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ARTICLE INFO ABSTRACT

Keywords: Osteoarthritis (OA) is a major clinical challenge, and effective disease-modifying drugs for OA are still lacking

TGFp1 signaling due to the complicated pathology and scattered treatment targets. Effective early treatments are urgently needed

Osteoarthritis to prevent OA progression. The excessive amount of transforming growth factor p (TGFp) is one of the major

Subchondral bone 1 . . . .

Pirfenidone causes of synovial fibrosis and subchondral bone sclerosis, and such pathogenic changes in early OA precede

DMOAD cartilage damage. Herein we report a novel strategy of intra-articular sustained-release of pirfenidone (PFD), a
clinically-approved TGFp inhibitor, to achieve disease-modifying effects on early OA joints. We found that PFD
effectively restored the mineralization in the presence of excessive amount of TGFp1 (as those levels found in
patients’ synovial fluid). A monthly injection strategy was then designed of using poly lactic-co-glycolic acid
(PLGA) microparticles and hyaluronic acid (HA) solution to enable a sustained release of PFD (the “PLGA-PFD +
HA” strategy). This strategy effectively regulated OA progression in destabilization of the medial meniscus
(DMM)- induced OA mice model, including preventing subchondral bone loss in early OA and subchondral bone
sclerosis in late OA, and reduced synovitis and pain with cartilage preservation effects. This finding suggests the
promising clinical application of PFD as a novel disease-modifying OA drug.
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2. Introduction

Osteoarthritis (OA) is the most prevalent joint disorder and the
leading cause of disability worldwide [1,2]. The current clinical con-
servative management of OA includes primary oral administration of
nonsteroidal anti-inflammatory drugs (NSAIDs) and intra-articular (I.A.)
injection of hyaluronic acid (HA), a natural component of glycosami-
noglycan in joints [3,4]. L. A. injection of HA can promote shock ab-
sorption, joint lubrication and proteoglycan synthesis and provide
anti-inflammatory and chondroprotective effect, and is the second line
of treatment for patients unresponsive to NSAIDs; however, this treat-
ment is conditionally recommended by the Osteoarthritis Research So-
ciety International (OARSI) 2019 guideline for knee OA therapy [4] due
to its high administration frequency, and short-term and limited thera-
peutic effects [5-7]. Effective disease-modifying OA drugs (DMOADs)
are still under development, especially for the management of early OA
stages.

The transforming growth factor p (TGFp) superfamily members are
crucial pleiotropic components involved in regulating joint homeostasis,
including that of synovial tissue, cartilage and bone [8]. Several
human-based studies have identified subchondral bone as a therapeutic
target in early OA [9,10]. Abnormal subchondral bone remodeling is one
of the main phenotypic features of early OA pathology preceding
cartilage degeneration, which is initiated by overactivated
osteoclast-induced bone resorption and the subsequent release of
embedded bone active factors from the bone extracellular matrix,
especially TGFf. During bone remodeling, large amounts of active TGFf
are released from the bone matrix, which is a TGFp reservoir (TGFp1:
188 ng/g; TGFP2: 14 ng/g, wet weight from fresh bone biopsy) [11,12],
in which TGFf1 acts as a chemoattractant, recruiting osteoprogeni-
tor/stem cells and stimulating osteogenic differentiation and matrix
production at bone formation sites. During OA subchondral bone
remodeling, elevated local TGFB1l concentrations exacerbate sub-
chondral bone loss in early stage and lead to sclerosis during OA pro-
gression mainly by inducing the vascularization and hypomineralization
of osteoblasts [13]. The TGFp1 concentration is significantly higher in
OA joints than in healthy joints: the average TGFp1 concentration is less
than 1 ng/mL in the synovial fluid of healthy joints, but it reaches to 2-5
ng/mL in the synovial fluid of OA knee joints [11]. Overactivated TGFp
signaling, which causes synovitis, cartilage degradation, and sub-
chondral bone pathogenesis, was detected in OA knee specimens
collected from both human and mice. Recently, Muratovic et al.
demonstrated that human OA subchondral bone underneath damaged
cartilage had a significantly higher concentration (>26.4 pg/mL) of
active TGFf1 than paired relatively normal subchondral bone under-
neath intact cartilage (4.3 pg/mL), and that an increased concentration
of active subchondral TGFp1 was spatially associated with impaired
bone quality and disease severity [10]. Thus, inhibiting excessive TGFf1
in early OA joints can be a potential therapeutic target to prevent OA
progression in subchondral bone.

Several pre-clinical studies reported positive effects of blocking
elevated TGFp1 signaling in OA animals by using small molecules (e.g.,
SB-505124, halofuginone, and artesunate) [14-17] or a neutralizing
antibody (1D11) [18], or knocking out TGFp receptor II in chondrocytes
[19]. However, due to the fundamental role of TGFp signaling in cell
survival and function, systemic inhibition of TGFf can also lead to
serious side effects such as cardiovascular toxicity, oncogenesis and
gastrointestinal symptoms [20], local inhibition of excessive TGFp and
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its activity in OA joints has a higher safety level from the perspective of
clinical application.

Pirfenidone (PFD) is a pyridine [5-methyl-1-phenyl-2-(1H)] small-
molecule inhibitor of TGFf1-3. It exerts anti-fibrotic and anti-
inflammatory effects by targeting the TGFp signaling pathway and has
been clinically applied to treat pathological fibrosis, including idio-
pathic pulmonary fibrosis, liver fibrosis and renal fibrosis [21,22]. As a
broad-spectrum anti-fibrotic drug, PFD also reduce other inflammatory
mediators such as tumour necrosis factor alpha (TNFa) and interleukin
(IL)-1, thus exerting anti-inflammatory effects [23,24]. The application
of PFD in injured or diseased joints was recently investigated. Studies in
rats with collagen-induced arthritis have shown that PFD treatment is
associated with down regulation of matrix metalloproteinase-3 (MMP-3)
and vascular endothelial growth factor in chondrocytes and synovial
cells [23]. In OA, Chan et al. reported that oral PFD treatment reduced
subchondral bone loss and joint-wide fibrosis in a murine knee cartilage
injury model [25]. Wei et al. reported that the daily oral administration
of PFD (30 mg/kg body weight daily, 4 weeks) attenuated synovial
fibrosis and OA development in rabbits with anterior cruciate ligament
transection induced OA [26]. These studies have provided pre-clinical
evidence of the effectiveness of oral PFD treatment in relieving syno-
vium inflammation, regulating subchondral bone and maintaining
cartilage health. Notably, the above studies used PFD orally. In the case
of treating patients with idiopathic pulmonary fibrosis, the recom-
mended oral application dosage of PFD for maintaining a stable and
effective concentration in the plasma is 801 mg per serve, three times
daily (i.e., 2403 mg per day) for more than 1 year [27]. The long-term,
high doses of oral PFD could lead to a wide range of side effects,
including nausea, photosensitivity and gastrointestinal issues [27,28].
Therefore, here we report a new and effective strategy to locally target
excessive TGFp in early OA joint via the controlled-release of the clini-
cally approved TGFf inhibitor, PFD, as a safer and effective potential OA
treatment.

Aiming to maintain an effective dose of PFD and achieve local in-
hibition of excessive TGFp and its activity in OA-affected joints, we
adopted poly (lactic-co-glycolic acid) (PLGA), a Food and Drug Admin-
istration (FDA)-approved polymeric carrier [29] to encapsulate and
control the local concentration of PFD by generating PFD-loaded PLGA
microspheres (PFD-PLGA-MS). PLGA has excellent biocompatibility and
biodegradability, and is widely used to sustainably release small mole-
cules, and as a molecular drug carrier, the small molecules encapsulated
in PLGA can be released in a controlled and gradual manner by con-
trolling the size, shape, and degradation rate of the biomaterial [29,30].
Meanwhile, in terms of maintaining an effective dosage of PFD for
longer periods of time in OA joint, the active synovial lymphatic
drainage function is another consideration [31]. The free PFD released
from PLGA can be rapidly removed from joint cavity without a suitable
macromolecular carrier. Therefore, in this study, we also incorporated a
clinically used HA solution as an integral drug carrier of PFD-PLGA-MS
to enhance the retention of both PFD-PLGA-MS and free PFD in the
affected joints. With the incorporation of biomaterials, we simplified the
treatment to monthly LA. injections (the “PFD-PLGA + HA” strategy),
and after three injections, we observed a joint-wide therapeutic effects
including subchondral bone remodeling, synovitis and pain reduction,
and cartilage preservation in the treatment groups. These encouraging
results support the great potential of this strategy as a novel and
convenient DMOAD treatment of OA, particularly at the early stage.

3. Results
3.1. Uncoupled bone remodeling in early OA subchondral bone

To observe sequential subchondral bone changes in OA mice, the
microstructure of proximal medial tibia subchondral bone was evalu-

ated by micro-computed tomography (uCT) on days of 3, 7, 10, 14, 21,
28 56, 84, and 112 after destabilization of the medial meniscus (DMM)
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surgery (Fig. 1A-D). The joint subchondral bone displayed an osteopo-
rotic phenotype from 7 days to 28 days after DMM (yellow arrows in
Fig. 1A). The decrease in bone mineral density (BMD, mgHA/cmB) and
bone volume fraction (BV/TV, %) initiated as early as 7 days after DMM
(Fig. 1C, BMD, DMM side: 548.589 + 17.164 mgHA/cm® vs. contralat-
eral side: 473.431 4+ 18.093 mgHA/cm3, p=0.003; Fig. 1D, BV/TV,
DMM side: 46.552 + 2.308 % vs. contralateral side: 39.154 + 2.433 %,
p=0.029), and the bone loss was further aggravated at day 28 in com-
parison with contralateral knee joint (Fig. 1C, BMD, DMM side: 509.927
+ 17.164 mgHA/cm® vs. contralateral side: 601.337 + 18.093 mgHA/
em®, p < 0.001; Fig. 1D, BV/TV, DMM side: 42.417 + 2.308 % vs.
contralateral side: 54.412 +0 .433 %, p < 0.001).

As OA progressed, OARSI score increased (Fig. S1), and the sub-
chondral bone underwent sclerosis and the bone volume increased
significantly after 56 days. Bone mineral density and bone volume
elevated at 56, 84 and 112 days after DMM, and reached the highest
level at 112 days (Fig. 1C, BMD, day 112: 710.030 + 86.434 mgHA/cm5;
Fig. 1D, BV/TV, day 112: 65.433 + 10.509 %). The corresponding cell
types of Trap® osteoclasts, subchondral Cathepsin K' osteoclasts,
Osterix"™ osteoprogenitors, and Ocn™ mature osteoblasts were also
increased, demonstrated by histological staining and quantification of
the cells in OA subchondral bone (Fig. S2).

3.2. PFD alleviate the excessive TGFf1 incurred hypomineralization in
vitro

We then evaluated the potential subchondral bone-regulating effects
of PFD (Fig. 1E) at concentrations of 0, 30, 100 and 500 pg/mL (without
affecting cell viability, Fig. S5) on the osteoblast cell line Saos-2 and
primary human bone marrow-derived stem cells (hBMSCs, from three
biological donors, characterized in Fig. S4) exposed to high concentra-
tions of TGFf1 in the culture medium (Fig. 1F-H, Fig. S3). We found that
PFD at 100 pg/mL attenuated excessive TGFf1-induced hypominerali-
zation in Saos-2 cells and primary hBMSCs at the local TGFB1 concen-
trations (2 and 5 ng/mL) observed in OA subchondral bone (Fig. 1F-H).

Specifically, in the growth medium, the supplementation of TGFp1 (2
and 5 ng/ml) nor PFD (30, 100, and 500 pg/ml) had strong effects on the
mineralization of Saos-2 cells (Fig. 1G, group A-F), suggesting that PFD
did not affect the normal mineralization of osteoblastic cells. OM in-
duction effectively enhanced Saos-2 cells mineralization at a high level
(Fig. 1F; Fig. 1G, Group G). Meanwhile, supplementation of TGFp1 (2
and 5 ng/mL) significantly impaired the Von Kossa staining intensity
(Fig. 1G; Group K - TGFf1, 2 ng/ml: 20.08 + 3.73 % vs. Group G - OM:
31.17 + 7.82 %, p=0.003; Group O - TGFf1, 5 ng/ml: 17.9 + 2.02 % vs.
Group G - OM: 31.17 + 7.82 %, p=0.008, full comparison results in
Table S4). Without TGFp1 in OM, treatment of PFD at 30, 100, and 500
pg/ml did not change the mineralization significantly (Fig. 1G, Group H-
J). In the TGFp1-treated groups (2 or 5 ng/mL in OM), PFD significantly
restored the TGFp1-incurred impaired mineralized property of Saos-2
cells at the level of 100 pg/ml (Fig. 1G, Group M — PFD + TGFp1, 2 ng/
mL: 25.10 £+ 4.36 %, vs. Group K - TGFf1, 2 ng/mL: 20.08 £+ 3.73 %;
p=0.047; Group Q - PFD + TGFp1, 5 ng/mL: 23.45 + 2.37 % vs. Group O
- TGFp1, 5ng/mL: 17.90 + 2.02 %, p=0.045). Similar effects were found
in hBMSCsi.e., TGFf1 at both 2 and 5 ng/mL reduced the mineralization
density of hBMSCs by 63 % and 69 %, respectively (Fig. 1F, H: 21 days;
Fig. S3). PFD supplementation at 100 pg/mL in OM for 21 days signif-
icantly ameliorated TGFpl-inccurred hypomineralization (Fig. 1F-H;
PFD + 5 ng/mL TGFp1: 49.03 £+ 4.42 % v.s 5 ng/mL TGFp1: 18.65 +
2.90 %, p=0.018).

The above in vitro data provided supporting evidence for the poten-
tial application of PFD for regulating OA subchondral bone. We next
aimed to deliver and maintain PFD at the determined effective dosage (i.
e., 100 pg/ml, Fig. 1F-H) in early OA knee joints.
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3.3. Design, fabrication of PFD-PLGA-MS for sustained release PFD

To achieve sustained release of PFD in vivo, the biodegradable
biomaterial PLGA was used to encapsulate PFD and PFD-loaded PLGA-
MS (PFD-PLGA-MS) were generated following the principles of bio-
fabrication (Fig. 2A).

The structure of the microspheres was characterized using a stereo-
microscope under bright field and scanning electron microscopy (SEM)
after lyophilization. Both blank PLGA (PLGA-MS) and PFD-PLGA-MS
displayed spherical shape with smooth surfaces (Fig. 2B), and a nar-
row particle size distribution (Fig. 2B and C). The average radius of the
PFD-PLGA-MS was 1322.63 + 266.93 nm, which was consistent with
the result of SEM imaging (Fig. 2C).

The drug loading efficacy was estimated by measuring the absor-
bance at 311 nm wavelength after dissolving pirfenidone loaded nano-
particles in DCM followed by extraction into water. The loading efficacy
of PFD in PLGA microparticle is 19.21 % + 3.54 (192.1 + 35.4 ug/mg
particle). The encapsulation efficiency was 91.13 % + 7.45. The drug
release property of PFD-PLGA-MS was evaluated using a cumulative
release curve (Fig. 2D, E; 5 mg of microparticles in 1 mL of phosphate-
buffered saline [PBS]). The PFD release kinetics were assessed using an
ultraviolet spectrophotometer (absorbance at 330 nm wavelength). The
PFD-PLGA MS showed a burst release of nearly 28.3 % total PFD within
the first day, and started gradually plateauing thereafter (Fig. 2D), and
the remaining PFD was slowly released over 28 days and the PFD con-
centration in the medium was maintained at 112.08 pg/mL (Fig. 2E).

The pH of the supernatant of the PFD-PLGA-MS controlled release
system was further evaluated to address the potential risk of acid-
induced cartilage damage due to the biodegradation of PLGA poly-
mers (lactic and glycolic acids). PFD-PLGA-MS showed a similar pH
pattern to the blank PLGA-MS and it was around 7 at all timepoints,
suggesting a stable and safe acid-base environment (Fig. 2F). Consid-
ering that the pH in OA knee is 7.3 (ranging from 6.8 to 7.68) [32], we
then used PBS solution with different pH values (6.8 and 7.4) to mimic
the acidic microenvironment of osteoarthritic joint and normal healthy
joint. We measured the release characteristics of PFD-PLGA MS within
the pH 6.8 and pH 7.4 at 1, 3, 7, 14, and 28 days after MS dissolution.
The long-term cumulative release curve was shown in Fig. S6. Generally,
compared with normal pH PBS (pH: 7.4), the acid microenvironment
(pH: 6.8) accelerated the MS degradation rate and induced more PFD
release at each time points, though without significant difference (p >
0.05).

We further dissolved the PFD-PLGA-MS into HA solution (5 mg of
microparticles in 1 mL of 1.5 % HA) and compared its release curve with
PFD-PLGA-MS in PBS (5 mg of microparticles in 1 mL of PBS). The
release curve of PFD in HA showed a similar burst release of nearly 30 %
(33.9 + 5.5 %, Fig. 2G) PFD within the first 3 days, and a significantly
better PFD retention at 21, 28, and 35 days of dissolving than PBS
(Fig. 2G).

To elucidate the in vivo clearance of PFD-PLGA MS, we employed a
small molecule fluorescent indocyanine green (ICG) to trace the particle
degradation and clearance in OA joint as previously described [33].
After 7 days of DMM surgery, mice were LA. injected with ICG-PLGA +
HA MS and ICG in PBS solution. The retention of MS was assessed
through fluorescence imaging with an in vivo imaging system (IVIS) at
days 0, 1, 3, 7, 14, 21, and 28 respectively. From IVIS results, joints that
received ICG-PLGA HA injection displayed intensified fluorescence sig-
nals, and longer retention duration compared to those injected with ICG
only over the investigated period (Fig. 2H and I). Semiquantitative
analysis of the AUC (area under the curve) based on the fluorescence
intensity profiles indicated that retention of ICG-PLGA + HA in joints
with OA condition was greater than that of ICG only joints (ICG only vs.
ICG-PLGA + HA: 1.45x10° £ 5.9x 108 v5. 3.2x10° £ 1.0x 10°, p =
0.0023, Fig. 2J). These results confirmed the prolonged retention effects
of PLGA MS HA solution.

Thus, we established a practical way to prolong the sustained release
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of PFD at the functional concentration for up to 4 weeks both in vitro and
in vivo.

3.4. The “PFD-PLGA + HA” strategy for early OA treatment

Based on above results, we advanced the PFD delivery strategy into a
monthly I.A. injection therapy in which PFD-PLGA-MS was injected in
combination with HA into OA knee joints every 4 weeks (Fig. 3A, the
“PFD-PLGA + HA strategy”, patents filed). The involvement of HA here is

Bioactive Materials 39 (2024) 255-272

in consideration of the drug and water retention effect of HA as a
macromolecule to achieve local delivery of PFD in the joint cavity; we
have also examined the release curve of PFD-PLGA-MS in HA and the
PFD retention was significantly higher in HA compared to the PBS group
(Fig. 2E, HA vs. PBS, Day 21: p=0.025; Day 28: p=0.016; Day 35:
p=0.0154). This therapeutic strategy was then validated in mice with
DMM:-induced OA in comparison with the commercial HA Ostenil® as
one of the control groups. The detailed animal study design is provided
in Table S1 and Fig. 3A; the animals received monthly I.A. injections of
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Fig. 1. Targeting early OA by regulating subchondral bone changes: PFD attenuated cell hypomineralization caused by the overexpression of TGFf1.

(A) Time-dependent phenotypic alterations of OA subchondral bone in mice with DMM-induced OA at days of 0, 7, 10, 14, 21, 28, 56, 84 and 112. Representative
sagittal photographs of knee joint sections at days 0, 7, 28, and 56. Upper: non-operated knee; bottom: DMM-induced OA knee. (B) Schematic diagram for selecting
regions of interest for pu-CT quantification. (C) Quantification of BMD of DMM-induced OA joints; n = 8 in each group. Data are mean =+ SD; *p < 0.05, **p < 0.01 vs.
parameters in contralateral sides in corresponding timepoints; #p < 0.05 vs. the parameters in the baseline (Day0). (D) Quantification of BV/TV% of DMM-induced
OA joints, n = 8 in each group, data are mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001 vs. parameters in contralateral sides in corresponding timepoints; #P <
0.05 versus the parameters in the baseline (Day0). (E) Schematic diagram for the hypothesis of targeting bone remodeling in OA subchondral bone: over-release of
active TGFf1 during bone remodeling contributes to hypomineralization and osteosclerosis, and a TGFp inhibitor pirfenidone (PFD) could effectively restore the
mineralization in osteoblastic cells such as osteoblasts and MSCs. Additionally, PFD can also inhibit the osteoclastogenesis and maturation to maintain the balance of
bone remodeling. (F) PFD attenuated the excessive TGFf1-incurred hypomineralization in bone forming cells. Representative images of Von Kossa staining from
Saos-2 cells (upper panel, 24 well plate, bar = 250 pm) and Alizarin Red S staining from hBMSCs (lower panel, 3 biological donors, cells were cultured in 24 well
plate, bar = 250 pm) treated with PFD (100 pg/ml) and/or TGFp1 (2 or 5 ng/ml) in growth medium (GM) and osteogenic medium (OM). (G) PFD attenuated
excessive TGFp1l-incurred hypomineralization in Saos-2 cells in dosage dependent manner. Quantitative results of Von Kossa staining from Saos-2 cells treated with
PFD (0, 30, 100, 500 pg/ml) and/or TGFp1 (2 or 5 ng/ml) in GM or OM for 14 days. The experiment was performed at least twice with at least triplicates as technical
repeats; Data are mean + SD values from readouts quantified from each well, n = 4-8; One-way ANOVA, followed by Bonferroni test was used to evaluate the
statistical difference. All p values are as labeled, and detailed p values between groups are in Table S2. (H) PFD attenuated TGFp1l-incurred hypomineralization in
hBMSCs. Quantitative results of Alizarin Red S staining from primary isolated hBMSCs treated with PFD (100 pg/ml) and/or TGFp1 (2 or 5 ng/ml) in GM or OM for
14 days and 21 days. Data are mean + SD values collected from 3 individual biological donors (n = 3 biological donor in the dot plot, donor code No. A12, A18 and
A23), and each assay was performed with at least triplicates as technical repeats. One-way ANOVA, followed by Bonferroni test was used to evaluate the statistical
(iifference. p values are as labeled, and the characterization of hBMSCs and images of the Alizarin Red S staining at day 14 are shown in Figs. S3 and S4.

PFD-PLGA-MS at various timepoints after DMM (i.e., at 1, 5 and 9 weeks rescuing effect in osteoblasts and hBMSCs under the stress of excessive
after DMM) during a 12-week follow-up period. The subchondral bone TGFp present in culture environment (Fig. 1E-H). To observe the in vivo
changes, pain-related behaviour, OA progression-related histological effect of PFD on subchondral bone in OA knee joints, we evaluate the
scores and possible therapeutic mechanisms were assessed. activation levels of TGFp1 signaling by examining the protein expression

level of phosphorylated Smad2/3 (pSmad2/3) in the subchondral bone
3.5. Monthly injection of PFD-PLGA + HA regulates OA subchondral areas of mice with DMM-induced OA in all of the seven treatment groups
bone remodeling (Fig. 3H and D).

Compared with healthy knee joints, pSmad2/3 was upregulated in

At the beginning of OA, an osteoporotic phenotype in subchondral osteoarthritic subchondral bone at 4 and 12 weeks after DMM (Fig. 3H
bone area was found in the animals at first 4 weeks after DMM and I; PBS group). The ratio of pSmad2/3-positive cells in subchondral
(Fig. 1A-D). To observe whether the sustained release of PFD had a bone zone was significantly higher in both early and late stages of OA
subchondral bone-remodeling effect of in early OA joints, we first (Fig. 31, 4 weeks post-DMM-PBS: 533.08 + 108.08 cells/mm? vs. age-
investigated the structural changes in subchondral trabeculae (Trab) in matched healthy knee: 134.73 + 44.95 cells/mm? p < 0.001; 12
the load-bearing area with pCT (Fig. 3B-E). We found a significantly weeks post-DMM-PBS: 461.85 + 72.57 cells/mm? vs. age-matched
higher BMD and BV/TV in the subchondral Trab in the PFD-PLGA + HA healthy knee: 127.97 + 19.73 cells/mm?, p < 0.001). Like PBS group,

group than in the commercial HA control group during early OA L.A. administration of commercial HA showed similarly high level of
development (Fig. 3C-E, 2 and 4 weeks after DMM). The PFD-PLGA + pSmad2/3 at both 4 and 12 weeks after DMM to those of healthy knees
HA group had the lowest bone loss in Trab among seven groups; in (Fig. 3H and I), suggesting that the increased activation of TGFf
particular, bone loss after PFD-PLGA + HA treatment was significantly signaling in OA subchondral bone was not rescued by commercial HA

lower than that after commercial HA treatment at 2 weeks after DMM treatment. Remarkably, the monthly I.A. injection of PFD-PLGA + HA
(Fig. 3D, BMD: PFD-PLGA + HA: 533.823 4 19.555 vs. commercial HA: treatment maintained a low activation level of TGFf signaling in OA
504.310 + 26.375, p=0.039; Fig. 3E BV/TV: PFD-PLGA + HA: 48.808 subchondral bone (Fig. 3H and I). Fewer pSmad2/3™ cells were found in
+ 2.383 vs. commercial HA: 41.918 + 3.807, p=0.098) and 4 weeks PFD-PLGA -+ HA group compared to PBS group at 4 weeks after DMM
after DMM (Fig. 3D, BMD: PFD-PLGA + HA: 627.375 + 27.092 vs. (Fig. 3H and [; 4 weeks: PFD-PLGA + HA group, 336.80 + 57.99 cells/
commercial HA: 446.865 + 40.709, p=0.015; Fig. 3E, BV/TV: mm? vs. PBS, 533.08 & 108.08 cells/mm?, p=0.0234), and less pSmad2/
PFD-PLGA + HA: 57.852 + 2.733 ys. commercial HA: 42.708 + 6.094, 3" cells were found in PFD-PLGA -+ HA group compared to commercial
p=0.032). HA group at 12 weeks after DMM (Fig. 3H and [; 12 weeks: PFD-PLGA +
After OA progression, only total subchondral bone was analyzed HA group, 313.66 + 38.96 cells/mm? vs. Commercial HA, 504.79 +
(Fig. 3F and G) at 8 and 12 weeks after DMM because the subchondral 110.06 cells/mm? p=0.0295), suggesting that the effect of PFD on
bone plate and Trab fused and became sclerotic (Fig. 1A, day 56-84). subchondral bone remodeling in OA joints occurs through the modula-
Compared with healthy joints (Fig. 3 F, G; dashed lines), the PBS group tion of overactivated TGFf signaling.
showed a high bone volume and mineral density at 8 and 12 weeks after
DMM, indicating a sclerotic tendency in animals without treatment. 3.7. Monthly LA. Injection of PFD-PLGA + HA ameliorated OA
Notably, PFD-PLGA + HA treatment attenuated the aberrantly elevated progression in DMM-induce OA mice
subchondral bone volume at 12 weeks after DMM (Fig. 3F, BMD:

PFD-PLGA + HA: 619.064 + 23.116 vs. PBS: 674.176 + 24.575, OA progression was then assessed histologically in DMM-induced OA
p=0.029). joints, and graded by cartilage morphology, osteophyte formation and
The above data indicate that the PFD-PLGA + HA therapy has a total OARSI score (Fig. 4). In the PBS group, proteoglycan loss in the
subchondral bone remodeling effect in early OA mice, and monthly I.A. cartilage surface started at 2 weeks after DMM, which was further
injections of PFD-PLGA +- HA help maintain a healthy subchondral BMD aggravated at 4 weeks after DMM and progressed into a severe cartilage
and structure for up to 12 weeks after DMM surgery. cleft and erosion at 12 weeks after DMM (Fig. 4A, black boxes). In the
commercial HA treatment group, articular cartilage was retained in

3.6. PFD-PLGA + HA treatment regulates OA subchondral bone by normal shape at both 2 and 4 weeks after DMV, indicating a protective
reducing the activation of TGFp signaling via Smad2/3 effect of commercial HA against articular cartilage degeneration during
early-stage OA (Fig. 4A, black boxes). However, severe cartilage erosion

In vitro experiments revealed that PFD had a hypomineralization- and fibrillations were found at 12 weeks after DMM in commercial HA
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Fig. 2. Preparation and characterization of the PFD-loaded PLGA microsphere (PFD-PLGA MS)

(A) Workflow of PFD-PLGA-MS fabrication. PFD: Pirfenidone; PLGA: Poly lactic-co-glycolic acid; PVA: Polyvinyl alcohol. (B) Representative images of PLGA-MS
(blank control) and PFD-PLGA-MS under a stereotype microscope (upper, bar = 500 pm) and SEM (lower, bar = 1 pm). (C) Dynamic lightning scatter measure-
ment of particle size; n = 3. (D and E) Cumulative short-term burst release curve of PFD-PLGA-MS (5 mg particles in 1 mL PBS, total medium changed daily) in PBS
from day 0 to day 4, and (E) cumulative long-term release curve of PFD-PLGA-MS in PBS for up to 28 days, evaluated by the absorbance at 330 nm wavelength. Each
experiment was performed independently with 3 technical repeats, and results are present by means + SD. (F) pH of the supernatant in the release curve. (G)
Cumulative long-term release curve of PFD-PLGA-MS in PBS and HA solution (1.5 %) for up to 35 days. Each experiment was performed independently with 3
technical repeats, and results are presented as means =+ SD. (H) Joint retention of ICG-labeled PLGA + HA solution. Representative fluorescence images of knee joints
from OA mice over 0, 1, 3, 7, 14, 21, and 28 days after intra-articular injection of free ICG (ICG), and ICG-labeled PLGA MS + HA (ICG-PLGA + HA) respectively. The
in vitro fluorescence image of ICG-PLGA + HA solution (with different concentrations of 1.0, 0.5, 0.25 and 0 mg/ml) was shown in the lower panel. (I) Quantitative
analysis of the time course of relative fluorescence radiant efficiency within knee joints after intra-articular injection. n = 6-7/group. (J) Semiquantitative analysis of
the AUC based on the average radiance (n = 6-7). AUC, area under the curve. AU, arbitrary units. Statistical analysis was performed using the Mann-Whitney U test.
"Ehe data were presented as means + SD, with **p < 0.01 indicating statistical significance.

treated group, with nearly all hyaline cartilages worn out (Fig. 4A, black joints based on the maximal contact intensity of pawprints and found
boxes), suggesting a short-term cartilage protection effect of commercial that monthly injections of PFD-PLGA + HA attenuated the DMM
HA. Notably, in the PFD-PLGA -+ HA group, intact cartilage was found at induced force impairment in lower limbs (Fig. 5B-D). The PBS group
early OA joints (Fig. 4A, 2 and 4 weeks after DMM), and retained showed a negative intensity (A value < 0, compared with 1 week after
cartilage surface, although some degree of cartilage proteoglycan loss DMM) at all subsequent timepoints, indicating that I.A. administration
and fibrillation was found at 12 weeks after DMM (Fig. 4A, black boxes). of PBS in DMM mice did not reverse the pain compared to the pre-
The OARSI score revealed that our treatment strategy had a long-term treatment status. In PLGA-HA and HA treatment groups, the joint
regulative effect in OA progression: the PFD-PLGA + HA group load-bearing property was similarly affected (Fig. 5D, A value < 0, PBS
showed significant lower OARSI scores than the PBS group and com- group: blue; PLGA-HA group: green; HA group: purple). In contrast, the
mercial HA group at 12 weeks after DMM (Figs. 4B, 12w: PFD-PLGA + PFD-PLGA + HA group showed improvement in maximal contact in-
HA: 3.00 + 0.94 vs. PBS: 5.00 + 0.50, p=0.0026; PFD-PLGA + HA: 3.00 tensity compared to pre-I.A injection in almost all timepoints (Fig. 5D,

+ 0.94 vs. commercial HA: 5.00 + 1.15, p=0.0093). PFD-PLGA + HA group: orange; 2, 3, 8, 12 weeks after DMM, A value >
Osteophyte formation is another pathological phenotype of OA. Less 0). Specifically, among all treatments, only PFD-PLGA + HA group
osteophyte formation was found at all evaluated timepoints in PFD- showed significant higher maximal contact intensity value compared to

PLGA + HA group than in the PBS group (Fig. 4A, dash box), with a PBS group at both 4 and 8 weeks after DMM (Fig. 5D; 4w, PEFD-PLGA +
significantly reduced osteophyte maturity score (Fig. 4C; 2 weeks, HA: 2.484 vs. PBS: —3.763, p=0.0161; 8w: PFD-PLGA + HA: 2.178 vs.
PFD-PLGA + HA: 0.500 £ 0.204 vs. PBS: 1. 667 + 0.192, p=0.046; 4 PBS: —4.353, p=0.0006), suggested an effective long-term pain relief
weeks, PFD-PLGA + HA: 0.833 + 0.152 vs. PBS: 2.000 + 0.152, effect of PFD-PLGA + HA treatment. In addition, the PFD + HA treat-
p=0.026; 12 weeks, PFD-PLGA + HA: 1.667 + 0.304 vs. PBS: 2.833 + ment group showed higher pawprint intensity at the very early stage of
0.152, p=0.039). As another control group, the commercial HA group OA development (Fig. 5D, PFD + HA, red; A value > 0 at 2 and 4 weeks
showed similarly poor effects to the PBS control group in terms of pre- after DMM) compared to pre I.A. injection. But the protective effect of
venting osteophyte formation at all of the evaluated timepoints (Fig. 4C; PFD + HA did not last long (Fig. 5D, PFD + HA, red; 8 and 10 weeks after
2 weeks, commercial HA: 1.167 + 0.152 vs. PBS: 1.667 + 0.192, DMM, A value < 0), indicating temporary pain relief effects of PFD, and
p=0.973; 4 weeks, commercial HA: 1.833 + 0.281 vs. PBS: 2.000 + a crucial role of sustained release of PFD locally at an effective dose.
0.152, p=0.837; 12 weeks, commercial HA: 2.667 + 0.471 vs. PBS: We also evaluated spatial parameters by analyzing Aprint area
2.833 £ 0.152, p > 0.990). The PFD-PLGA + HA group showed a lower (Fig. 5E), in which the positive value represents the increased pawprint
osteophyte score than the commercial HA group at 12 weeks after DMM area of DMM-induced OA hind and contralateral hind (RH/LH)
(Fig. 4C; 12 weeks: PFD-PLGA + HA: 1.167 + 0.89 vs. commercial HA: compared to the pre-I.A. injection (1 week after DMM surgery).
2.667 + 0.471, p=0.014), suggesting a better disease-modify effect Compared to the pre-L.A. injection, I.A injection of PBS displayed the less
compared to current HA treatment. pawprint area at all timepoints (Fig. 5E, PBS group in blue, Avalue<0 at
all timepoints), which build a baseline of untreated OA joints. Among all
treated groups, only PFD-PLGA + HA group showed increased print area
at all timepoints (Fig. 5E, PFD-PLGA + HA, orange, Avalue>0 at all
timepoints), suggesting the best recovered joint loading condition in
PFD-PLGA + HA treatment group in the DMM-induced OA joints. At 4
and 12 weeks post-DMM, the PFD-PLGA + HA group showed signifi-
cantly larger print area in comparison with PBS group (Fig. 5E, A Print
area%: 4w: PFD-PLGA + HA: 8.85 vs. PBS: —17.36, p=0.005; 12w:
PFD-PLGA + HA: —13.47 vs. PBS: 18.61, p=0.011). These results indi-
cated that I.A. injection of PFD-PLGA + HA efficaciously alleviated OA-
incurred pain-related behavior in mice. Other parameters of gait anal-
ysis, the duty cycle (Fig. 5F) and limb idleness index (Fig. 5G) demon-
strated similar trends — as a control, PBS treatment caused less duty cycle
in DMM mice and higher limb idleness index, and PFD-PLGA + HA
group increased the duty cycle and reduced limb idleness index signif-
icantly (Fig. 5F and G).

Altogether, the above results indicate that monthly I.A. administra-
tion of PFD-PLGA + HA attenuated pain-related behaviors in mice with
DMM-induced OA for up to 12 weeks.

3.8. Monthly injection of PFD-PLGA + HA attenuated pain-related
behaviors in OA animals

To observe whether the monthly L. A. injections of PFD-PLGA + HA
provided symptom relief, we tracked the gait parameters, including the
pawprint area, intensity, step length, duration and walking speed, of
mice with DMM-induced OA for up to 12 weeks (Fig. 5A). Briefly, mice
were subjected to monthly L.A. injections with different components
(Fig. 3A-Table S1) from 1 week after DMM, and the treatments were
applied at 1, 5 and 9 weeks after DMM. Animal gait parameters were
measured before (Fig. 5B) and after DMM surgery, at 1 week after DMM,
and then were longitudinally tracked at 2, 3, 4, 6, 8, and 12 weeks after
DMM (Fig. 5C). Healthy joints give a large pawprint area, while a
reduced pawprint area indicates less contact with the ground and
reduced willingness to load, mainly due to joint pain and dysfunction
[34]. The mice in the PFD-PLGA + HA group demonstrated the largest
pawprints of the right hindlimb (DMM-induced OA side) at all time-
points (Figs. 5C, 4 and 6, 8, 12 weeks after DMM), and the heatmap of
the pawprint also indicated that the hindlimb force was highest in the
DMM-induced OA knee (Fig. 5C).

Next, we evaluated the load-bearing properties of DMM-induced OA
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Fig. 3. Monthly L.A. injection of PFD-PLGA + HA attenuated subchondral bone structural changes in OA mice joints

(A) Ilustration of the “PFD-PLGA + HA” treatment strategy and in vivo study design. DMM surgery was performed on murine right knee joints, and monthly I.A.
administration of different treatments was performed at 1, 5 and 9 weeks after DMM. Details about the groups are in Table S1. (B) ROIs of mice subchondral bone for
data analysis: the subchondral bone plate and subchondral trabecular bone (Trab). (C) Representative 3D reconstructive uCT results of knee joints, obtained from
PBS, PFD-PLGA + HA and commercial HA treatment groups after 4 weeks of DMM, with healthy joints as controls for comparison. Upper panel, 3D reconstructive
BCT results of knee joints from the sagittal and frontal views; red arrows, osteophytes. Lower panel, representative 3D color map images showing detailed bone
thickness within tibial subchondral bone plate and subchondral trabeculae. Color ranges from 0 mm (green) to 0.8 mm (red); scale bar = 1 mm. (D) Quantification of
bone mineral density and (E) bone volume of subchondral trabeculae at early OA stages (Trab, 2 weeks and 4 weeks after DMM) in different groups. (F) Quanti-
fication of bone mineral density and (G) bone volume of subchondral bone at late OA stages (total subchondral bone, 8 weeks and 12 weeks after DMM). Data are
mean + SD values, obtained from n = 5-8 animals in each group. One-way ANOVA followed by Bonferroni post hoc tests was performed to assess the significant
difference between each group; *p < 0.05. (H) IHC staining of pSmad2/3 in subchondral bone in DMM-induced OA animals receiving different treatments.
Representative IHC staining of pSmad2/3 in subchondral bone area of DMM-induced OA joints treated with PBS, PFD-PLGA + HA and commercial HA after 4 weeks
and 12 weeks of DMM, with healthy joint as a control. Bar = 100 pm. (I) Quantification of pSmad2/3" cell density in subchondral bone zone (cell counts/mm?) from
IHC staining images. Data are mean + SD values, obtained from n = 3-6 biological donors (n = 3 in healthy group; n = 6 in other groups). Two-way ANOVA,
onllowed by Bonferroni post hoc tests was performed to assess the significant difference between each group.
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Fig. 4. Monthly L A. injection of PFD-PLGA + HA attenuated cartilage degeneration and osteophyte maturity

A) Representative sagittal images of murine knee joints stained with Safranin O/Fast Green staining from PBS, PFD-PLGA + HA and commercial HA treatment groups
at 2, 4, and 12 weeks after DMM. Enlarged structures of articular cartilage and osteophyte are in black boxes and dashed boxes; Scale bar = 100 pm. (B) Quan-
tification results of joint degeneration in all treatment groups with modified OARSI score system. Data are mean + SD values, n = 6 biological donors per group, and
one-way ANOVA followed by Bonferroni post hoc tests was performed to assess the significant difference between each group. p values with significant difference (p
< 0.05) are listed on the figure. (C) Quantification results of osteophyte maturity score of all treatment groups, detailed score system in Table S2. Data are mean +
SD values, obtained from n = 6 biological donors per group, and two-way ANOVA followed by Bonferroni post hoc tests was performed to assess the significant
difference between each group, and p values with significant difference (p < 0.05) are listed on the figure.
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Fig. 5. Longitudinal evaluation of the pain-relief effect of PFD-PLGA + HA treatment during OA development

(A) Schematic diagram of study design and data collection. DMM surgery was performed on murine right knee joints, and monthly I.A. administration of different
treatments at 1, 5 and 9 weeks after DMM. CatWalk data collection (footprints) at different timepoints is shown in the illustration. (B) Representative image of the
gait and pawprints of mice with normal gait captured before DMM. (C) Representative image of murine gait and pawprint of PBS, PFD-PLGA + HA and commercial
HA treatment groups at 4, 6, 8 and 12 weeks after DMM. Scale bar = 5 mm. (D-G) Time course analysis on gait parameters of (D) Amaximal contact mean intensity
(RH/LH, %), (E) Amaximal contact area (RH/LH, %), (F) Aduty cycle(RH/LH, %), and (G) Alimb idleness index (RH/LH, %) between different treatment groups
(details in Table S1). Data are mean + SD values, obtained from n = 6-8 animals per group, and a two-way ANOVA followed by Bonferroni post hoc tests was

performed to assess the significant difference between each group at each timepoint. p values with significant difference (p < 0.05) are listed on the figure. RH: Right
hind, LH: Left hind.
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Fig. 6. PFD-PLGA + HA intervention attenuated synovitis in DMM-induced OA joints

(A) Representative H&E staining image of healthy synovium tissue adjacent to the medial meniscus (black box, the ROI selected in current study), and magnified
images show the structure of non-inflamed synovial lining cells in the dashed box. Scale bar = 100 mm. (B) Representative images of synovium tissues of PBS,
PFD-PLGA + HA and commercial HA treatment groups at 2, 4, and 12 weeks after DMM. The changes in the structure of synovial lining cells are shown in dashed
boxes. Scale bar = 100 mm. (C) The severity of synovial inflammation and fibrosis was evaluated by synovitis score system (detailed scoring system in Table S3). Data
are mean + SD values, n = 6 animals per group; Each animal have 5 slides, and calculated by 3 ROIs under macroscope, statistical analysis was performed by one-
way ANOVA followed by Bonferroni post hoc tests. (D). PFD prohibited the differentiation and maturation of osteoclasts. Schematic diagram of osteoclasts dif-
ferentiation and maturation (left panel) and PFD treatment time periods (right panel); (E-F). Representative images of TRAP staining (E) for primary mouse osteoclast
and the quantification of mature osteoclasts. Scale bar: 200 m. (F). Statistical analysis was performed using one-way ANOVA with Bonferroni post hoc test. N = 6 in
each group.

3.9. Monthly L. A. Injection of PFD-PLGA + HA relieved synovitis and histologically and histomorphometrically (Figs. 6 and 7). Synovium
modulated the synovial macrophage polarization thickening is apparent in PBS group at 2 and 4 weeks after DMM surgery
(Fig. 6A and B, dashed box), resulting in synovitis with high synovium

To further understand the mechanism of pain relief effect of scores (Fig. 6C; PBS group, 2 weeks, 3.500 + 0.514; 4 weeks, 3.500 +
PFD-PLGA + HA treatment, we firstly examined the synovium 0.391, respectively). Compared with the thicken synovium PBS group,
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the PFD-PLGA + HA treatment group showed fewer lining cells in
synovium (Fig. 6B, dashed box) with similar morphology in healthy joint
(Fig. 6A), and the PFD-PLGA + HA treatment significantly relieved sy-
novitis at 2 and 4 weeks after DMM (Fig. 6B). The synovium scores
showed significant reduction in PFD-PLGA + HA treatment group at 4
weeks after DMM (Fig. 6, 4 weeks, PFD-PLGA + HA group, 1.333 +
0.192 vs. PBS 3.500 + 0.391, p=0.022).

Osteoclasts also play a key role in the progression of OA. We here also
explored how PFD regulates osteoclast function in vitro. The osteoclast
differentiation can be divided into different periods: the early phase (day
0-2), the middle phase (day 2-4), and the maturation phase (day 4-6)
[35]. In order to investigate the roles of osteoclasts in different phases,
we added PFD treatment at different time periods (early phase 0-2d,
middle phase 2-4d, maturation phase 4-6d, and throughout the whole
osteoclast differentiation phase 0-6d, Fig. 6D). The Trap staining results
indicated that the PFD (100 pg/mL) can attenuate the early and middle
osteoclast differentiation and the osteoclasts maturation (p < 0.001,
Fig. 6E and F). Furthermore, the PFD treatment can also inhibit the
osteoclast differentiation at all time points (p < 0.001, Fig. 6E and F).

Therefore, in the early stage of OA, the PFD-induced reduction of
synovial inflammation (Fig. 6B and C) and osteoclastogenesis
(Fig. 6D-F), and the maintenance of subchondral bone forming cells
(Fig. 1F-H) possibly in together attenuates the early bone loss in sub-
chondral bone.

As the anti-synovitis effect of PFD-PLGA + HA treatments may be
partially attributed to the anti-inflammation property of PFD, we then
checked the statues of synovial macrophages. Overall, in PFD-PLGA +
HA treated mice, we found fewer total macrophages (Fig. 7A-C; F4/80"
cells) and M1 macrophages (Fig. 7A-D; F4/80"/iNOS™ cells), more M2
macrophages (Fig. 7D and E; F4/80"/CD206" cells) and thinner lining
cells in synovium compared to other groups (Fig. 7A and B). Specifically,
PBS and commercial HA treatment groups demonstrated significantly
more synovial F4/80" pan-macrophages and iNOS™ M1 macrophages at
both 4 and 12 weeks after DMM (Fig. 7A-C, D). The ratio of synovial M2
macrophage to total macrophage increased in all DMM-induced OA knee
joints compared to healthy non-injury joint (Fig. 7B-D). PFD-PLGA +
HA treatment significantly reduced M1 synovial inflammatory macro-
phage infiltration at both 4 and 12 weeks after DMM compared to PBS
group (Fig. 7A-D; iNOST macrophage ratio in pan-macrophage: 4
weeks, PFD-PLGA + HA group, 44.97 + 7.08 % vs. PBS group, 77.60 +
4.61 %, p=0.0028; 12 weeks: PFD-PLGA + HA group 56.05 =+ 2.87 % vs.
PBS group 86.65 £ 4.90 %, p=0.0357). PFD-PLGA + HA treatment
increased synovial M2 macrophage ratio significantly at 4 weeks after
DMM (Fig. 7B-D; CD206" cell % in F4/80" cells: 4 weeks, 76.81 + 4.42
% in PFD-PLGA + HA vs. 48.65 + 16.02 % in PBS, p=0.0311), and no
significant difference in M2 macrophage ratio was found between PBS,
PFD-PLGA + HA, and commercial HA treated groups at 12 weeks after
DMM.

To address the possible synergistic regulatory mechanism of PFD on
macrophages and osteoblasts, we used condition media obtained from
MO, M1 and M2 RAW264.7 macrophages after 48h of induction, and the
macrophage condition medium was mixed with OM (1:1, vol/vol), and
used to culture Saos-2 cells in the existence of TGFb1 (5 ng/mL). PFD
(100 pg/mL) was added to the cultures to observe the regulatory effects
in mineralization, and the readouts are the quantification of von kossa
staining intensity after 14 days of culture (Fig. S8). From data we ob-
tained, it is quite clear that PFD enhanced and rescued the mineraliza-
tion of Saos-2 cells in the M1 and M2 condition medium groups,
suggesting the regulating effect of PFD of Saos-2 mineralization under
the influence of polarized macrophages. This data gives us more confi-
dence that PFD could function in a macrophage activated environment,
such as in OA joints.

To further investigate how PFD regulate the mineralization of Saos-2
and hBMSCs cells in TGFp1 environment, we performed qPCR and
growth factor (osteogenic and inflammatory factors) array assay to un-
derstand the expression levels of RNA and protein related to
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inflammation and osteogenic differentiation. The qPCR results indicated
that under TGFp1 treatment, PFD can enhance the gene expression of
osteogenic differentiation marker (i.e. osteocalcin, Fig. S9A) and relieve
the inflammation related maker (i.e. IL6, Fig. S9A). From the dot-plot
results, we found that PFD did not change the osteogenic and inflam-
matory related markers in osteogenic medium without TGFp1(5 ng/mL).
When treated with TGFf1 (5 ng/mL), the addition of PFD can enhance
the osteogenic marker (OPG and osteoactivin, Fig. S9B), and inhibit
inflammatory maker (IL-6, Fig. S9B).

These data demonstrate the anti-inflammatory and pro-osteogenesis
effects of the PFD-PLGA + HA strategy in OA joints.

3.10. Monthly I.A. Injection of PFD-PLGA + HA mitigated pain through
inhibiting calcitonin gene-related peptide (CGRP) in synovium and
osteophytes

To further clarify the mechanism underlying the pain-relieving effect
of PFD-PLGA + HA treatment, we examined the distribution of CGRP™
cells in synovium and osteophytes (Fig. 8), as CGRP is a key OA pain
transmitter neuropeptide.

The OA synovium displayed positive CGRP staining along the in-
flammatory zone (Fig. 8A), and compared with the healthy synovium,
approximately 2.5 times more CGRP™ cells were found in DMM-induced
OA synovium at both 4 and 12 weeks after DMM (Fig. 8A; 4 weeks: PBS
group, 66.21 + 6.91 % vs. age-matched healthy joint, 18.86 + 5.04 %, p
< 0.001; 12 weeks: PBS group, 77.14 + 14.35 cells/mm? vs. age-
matched healthy joint, 17.35 + 0.95 cells/mm? p < 0.001). A similar
trend was found in the commercial HA group (Fig. 8A; 4 weeks: com-
mercial HA, 71.33 + 12.26 % vs. age-matched healthy joint, 18.86 +
5.04 %, p < 0.001; 12 weeks: commercial HA, 76.79 + 8.94 cells/mm?
vs. healthy joint, 17.35 + 0.95 %, p < 0.001). In the PFD-PLGA + HA
treatment group, the CGRP™ cells’ percentage in synovium cells
remained at a non-significant level, as in healthy knee joints (Fig. 8B;
CGRP™ cell number/total cell count in synovium, 4 weeks: PFD-PLGA +
HA group, 34.00 £+ 5.70 % vs. age-matched healthy control, 18.86 +
5.04 %, p > 0.990; 12 weeks: PFD-PLGA + HA group, 43.24 4+ 3.87 % vs.
age-matched healthy control, 17.35 + 0.97 %, p=0.1432). Specifically,
compared with the non-treatment control (PBS group), PFD-PLGA + HA
treatment significantly reduced the synovial CGRP * cell density at both
4 and 12 weeks after DMM (Fig. 8B; 4 weeks: PFD-PLGA + HA group,
34.00 + 5.70 % vs. PBS, 66.21 + 6.91 %, p=0.0175; 12 weeks:
PFD-PLGA + HA group, 43.24 + 3.87 % vs. PBS, 77.14 £+ 14.35 %,
p=0.010). Similarly, PFD-PLGA + HA treatment also reduced the sy-
novial CGRP " cell density significantly when compared with commer-
cial HA treatment (Fig. 8, 4 weeks: PFD-PLGA + HA, 34.00 + 5.70 in vs.
commercial HA, 71.33 + 7.08, p=0.0039; 12 weeks: PFD-PLGA + HA,
43.24 + 3.87 vs. commercial HA 76.79 + 5.16, p=0.011).

The expression of CGRP in osteophytes was also assessed, as the
presence of osteophytes is another cause of pain in OA joints [36]. The
expression of CGRP in osteophytes was high in the PBS and commercial
HA groups (Fig. 8C, dashed box), while that in the PFD-PLGA + HA
group was significantly lower at both 4 and 12 weeks after DMM
(Fig. 8C, dashed box). In addition, the percentage of CGRP™ cells in
osteophytes was significantly lower in the PFD-PLGA + HA group than
in the PBS and commercial HA groups (Fig. 8D; 4 weeks: PFD-PLGA +
HA, 22.80 + 2.89 % vs. PBS, 42.24 £ 4.14 %, p = 0.045; PFD-PLGA +
HA, 22.80 =+ 2.89 % vs. commercial HA, 35.75 + 16.36 %, p = 0.067; 12
weeks: PFD-PLGA + HA, 15.59 + 5.72 % vs. PBS, 47.58 + 3.71 %, p =
0.036; PFD-PLGA + HA, 15.59 + 5.72 % vs. commercial HA, 44.06 +
2.88 %, p = 0.047).

In summary, the sustained release of PFD using monthly L.A. in-
jections of PFD-PLGA + HA successfully attenuated early OA phenotype
in mice with DMM-induced OA knee joints by modulating the excessive
TGFp1l-induced subchondral bone changes, in addition to exerting
general disease-modifying effects such as relieving OA pain, preventing
synovitis and osteophyte formation and maintaining joint cartilage
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Fig. 7. PFD-PLGA + HA intervention re-polarized the M1 and M2 macrophages
(A) Representative immunofluorescent staining of M1 macrophages in mice synovium as the ROI indicated in Fig. 6A. The pan-macrophage marker F4/80 is stained
green; M1 marker iNOS is stained red. The iNOS™ (red) F4/807 (green) double stained areas were magnified in the lower panel, cell nuclei are stained blue by DAPI.
Scale bar = 25 pm. (B) Representative immunofluorescent staining images of M2 macrophages in mice synovium. Pan-macrophage marker F4/80 is stained green;
M2 marker CD206 is stained red. The CD206" (red) F4/80" (green) double stained areas were magnified in the lower panel, cell nuclei are stained blue by DAPI.
Scale bar = 25 pm. (C) Quantification of the total macrophage density in mice synovium, counted by F4/80" cell number per synovium tissue area. (D) Proportion of
M1 macrophage in the total macrophage, and (E) proportion of M2 macrophage in total macrophage. Data are mean + SD values, and obtained from n = 3 animals
per group. Each animal has 3 slides, and calculated by 3 ROIs under macroscope. Statistical analysis was performed by one-way ANOVA with Bonferroni post hoc test.
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p values with significant difference (p < 0.05) are listed on the figures.

homeostasis. Taken together, our results suggest that the PFD-PLGA +
HA strategy has a high potential to serve as a novel DMOAD therapy for
future clinical management of OA.

4. Discussion

Many recently developed OA drugs target articular cartilage, e.g.,
small molecule SM04690 (targeting Wnt signaling) [37], sprifermin
(targeting FGF18) [38], and UBX0101 (targeting senolytic signaling)
[39]. However, these cartilage-targeting DMOADs show limited thera-
peutic effects in clinical trials. Here we demonstrated the feasibility of
targeting aberrantly high levels of TGFp1 in early-stage OA joints by
using PFD to normalize the bone mineralization and protect the entire
joint from OA progression without obvious side effect. Subchondral
bone was selected as a major therapeutic target because subchondral
bone undergoes dynamic changes prior to cartilage in the early stages of
OA [40]. We observed the time-dependent phenotypic alterations of
subchondral bone changes and found a rapid bone resorption at 1-4
weeks after DMM, and sclerosis development after 4 weeks post-DMM
(Fig. 1A-D). The pathological changes in OA joints are mainly due to
elevated levels of TGFf1 locally. Not limited to the subchondral bone
area, the overactivation of TGFp signaling has been found in all type of
tissues in OA joints [41]. Therefore, we aimed to target the over-
activation of TGFp1 signaling in early OA by I.A. delivery and sustained
release of a TGFp inhibitor, PFD, to prevent the subchondral bone
changes in early-stage OA and prevent subsequent pathological
progression.

As an anti-fibrotic drug for treating idiopathic pulmonary fibrosis
and many other fibrosis diseases, PFD functions as a TGFf inhibitor with
anti-inflammatory effects [42]. We here first tested whether PFD could
attenuate excessive TGFp1-induced hypomineralization in bone-forming
cells. The human osteoblastic cell line Saos-2 and hBMSCs were used as
in vitro mineralization models to investigate the effect of PFD on TGFp1
(Fig. 1E-H). PFD at concentrations of 0, 30, 100 and 500 pg/mL was
tested in the presence of TGFp1 at two pathological concentrations [2
and 5 ng/mL, as in human OA synovial fluid [43]]. We found that PFD at
100 pg/mL could rescue cell mineralization in a culture environment
with excessive TGFB (Fig. 1E-H). These in vitro results provide
cellular-level evidence that PFD have the potential to rescue osteoblast
hypomineralization and subchondral bone sclerosis in OA joints.

It is worth to mention that in clinical practice, patients with idio-
pathic pulmonary fibrosis take PFD orally at doses of 801-2403 mg/day.
Most patients have to take oral PFD daily for more than 18 months, and
the side effects include nausea, photosensitivity and gastrointestinal
issues [44,45]. Considering the high incidence of side effects of systemic
administration of PFD [27,46], and only a very low level of PFD is
required at cellular level for subchondral bone remodeling (100 pg/mL,
Fig. 1E-H), the next question is how to maintain the identified effective
dose of PFD in OA joints and can reach subchondral bone, we therefore
designed the local long-term drug release method, namely, the
“PFD-PLGA -+ HA” strategy (Fig. 3A).

Our considerations in designing this “PFD-PLGA + HA” strategy
included: (1) using I.A. administration to avoid gastrointestinal side
effects; (2) lowering the administration frequency, i.e., PFD was sus-
tainably released at a low dose (100 pg/mL, Fig. 1) for up to 4 weeks
(Fig. 2) by using the biodegradable polymer PLGA; and (3) increasing
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the retention of drug-loaded PLGA-MS and the drug released from PLGA-
MS in the joint cavity; for this, PFD-PLGA-MS was dissolved in an HA
solution at a clinically applied concentration (1.5 %) and molecular
weight (1500 kDa). All above elements together formed a complete
monthly LA. injection “PFD-PLGA + HA” strategy. Following this
design, we achieved sustained release of PFD in early-OA knee joints
with enhanced both safety and therapeutic effects, and significantly
simplified the administration procedure (Fig. 3A).

From the cell study, we optimized that PFD at 100 pg/mL is effective
for rescuing the mineralization of bone forming cells (Fig. 1 F-H). We
then aimed to keep this concentration in joint cavity as long as we could,
thus designed the release system by adjusting the PFD loading dosage
and PLGA system. To achieve this, we dissolved 1 mg PFD-loaded PLGA
MS in 1 mL PBS or HA for in vivo injection. According to the PFD loading
efficacy (192 pg/mg MS), we injected 10 pL (1.92 pg PFD) PFD-PLGA MS
solution into each mice knee joint. Considering that there are only
1.2-6.2 pL synovial fluid in mice knee joint, the final concentration of
the PFD varied from 118.5 to 171.4 pg/mL, which is within the effective
concentration of our in vitro test. We believe this certain set-up is stable
and can be scale up to large animals and human by simply amplify the
volume of solution for I.A. injections without change of concentration.
Considering the synovial fluid volume in human joint is ~6.7 mL per
joint, for the future transition to humans with the mimic the in vitro
working concentration of PFD (~100 pg/mL) and the loading efficacy,
the estimated average volume of injection solution (1 mg MS/mL) is
around 7.3 mL, and the according amount of the microsphere is 7.3 mg,
therefore the total PFD of single injection is around 1398.26 pg by
estimated calculation. We would like to take this chance to address the
safety of this strategy by mentioning the following numbers again: in the
case of treating patients with idiopathic pulmonary fibrosis, the rec-
ommended oral application dosage of PFD for maintaining a stable and
effective concentration in the plasma is 801 mg per serve, three times
daily (i.e., 2403 mg per day). In our case, we are expecting therapeutic
effects by single I.A. injection of ~1.4 mg PFD contented PLGA particles
in HA, and the effects are expecting to last for 30 days, this is signifi-
cantly lower compared to the current clinical drug administration
method.

Hydrogel-based microsphere or microneedle (i.e., hyaluronic acid
methacrylate, chitosan, Alginate HA, GelMa etc.) system are currently
developed as a carrier for DMOADs [47-49]. Regarding the clearance of
PLGA particles in joint, we think HA is very important for the PLGA
microspheres retention. In the animal study, we have set a PFD-loaded
PLGA MS group as control (PFD-PLGA + PBS group in Figs. 3-6), and
we did not observe any therapeutic effects in the PFD-PLGA MS group,
which reflect a fast naturally drainage of the PLGA particles from the
joint, most likely before the degradation. The joint retention of PLGA
particle in the comprehensive system is attributed to HA. If considering
the future application in humans, it is possible that the microspheres
could be cleared from the joint in 4 weeks, this is based on the estimation
of in vivo tracing data at day 28, we observed 0.85 % of the ICG signal
intensity compared to day O (Fig. 2H-J).

Our results demonstrated that exposure to PFD had an immediate
pain relief effect in the first week after injection (groups of PFD + HA,
PFD-PLGA + HA; Figs. 3, 5 and 8), and synovitis was well controlled in
the early inflammation stages with a single injection (2 and 4 weeks
after DMM, Figs. 3A, 5 and 8), supporting the function of PFD on
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Fig. 8. PFD-PLGA + HA treatment reduced joint pain by attenuating synovial and osteophytic CGRP

(A) Representative IHC staining of CGRP in the mouse synovium from the PBS, PFD-PLGA + HA and commercial HA (Ostenil®) groups at 4 and 12 weeks after DMM.
The ROI selection is indicated in Fig. 6A, and the CGRP positive signal is brown. The magnified areas were highlighted in the dashed box. Right panel shows un-
injured joints (healthy) and negative stained controls (IgG). Scale bar = 100 pm. (B) Ratio of CGRP™ cells in total synoviocytes. Data presented as means + SD,
obtained from n = 3 animals in each group. Each animal 3 slides, and calculated by 3 ROIs under macroscope,. Statistical analysis was performed using Kruskal-
Wallis test. p values are listed. (C) Representative IHC staining of CGRP in mice osteophytes from PBS, PFD-PLGA + HA and Commercial HA (Ostenil®) groups
at 4 and 12 weeks after DMM. The magnified areas were highlighted by the dashed box. Scale bar = 100 um. (D) Ratio of CGRP™ cells in osteophytes. Data presented
as means =+ SD, obtained from n = 3 animals in each group. Each animal 3 slides, and calculated by 3 ROIs under a macroscope. Statistical analysis was performed
using Kruskal-Wallis test. p values with significant difference (p < 0.05) are listed on the figure.

synovium like Wei et al. reported in rabbits [26]. Meanwhile, the pain rapidly eliminated via the synovial lymphatic system in the absence of
relief effect was not significant in PFD-PLGA + PBS group, suggesting HA [31]. Thus, HA is indispensable in this design; its lubricative effects
that HA is critical to keep the drug-loaded MS and local PFD concen- is not the main consideration, but an additional function. We too
tration in joint cavity (Fig. 5); the drug-loaded MS is most likely be compared our strategy with current clinical HA treatment (commercial
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HA). Surprisingly, monthly L.A. injection of “PFD-PLGA + HA” has
overall pain relief, symptom-relieving effects, and also demonstrated
multitarget disease-modifying effects: it regulated multiple tissues in OA
joints, namely, subchondral bone (Fig. 3), cartilage (Fig. 4) and the
synovium (Figs. 6-8), and its influence runs through all stages of OA
development. We believe that the following aspects made this thera-
peutic strategy more effective: as a TGFf1 inhibitor, PFD firstly acted on
the synovium and cartilage after being released from PLGA-MS, and the
low level of PFD was jointly maintained by PLGA and HA in joint cavity,
and spread to subchondral bone, thus regulating subchondral bone in
the long term.

Like predicted in the cell-based study (Fig. 1), we observed sub-
chondral bone remodeling effects of PFD-PLGA + HA treatment in OA
animals, and our results showed subchondral bone-modulating effects in
all stages of OA. Specifically, it maintained the subchondral bone
phenotype and density in both early OA and late OA stages, and suc-
cessfully prevented the excessive TGFp1-incurred subchondral bone loss
in early OA and sclerosis in late OA (Fig. 3A-G). We also observed less
osteophytes and reduced joint pain (Figs. 4A and 5), and less synovial
and osteophytic CGRP expression (Fig. 8), which are the histological
features for pain relief effect. We believe that the PFD released from
PLGA effectively acted on bony tissues under the cartilage, which can be
supported by the lower expression levels of subchondral pSmad2/3, the
markers of TGFp-signaling activation observed in the PFD-PLGA + HA
group, compared with the PBS and commercial HA groups (Fig. 3H). The
route by which free PFD reached subchondral bone may be through
inherent small channels in joint tissue. This could be supported by a
cadaveric study that peri-entheseal vascular structure accumulation in
anterior and posterior cruciate ligaments (ACL and PCL, respectively) in
both healthy and OA knee by histology and magnetic resonance imaging
assessments [50]. These peri-entheseal vascular structures in the ACL
and PCL were correlated with distribution of peri-entheseal bony path-
ological changes (e.g., bone marrow lesion) [50].

In terms of the cellular and molecular mechanism of PFD’s effect on
OA joints, the PFD-PLGA + HA treatment showed immunoregulatory
effects on joint tissues and reduced M1 macrophage infiltration
throughout all stages of OA (Fig. 7), and elevated numbers of M2 mac-
rophages were only seen in early-stage OA (4 weeks after DMM, Fig. 7),
but not in the late stage. Recently, Li et al., designed an M1 macrophage-
targeted nanomicelle-hydrogel microsphere, which is fabricated by
dexamethasone (DEX)-loaded nanomicelles and GelMa via microfluidic
technology [51], and can accurately bind to M1 macrophages to pro-
mote M1 macrophage apoptosis and induce M1 polarization inhibition
[51]. Similarly, our delivery system also showed the inhibitory effects of
M1 macrophages. Further, given that M2 macrophages have been
proved to be correlated with tissue fibrosis at late stage of OA, our
intervention not only exerted anti-inflammatory effects but also pro-
tected against further synovial fibrosis. Similarly, there is research evi-
dence for the anti-inflammatory and anti-fibrotic effects of PFD in
synovial fibroblasts. A previous study showed that PFD at 1 mg/mL
reduced the expression of Collal and IL-6 in human synovium-derived
fibroblasts and inhibited fibroblast proliferation in vitro [26]. It is
possible that PFD provides cartilage protection by both inhibiting IL-1f
signaling and reducing the production of MMP and other inflammatory
cytokines, because PFD has also been shown to exert its
anti-inflammatory effect via inhibiting the production of MMP and in-
flammatory cytokines such as TNFa, IL-1, IL-6 and IL-8, which could
also attenuate the MMP-induced cartilage degeneration [23,52], and
this also can be supported by a study by Benton et al., who demonstrated
that PFD (0-5 pM) did not affect cartilage matrix balance and inhibited
the IL-1p-induced nitric oxide release in a dose-dependent manner in cell
culture models [53].

Taken together, we observed overall pain relief, symptom-relieving
effects and disease-modifying effects in multiple joint tissues in the
monthly PFD-PLGA + HA treatment groups, including subchondral
bone, cartilage and the synovium, in the experimental animals
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(Figs. 3-8). Last but not least, we need to emphasis again on the safety
and long-term pain relief effect of this strategy. The ability to achieve
long-term pain relief using monthly L.A. injection along has great po-
tential to address the significant clinical need for pain management in
patients with OA. In addtion, all elements involved in this strategy are
FDA-approved and have been used in clinical for many years, and the
much lower dosage (less than 1/1000 compared to oral administration)
and frequency (monthly injection compared to daily administration) of
administration would not cause additional safety concerns during clin-
ical translation.

The current study has limitations. First, we did not apply the
PFD-PLGA + HA treatment to aging related spontaneous OA model and
large OA animal models such as porcine or equine. These animal models
recapitulate the most common cases of human OA. Further investigation
will be conducted in aging related models and large animal models. In
addition, we did not apply the I.A. injection in established OA model (i.
e., 8/12 weeks after DMM) to assess the therapeutic effects of the
intervention for reversing OA, and future assessment of the attenuative
effects of the PFD-PLGA MS for reversing OA are in need. Second, it is
difficult to trace the drug in vivo. We cannot directly label the PFD
molecule with fluorescent tags because these tags have a higher mo-
lecular weight than PFD, but the significantly lower expression levels of
pSMAD2/3 indicted a lower level of TGFp-signaling activation in
PFD-PLGA + HA treatment group, which partially supported the
effectiveness of PFD on subchondral bone. Third, there might be gender
differences that have yet to be investigated. We evaluated the effects of
PFD on mineralization by Saos-2 cell and hBMSCs in vitro. Saos-2 cells
were derived from female patients, and the hBMSCs were isolated from
three female patients due to the availability of cell lines in the labora-
tory, and only male mice were used for the DMM model to avoid the
hormonal effects [54]. But overall, the therapeutic effects of PFD were
confirmed cross multiple assays. Further pre-clinical and clinical trials
will also be conducted to evaluate the effectiveness and include both
genders.

In conclusion, this long-term release system of PFD attenuated sub-
chondral bone pathology, osteophyte formation, pain-related behavioral
alterations, and alleviated OA phenotype, indicating its potential to be a
novel therapeutic strategy for OA treatment. To our knowledge, this is
the first report about I.A. sustained-release of PFD as a disease-
modifying treatment for early OA, and this strategy has high potential
to become the next generation of DMOAD therapy.

5. Experimental section
5.1. Study design

The goal of this study was to halt early OA development, particularly
the subchondral bone changes, by targeting the excessive amount of
TGFp at the target site by controlled release of a clinically approved
TGFp inhibitor, PFD. Our initial in vitro studies were performed in Saos2
cells and primary hBMSCs to examine the effect of PFD treatment on
osteoblast-like mineralization in the presence of high levels of TGFp in
the culture medium (Fig. 1E). To achieve in vivo long-term controlled
release of PFD in the OA joint cavity at an effective dose, we encapsu-
lated PFD in PLGA and manufactured microparticles, and injected these
microparticles into OA joints together with clinically used HA (the
“PFD-PLGA + HA” strategy, Fig. 3A). OA animal models were estab-
lished by subjecting mice to DMM surgery, and these models were
treated once a month with our treatment strategy (Fig. 3A-Table S1). To
evaluate OA progression, histology, OARSI scoring, gait analysis and
immunostaining of specific cellular and molecular targets were con-
ducted, and the observers performing the analysis were blinded to
whether the samples were from treated or control animals. All results of
the in vitro study were analyzed via conventional laboratory readouts.
De-identified human bone marrow stem cells were isolated from the
femoral head of patients undergoing total hip arthroplasty, and their
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tissue samples were collected with ethical approval from the Joint
Chinese University of Hong Kong-New Territories East Cluster Clinical
Research Ethics Committee (CUHK-NTEC Ref. No. 2013.248 and
Ref. No. 2019.078). All animal experiments were conducted following
the “Animal Research: Reporting of in vivo Experiments” guidelines, and
animals’ care was in accordance with CUHK guidelines. For experiments
expected to yield large differences, the standard practice of using five to
eight replicates was followed. Sample sizes, biological replicates and
statistical methods are provided in the corresponding figure legends. No
data were excluded from analysis.

Ethics approval and consent to participate

Human tissue samples were collected with ethical approval from the
Joint Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (CUHK-NTEC Ref. No. 2013.248
and Ref. No. 2019.078). All signed consent statement form were
collected and recorded.

All animal experiments were conducted following the “Animal
Research: Reporting of in vivo Experiments” guidelines, and animals’
care was in accordance with the guidelines of the Chinese University of
Hong Kong (CUHK, Shatin, Hong Kong SAR). The experimental design
was reviewed and approved by the university’s Animal Ethics and
Experimental Committee (Reference No. 19-241-MIS, No. 22-333-GRF).
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