA systems were for-
mulated in Figure S1 (Supporting Information). All formulations were for-
mulated by first dissolving lipids (ionizable lipid, DOPE/DSPC, choles-
terol, DMG-PEG2000) into ethanol, and then the oil phase was rapidly
mixed with an aqueous solution of mRNA at pH 4 citrate buffer using a
microfluidic chip device at a 1:3 ethanol/water ratio. The resulting mix-
ture was dialyzed overnight using pH 7.4 PBS. The LNP is concentrated
in 10 kDa Amicon ultracentrifugation units (EMD Millipore Corporation,
Billerica, MA, USA). The size, PDI, and zeta potential of nanoparticles
were measured by NanoZS Zetasizer (Malvern, Westborough, MA, USA).
The mRNA encapsulation efficiency (EE%) was calculated as 1-(sample
without Triton X-100/sample with Triton X-100) via a RiboGreen assay.
The morphology of LNP was characterized by transmission electron mi-
croscopy (TEM) and cryo-electron microscopy (cryo-EM). For cryo-EM, the
prepared LNP was dialyzed in 20 mm Tris (pH 7.4) containing 8% sucrose

4 °C overnight and then concentrated to 0.5 mg mL−1 total RNA by ultra-
filtration. Cryo-EM image was acquired using Themis 300 (Thermo Fisher
Scientific).

In Situ Determination of pKa Using TNS: The apparent pKa of each
cationic lipid was determined using a fluorescent probe 2-(p-toluidine)-
6-naphthalene sulfonic acid (TNS) and preformed LNPs composed of
cationic lipid/DOPE/cholesterol/PEG-lipid (35:16:46.5:2.5 mol%) in PBS
at a concentration of ≈6 mm total lipid. In brief, TNS was prepared as a
100 μm stock solution in distilled water. LNPs were diluted to 100 μm of
total lipids in 90 μL of buffered solutions (triplicates) containing 10 mm
HEPES, 10 mm 4-morpholineethanesulfonic acid, 10 mm ammonium ac-
etate, 130 mm NaCl, where the pH ranged from 2.71 to 11.5. Ten micro-
liters of stock TNS were added to the LNP solutions and mixed well in
a black 96-well plate. Fluorescence intensity was monitored in a Tecan
Pro200 plate reader using excitation and emission wavelengths of 321 and
445 nm. With the resulting fluorescence values, a sigmoidal plot of fluo-
rescence versus buffer pH was created. The log of the inflection point of
this curve was the apparent pKa of the LNP formulation.

mRNA Synthesis and Formulation: Briefly, chemically modified mRNA
encoding rhFGF18, firefly luciferase, and Cre recombinase was in vitro
transcribed (IVT) by T7 RNA polymerase (Vazyme) from a linearized
DNA template, which incorporates the 5′ and 3′ untranslated regions
(UTRs) and a poly-A tail. mRNA sequence is optimized by mRNAid
to improve stability and immunogenicity.[52] Then the sequences were
cloned into an mRNA-expression vector digested with NcoI and BpmI,
which contains a T7 RNA polymerase promoter, an unstructured syn-
thetic 5′UTR, a multiple cloning site, and a 3′UTR. IVT templates were
digested by BspQI and then transcribed by T7 RNA polymerase at 37 °C
for 4 h. The generated RNA was further purified by magnetic beads
(Vazyme).

Cell Isolation and Culture: Human primary normal chondrocytes or OA
chondrocytes were isolated from intact area or damaged areas in femoral
condyles of total knee arthroplasty patients, respectively, with the approval
of the Human Ethics Committee of Peking University Third Hospital (ethi-
cal approval No.: 2013003). The patient’s informed consent was obtained.
The primary chondrocytes from rats and humans were cultured in mini-
mum essential medium alpha (MEM-𝛼; HyClone) supplemented with 10%
fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin
(P/S; 100 units mL−1 penicillin and 100 μg mL−1 streptomycin, HyClone).
HEK293T cells were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (HG-DMEM; Procell, China). Cells were routinely passaged using
TrypLE Express (Gibco). All cells were cultured in a humidified incubator
at 37 °C and 5% CO2.

mRNA Transfection: Transfection of mRNA was performed when cell
confluency reached ≈60%. Lipofectamine RNAiMAX (Thermo) transfec-
tion reagents and mRNA were respectively diluted in Opti-MEM media
(Invitrogen), then pooled together and incubated at room temperature
(RT) for 10 min to generate the transfection mixture. 9 μL of Lipofectamine
RNAiMAX transfection reagent were applied per 2 μg of mRNA. Rat chon-
drocytes were incubated with the transfection mixture for 6 h. Then the
medium was changed to MEM-𝛼 with 10% FBS.

Immunocytochemistry: Cells were washed with PBS, fixed with 4%
paraformaldehyde (PFA) for 15 min at RT, and permeabilized with 0.1%
Triton-X 100 for 10 min. Cells were blocked in blocking buffer (2% BSA) for
30 min and incubated with primary antibodies diluted in blocking buffer
(rhFGF18, Proteintech, 11495-1-AP, 1:50) for 30 min at RT. Cells were
then washed with PBS three times and incubated with secondary anti-
bodies diluted in a blocking buffer at 1:500 for 15 min at RT. After three
times washing with PBS, cells were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI; 0.5 μg mL−1) for 10 min. Images were captured using
LSM880 (Carl Zeiss) with a 20× objective lens. Quantification of the fluo-
rescent intensity is based on ImageJ software. Briefly, the intensity of the
single cell is calculated and the background intensity is excluded. Six cells
are calculated for each group.

Western Blot Analysis: Cells were lysed with RIPA Lysis Buffer (Bey-
otime) in the presence of a protease inhibitor and phosphatase inhibitor
(Beyotime). The concentration of protein was quantified by BCA assay (Be-
yotime). Protein was boiled and separated on 10% SDS–polyacrylamide
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electrophoresis gels. Then protein was transferred onto a polyvinylidene
difluoride membrane. The membrane was blocked in 5% BSA at RT for
1 h and subsequently incubated with primary antibodies (rhFGF18, Pro-
teintech, 11495-1-AP, 1:10 000; p-FGFR3, Abcam, ab-155960, 1:10 000;
FGFR3, Proteintech, 66954-1-1 g, 1:2000; p-ERK1/2, Cell Signaling Tech-
nology, 4370T, 1:2000; ERK1/2, Cell Signaling Technology, 4695S, 1:2000;
𝛼-tubulin, Abclonal, AC012, 1:1000) at 4 °C overnight. The membrane
was washed in Tris-buffered saline with 0.1% Tween 20 (TBST) and in-
cubated with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (goat anti-mouse, Thermo, C31430100, 1:10 000; goat anti-rabbit,
Thermo, C31460100, 1:5000) at RT for 1 h. After being washed by TBST,
the membrane was then subjected to western blot detection reagents (Be-
yotime) to generate a chemiluminescent signal based on the manufac-
turer’s protocol.

Flow Cytometry: Cells were dissociated into single-cell suspensions
using TrypLE and washed with PBS supplemented with 1% bovine serum
albumin and 0.2 mM EDTA. In indicated experiments, cells were stained
with flow cytometry antibodies and analyzed using a Guava easyCyte
6HT/2 L flow cytometer (Millipore Corporation, Billerica, MA) and FlowJo
software (Tree Star Inc., Ashland, OR).

ELISA Assay: rhFGF18 in the supernatants was quantified by a human
FGF18 ELISA kit (Novus, NBP3-06766) according to the manufacturer’s
protocol.

Animal: Experiments were approved by the Ethics Committee of
Peking University (LA2022327). All experimental procedures were ethi-
cally approved and performed under the guidelines of the Care and Use
of Laboratory Animals. For in vivo luciferase expression assays. The 8-
week-old female ICR mice were injected with D-Luciferin potassium salt
(≈150 mg kg−1 at certain time points after injection of the Fluc mRNA
LNPs, then imaged by IVIS imaging system (Perkin Elmer), Luminescence
was quantified using the Living Image software (PerkinElmer). For induc-
tion of the OA model and further treatment. 8-week-old ICR mice (pur-
chased from Peking University Health Science Center Department of Lab-
oratory Animal Science) were subjected to anterior cruciate ligament tran-
section (ACLT) or sham surgery. Briefly, under general anesthesia, the an-
terior cruciate ligament of the bilateral knee was transected. For the sham
surgery group, the same procedures were performed with no ligament
transection. After a week post-ACLT, the ICR mice were given an intra-
articular injection (20 μL per mouse) of vehicle (saline) or mRNA (2 μg
per knee joint) or rhFGF18 protein (2 μg per knee joint) once a week for
three weeks. Animals were euthanized 4 weeks or 8 weeks after sham or
ACLT operation.

Hot Plate Test: The pain response in the joints of mice in different
experimental groups was evaluated by hot plate test. Briefly, the animals
were placed on a hot plate meter (Ugo Basile SRL, Italy) at 55 °C, and the
time from the point when both hind limbs touched the hot plate until the
appearance of hind limb responses, such as shaking, jumping, or licking,
was measured. Each animal was tested three times at 15-min intervals, and
the average of the three response times was considered as the final pain
threshold of the mouse. The observers were blinded to the experimental
treatments.

Micro-Computed Tomography (μCT): Intact knee joints were fixed in
10% neutral buffered formalin for 48 h, then immersed in 70% alcohol
for μCT scanning. The scanning started from the subchondral bone with
a 6 μm resolution for 40 slices. μCT analysis was applied for the detec-
tion of osteophyte development and subchondral bone remodeling using
a SKYSCAN 1276 (Bruker).

Histology, Immunohistochemistry, and Immunofluorescence: The ex-
cised whole knee joints of mice were fixed in 4% neutral-buffered PFA
for 48 h. The specimens were then decalcified for 6 h in a decalcification
solution (ZLI-9307; ZSGB-BIO) and dehydrated in a graded ethanol se-
ries. Thereafter, the samples were embedded in paraffin, cut into 4 μm
thick sections, and stained with Modified Safranin O-Fast Green FCF carti-
lage Stain Kit (#G1371; Solarbio) according to the manufacturer’s instruc-
tions. Immunohistochemistry staining was performed using antibodies
against Collagen II (ab108349, Abcam; 1:200), Aggrecan (ab313636, Ab-
cam; 1:2000), MMP13 (18165-1-AP, Protentech; 1:200), Collagen I (14695-
1-AP, Proteintech; 1:500), IL-1𝛽 (16806-1-AP, Proteintech; 1:200), Im-

munofluorescence was performed using antibody against firefly luciferase
(Firefly luciferase, Santa Cruz Biotechnology, sc-57603, 1:50). The Os-
teoarthritis Research Society International (OARSI) scoring system was
conducted by two blinded observers for histological assessment. In ad-
dition, hematoxylin and eosin (H&E) staining for the heart, liver, spleen,
lung, and kidney was performed to evaluate the toxicity of rhFGF18 mRNA-
PL15 in animals.

RNA-seq and Analysis: Total RNA was extracted from human primary
chondrocytes after stimulation with control CM or rhFGF18 mRNA CM
for 24 h using FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme).
400 ng total RNA was used for the following library preparation. The
poly(A) mRNA isolation was performed using Oligo(dT) beads. The
mRNA fragmentation was performed using divalent cations and high tem-
peratures. Priming was performed using Random Primers. First-strand
cDNA and the second-strand cDNA were synthesized. The purified double-
stranded cDNA was then treated to repair both ends and add a dA-tailing
in one reaction, followed by a T-A ligation to add adaptors to both ends.
Size selection of Adaptor-ligated DNA was then performed using DNA
Clean Beads. Each sample was then amplified by PCR using P5 and P7
primers and the PCR products were validated. Then libraries with different
indexes were multiplexed and loaded on an Illumina Novaseq instrument
for sequencing using a 2×150 paired-end (PE) configuration according to
the manufacturer’s instructions. The reads were aligned to the human
genome (hg38) using STAR v2.7.9a.[53] and gene expression levels were
estimated using featureCounts.[54] DESeq2[55] was used to perform dif-
ferential gene expression analysis. R package clusterProfiler was used to
perform gene ontology (GO) and KEGG pathway analysis.[56] Heatmaps
were generated by the pheatmap package.

Statistical Analysis: Unless otherwise stated, data were expressed as
means ± SEM of the mean. For comparisons between two groups, means
were compared using unpaired two-tailed Student’s t-tests. Comparisons
between multiple groups were performed by analysis of variance (ANOVA)
followed by Bonferroni’s posttest analysis. Sample size, including the
number of mice per group, was chosen to ensure adequate power and
was based on historical data. No exclusion criteria were applied for all
analyses. All statistical analyses were performed using GraphPad Prism 8
software (GraphPad Software Inc.). p < 0.05 was considered statistically
significant.
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