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Abstract

Mechanisms that govern the shift from joint homeostasis to osteoarthritis (OA) remain unknown.
Here, we identify a pathway used for joint development and homeostasis, and its role in OA.
Using a combination of transgenic, pharmacological, and surgical conditions in mouse and human
tissues, we found that TGF-p signaling promotes joint homeostasis through regulation of the 1L-36
family. We identified I1L-36 receptor antagonist (IL-36 in mice and IL-36RN in humans) as a
potential disease-modifying OA drug. Specifically, OA development was associated with 1L-36a.
up-regulation and IL-36Ra down-regulation in mice with tissue-specific postnatally induced
ablation of 7g7brZ, mice treated with a TGF-p signaling inhibitor, mice with posttraumatic OA,
and aging mice with naturally occurring OA. In human cartilage, OA severity was associated with
decreased TGFBR2 and IL-36RN, whereas IL-36a increased. Functionally, intra-articular
treatment with 1L-36Ra attenuated OA development in mice, and IL-36RN reduced MMP13 in
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human OA chondrocytes. These findings highlight the relevance of TGFBR2-IL-36 interplay in
joint homeostasis and IL-36RN as a potential therapeutic agent for OA.

INTRODUCTION

Osteoarthritis (OA) is a debilitating disease expected to affect 67 million people in the
United States by 2030 (1). In addition to cartilage damage, patients with OA develop
osteophytosis, subchondral bone sclerosis, and synovitis. OA causes multiple symptoms
including joint tenderness, joint stiffness, and pain. Current management of OA is limited by
the lack of therapeutic interventions that alter the rate of progression of the disease.
Although preventing the enzymatic cartilage catabolism of early to mid-stage OA has
therapeutic potential, the ideal targets—the upstream regulatory mediators of these enzymes
—nhave yet to be identified (2-5). Given that the potent anabolic mechanisms used during
early joint development may also be used in adult homeostasis, they provide a potential
means of overcoming OA-related cartilage catabolism. Contemporary organ disease models
of OA suggest that changes in subchondral bone sclerosis, osteophytosis, articular cartilage
destruction, and synovitis are not independent; rather, these tissues are structurally distinct,
but functionally interdependent, entities (6,7). Although proinflammatory cytokines have
been historically associated with advanced OA, they now appear to also have regulatory
roles in early stages of OA (8). Specifically, interleukin-1p (IL-1 B) (9-12) and tumor
necrosis factor-a (TNF-a) (10,13,14) subfamilies appear to regulate matrix
metalloproteases (MMPs) such as MMP13 and A disintegrin and metalloproteinase with
thrombospondin motifs 5 (ADAMTS5) during cartilage degradation.

The TGF-p cytokine superfamily has garnered attention with respect to joint development
and OA. Previously, we reported that mice with prenatally inactivated TGF-p type 2 receptor
(Tgfbr2) in osteochondral progenitors ( 7gforZ’™1KO) do not undergo joint formation (15).
Furthermore, we applied evolutionary pathway analysis to RNA-based microarray data
obtained from laser capture microdissection of developing mouse joint cells, which showed
that a TGFBR2-dependent signaling mechanism that tightly regulated cytokine expression is
required for proper joint formation (16).

Recent reports suggest that proper TGF- signaling is also required to maintain adulthood
cartilage homeostasis. Not only is disrupted TGF-f signaling evident during OA progression
(17), but TGF-B signaling deficiencies induced in normal joints can initiate OA-like
phenotypes in mice as well (18-20). Corresponding interventions have produced promising
results: Manipulating TGF-p signaling in OA joints appears to have potential for opposing
cartilage catabolism induced by IL-1 and TNF-a (21,22). Moreover, both systemically
delivered TGF-p and subchondral mesenchyme-localized TGF- signaling deficiencies are
capable of attenuating surgically induced OA progression (23,24). Overall, these results
suggest that joints require proper TGF-p signaling during both development and
maintenance. Because TGF-f signaling has multifaceted niche-dependent roles within
joints, systemic actions outside the joint, and an as-yet incomplete dossier of transcriptional
regulation targets, interventions that directly affect TGF-f signaling have a high risk for
causing multiorgan side effects. Therefore, developing a clinically effective TGF-p-derived
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disease-modifying OA drug (DMOAD) requires the elucidation of relevant local and
downstream signaling mechanisms.

The aim of the present study was to identify and characterize TGFBR2 downstream cytokine
signaling networks with high potential for translational OA therapy. Specifically, we found
that IL-36a. expression was greatly up-regulated in 7g7brZ"™*1KO embryos at the time and
location of failed joint segmentation compared to controls.

IL-36a belongs to one of several IL-1 cytokine subfamilies (25,26). This IL-36 subfamily
includes three activating ligands (IL-36a., IL-36p, and IL-36), a receptor antagonist
(named IL-36Ra in mice and IL-36RN in humans), and their common subfamily-specific
receptor (IL-36R) (27). Previous reports suggest that 1L-36 subfamily members play critical
roles in inflammatory diseases (28—-32). In synovial fibroblasts and articular chondrocytes,
IL-36p stimulated expression of inflammatory mediators. However, in animal models for
rheumatoid arthritis, the IL-36R-blocking antibody did not affect the phenotype (33-35).
More recently, Conde et al. (36) have reported that chondrocytes from patients with OA have
an increased expression of IL-36a compared to chondrocytes from healthy individuals.

In this study, we investigated the role of the TGFBR2/IL-36a axis in human and mouse
osteoarthritic joints and in isolated chondrocytes. We found that inactivation of TGF-p
signaling led to OA; inhibition of 1L-36a signaling activity by IL-36Ra attenuated these
pathological changes and reduced articular cartilage degeneration in different animal models
of OA. In human cartilage, the severity of OA in osteoarthritic joints was associated with a
decrease of TGFBR2 and IL-36RN, and attenuation of TGF-f signaling in primary human
chondrocytes led to an increase of catabolic factors that was attenuated by IL-36RN.

Tgfbr2P™1KO mice exhibit uncavitated joints associated with IL-36a and IL-36R
overexpression

Compared to control TgforZ10%flox mice, which exhibited knee joint cavities containing
cartilage, menisci, and supporting ligaments, knees from PO (postnatal day 0) 7gfbrZ™1KO
mice lacking 7gfbr2in osteochondral progenitors had an uncavitated and disorganized
cluster of cells and abnormal condyle morphology (Fig. 1, A and B). We then took
advantage of our previous microarray studies that compared gene expression profiles of
messenger RNAs (MRNAS) obtained by laser capture microscopy (LCM) from interzone
cells of TgforP™1KO to TgforX1oXfloX interzone cells, and by further analyses, we found
that MRNA expression of 1L-36a in 7gfbrZ"™1KO mice was 40-fold up-regulated compared
to control (Fig. 1C). The unique receptor for /L-36a.,, named /L-36R, was also up-regulated
more than fourfold in 7gfbrZ™KO (Fig. 1C). /L-36B, IL-36y, and /L-36Rawere only
slightly up-regulated (two- to fourfold) in TgforZ’™1KO mice. These results, which suggest a
link between TGF-B and IL-36a signaling in joint development, were confirmed by reverse
transcription polymerase chain reaction (RT-PCR) for /L-36a and /L-36R (Fig. 1D) and
IHC throughout embryonic joint development (E14.5 and PO; Fig. 1, E and F) for IL-36a..
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Tgfbr2~/~ mice spontaneously develop an OA-like phenotype and have increased damage
from posttraumatic OA

We then explored whether TGFBR2 signaling was also critical for postnatal joint
homeostasis. To that end, we used a Prx1-CreER tamoxifen-inducible system (system’s
recombination efficiency reported in the Supplemental Materials and fig. S1) to generate
TofbrZ”!~ mice, where Tgfbr2is deleted from osteochondral progenitors upon tamoxifen
exposure.

By P6, Tgfbr2”'~ mice showed a decrease in cellularity of the superficial layer of the
articular cartilage and discernable signs of chondrocyte hypertrophy that become more
evident at P31, indicated by increased percentages of hypertrophic chondrocytes (fig. S2, A
to D). Long-term 7gfbr2”'~ mice developed a spontaneous knee OA phenotype that
progressed to complete loss of articular cartilage by postnatal month 9 (P9M) to P12M (Fig.
2A and fig. S3A). Specifically, by P3M, Tgfbr2/~ mice showed proteoglycan loss,
hypertrophic chondrocytes, and cells with endoplasmic reticular ballooning. By P6M,
proteoglycan loss, fibrillation, and moderately deep lesions were noted. By P9M to P12M,
full-thickness cartilage lesions, osteophytes, subchondral sclerosis, and synovitis were
observed (Fig. 2A). At P3M to P6M, IHC analyses showed that the articular cartilage of
mutant mice had increased expressions for Collagen X and MMP13 (fig. S3, B to D). After
the cartilage had been completely degraded (P14M, fig. S4A), we found increased
expressions for MMP13, the subchondral bone, and synovium (fig. S4B).

Structurally, we graded the Safranin O and Fast Green sections using the Osteoarthritis
Research Society International (OARSI) scoring system for rodents with scores that range
from 0 to a maximal score of 6 (37). We found that OARSI scores were clearly higher in
mutants than in controls (tamoxifen-treated 7gfbrZ10X/foX) at all time points (Fig. 2B).
Furthermore, in mutants, OARSI scores increased significantly over time, again indicating
the progressive nature of OA when 7gfbr2is inactivated (£ < 0.0001). Functionally, we
evaluated the relative knee joint mobility using behavioral analyses performed at P9M and
P12M. Using rotarod analysis (Fig. 2C), we found that 7g7br27"~ mice were unable to stay
atop the rotating apparatus as long as their control counterparts. Using open-field analysis
(Fig. 2D), we found that in the same amount of time, mutant mice voluntarily traveled
shorter distances, had longer rest times, and engaged in less rearing activity than controls.
These results indicate that mutants might have painful, less functional joints. To evaluate a
role for TGFBR?2 signaling in other forms of OA, we induced posttraumatic OA via the
DMM (destabilization of the medial meniscus) procedure in 7gfbr2”~ and control mice (fig.
S5). Both Tgfbr2”~ and TgfborXf DMM-operated mice exhibited significantly higher
cartilage degeneration with higher OARSI scores, as early as 4 weeks after DMM, than their
sham counterparts (fig. S5, A and B). Intra-articular (i.a.) injections of TGF-a.1 had no effect
on the increased susceptibility of 7gfr2”/~ mice to developing posttraumatic OA,
confirming the efficiency of the inducible ablation of TGFBR?2 in affecting cell
responsiveness to TGF-B. l.a. injections of TGF-B1 increased Safranin O staining in
ToforZVM control mice subjected to DMM, although OARSI scores were not statistically
different between treated and untreated groups (fig. S5, A and B).
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Up-regulated IL-36a and down-regulated IL-36Ra are observed in both Tgfbr2~~ mice and
wild-type mice treated with a TGF-p signaling inhibitor

Next, we determined whether our prenatal findings, indicating an interplay between
TGFBR2 and 1L-36a/IL-36R, extended to postnatal joint homeostasis and OA progression.
At P3M, before macrostructural cartilage damage had occurred (Fig. 3A), IHC analyses
showed that in mutants, IL-36a/R was up-regulated, whereas IL-36Ra was down-regulated
compared to controls (Fig. 3, B to D). We found that in P3M 7g#r2”~ mice, both I1L-36a
and IL-36R were up-regulated in the articular cartilage and superficial layers of the menisci
and synovia (Fig. 3, B and C). This expression pattern persisted at late stages of OA (fig.
S6A). We also found that IL-36Ra was down-regulated in the articular cartilage (Fig. 3D)
but up-regulated in the synovia (fig. S6B) of 7gfbr2”/~ mice.

We examined the relationship between the I1L-36a system and TGF-p signaling using a
pharmacological approach by treating wildtype mice with an inhibitor of TGF- signaling,
SB-505124 (38). Mice that received SB-505124 showed an enhanced chondrocyte
hypertrophic phenotype (with a ratio of hypertrophic chondrocytes of 25.22 + 0.67% in
SB-505124—treated mice versus 16.13 + 0.68% in vehicle-treated mice; £< 0.005, n=4)
that was associated with increased I1L-36a and IL-36R but decreased IL-36Ra expression
(Fig. 3E). Mice treated with SB-505124 via intraperitoneal injection from P21 to P50 did not
show any noticeable side effects. As expected, we found unchanged TGFBR2 expression but
a decrease in phosphorylated Smad?2, indicating the effectiveness of SB-505124 in
interfering with SMAD signaling (Fig. 3E). Together, these results suggest that inhibition of
TGF-B signaling by either genetic ( 7gfr2~'~ mice) or pharmacological (SB-505124) means
induces an OA-like phenotype that occurs with a concomitant increase in IL-36a/R and a
decrease in IL-36Ra expression.

In wild-type mice, IL-36Ra attenuates posttraumatic OA and IL-36a exacerbates the

phenotype

We then evaluated whether the TGFBR2/IL-36a axis was involved in the DMM-induced
posttraumatic OA in wild-type mice (Fig. 4A). We found that, after DMM surgery, TGFBR2
expression decreased within the regions of increased mechanical loading (i.e., weight-
bearing region of the medial tibial plateau) as early as 3 days after surgery, and this
expression pattern was associated with a decrease in IL-36Ra and increases in I1L-36a.,
IL-36R, and Mmp13 within the same regions. This inverse expression pattern between
TGFBR2-IL-36Ra and IL-36a—-1L-36R was consistent 5 days after DMM (Fig. 4B). We
found an increase in TGFBR2 expression in the interfacing region between the articular
cartilage and the synovium (fig. S7, A and B), a region that we had previously reported to
show slowly proliferating, multipotent, TGFBR2-expressing cells (39). Two and 12 weeks
after DMM surgery, within the formed arthritic lesions expression of TGFBR2, IL-36Ra,
IL-36a, IL-36R, and Mmp13 became almost undetectable (fig. S8). These results suggest
that dampened TGF-f signaling might induce a hyperactivation of the IL-36a signaling to
trigger the onset, but not maintenance, of OA. Our data suggested that, in articular cartilage,
the abnormal mechanical loading caused by DMM leads to down-regulation of TGFBR2
that triggers an early down-regulation of 1L-36Ra and up-regulation of 1L-36a/IL-36R to
induce expression of catabolic factors like Mmp13 causing OA progression.
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Pharmacological inhibition of IL-36a/R attenuates OA progression, whereas IL-36a
signaling hyperactivation exacerbates OA phenotypes

To evaluate the potential of IL-36a/R signaling as a target for pharmacological OA therapy,
we performed i.a. injections of IL-36Ra or phosphate-buffered saline (PBS) (as control
vehicle) in 7gfbrz'~, as well as in DMM-induced OA mice, and their respective controls
(Fig. 5A). To determine the appropriate dose regimen, IL-36Ra was injected into the knee
joint of 7gfbrz”~ mice and controls (3 months old), respectively, at doses of 10, 50, or 250
ng per injection daily for 3 days. The length of treatment was based on the observation that
in DMM-induced OA, IL-36a signaling is increased at 3 days after surgery but such an
increase is not maintained throughout OA progression (Fig. 4), indicating that 1L-36a might
be needed to trigger but not to sustain the progression of the disease. One month after
injections, no significant effects were noted in 7gfbr2~ mice that received 1L-36a/R at
either a dose of 10 or 50 ng per injection (fig. S9). In Tgfr2~ mice that received IL-36Ra
at a dose of 250 ng per injection, 1 month after injection, we noted attenuation of the OA
progression. This was indicated by a decrease in chondrocyte hypertrophy, as well as by less
fibrillation, reduced matrix destruction, and decreased expression of collagen 10 and
Mmp13 (Fig. 5B). The positive effects of IL-36Ra were detectable 3 months after the
injection as indicated by the lower OARSI scores (Fig. 5C).

On the other hand, i.a. injections of IL-36a worsened OA of 7gfbr2~'~ mice at both 1 and 3
months after injection (Fig. 5, B and D). IL-36a injections given to control mice induced a
mild OA-like phenotype (Fig. 5, B and D). To further determine the role of IL-36a signaling
in DMM-induced posttraumatic OA, we performed i.a. injections of either IL-36Ra, I1L-36a.,
or PBS in either mice subjected to DMM or sham mice, daily for 3 days starting after
surgery. Animals were euthanized 8 weeks later (Fig. 5E). Injection of IL-36Ra partially
attenuated the OA process as indicated by the decreased degeneration (>52%) of the
articular cartilage by OARSI scores (Fig. 5, F and G), whereas IL-36 a.’s injection
exacerbated DMM surgery and worsened OA (Fig. 5, F and G). Together, our studies show
that IL-36Ra can have therapeutic effects in OA, especially in the presence of an upstream
down-regulation of TGF-p signaling (either genetically or DMM-induced).

Expression pattern of TGFBR2 and IL-36 family in articular cartilage along age-related joint
pathology progression

Previous studies have reported that in human cartilage, TGFBR2 signaling decreases with
age (40). To evaluate the potential role of TGFBR2/IL-36 signaling in age-related
spontaneous OA, we examined the expression patterns of TGFBR2/pSmad?2 and
IL-36a/R/Ra from 2 to 23 months of age in the knee cartilage of wild-type mice (Fig. 6).
First, we found evidence of gradually developed OA-like phenotype over time especially
after 16 to 17 months (Fig. 6). Furthermore, we found decreased TGFBR2/pSmad2
expression over time. For IL-36a/R, expression increased to peak amounts at P12M to
P13M and then gradually decreased when 1L-36Ra decreased. These results in aging mice
are consistent with the findings observed in 7gfbr2”~ mice, SB-505124-treated mice, and
DMM-subjected mice, where a decrease in TGFBR2 corresponds to a derangement of the
IL-36a/R/Ra system and is related to OA development.

Sci Transl Med. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 7

IL-36a/IL-36R expression is increased in pathologic human cartilage

To build upon our preclinical relationships regarding TGFBR2 expression, IL-36a/R
expression, and OA development, we examined specimens from human organ donors with or
without morphological/histological OA-like degenerative changes, as well as specimens
from subjects with end-stage OA cartilage obtained perioperatively during total joint
arthroplasty. Joints, obtained from organ donors with no previous history of joint disease,
were graded for morphologic OA-like changes based on Collins grading and histologic OA-
like appearance based on the OARSI Osteoarthritis Cartilage Histopathology Assessment
System (OOCHAS) grading system (41-43). The articular cartilage was then shaved from
the condyle, digested, and prepared for RT-PCR analysis (Fig. 7, A to E).

To better understand the spatiotemporal expression patterns of target gene expression during
the OA-like degenerative process, we performed IHC analysis for IL-36a,, IL-36R,
IL-36RN, MMP13, and TGFBR2 on histological sections spanning a progressive range of
cartilage degeneration states (Fig. 7F). Specifically, before IHC, sampled sections were
stained for Safranin O and Fast Green, and scored using the OOCHAS histopathology
system. We then identified the subpopulation of scored sections encompassing this
progressive cartilage degradation range (OOCHAS scores of 1 to 3) and performed IHC on
adjacent sections.

We found gradually increasing expression of IL-36a, IL-36R, and Mmp13 at both mRNA
(Collins grades 0 to 3; Fig. 7, A to E) and protein (OOCHAS grades 1 to 3; Fig. 7F) levels.
We found a decrease in IL-36RN (human form of IL-36Ra) expression at both mRNA
(Collins grade 3; Fig. 7C) and protein levels (OOCHAS grade 3; Fig. 7F). Higher-
magnification results of ROIs in Fig. 7F are shown in fig. S10. This pattern correlated with
the severity of cartilage degeneration, with a drastic decrease noted at Collins grade 3. In
end-stage OA specimens, clusters of cells highly expressing IL-36RN and TGFBR2 were
found in the upper cartilage layer within the vertical fissures of OA damage (OOCHAS
grade 3) according to histological characteristics (fig. S10). From grades 0 to 3, TGFBR2
protein (by IHC) and 7gfbr2 mRNA (by RT-PCR) gradually decreased, and this pattern
paralleled increases in IL-36a, IL-36R, and Mmp13 proteins and mRNAs, whereas
IL-36RN decreased by grade 3, presumably indicating that TGFBR2 signaling may be an
upstream mediator of the changes in IL-36a/IL-36R/IL-36RN and Mmp13 expression. The
articular cartilage of joints affected by severe OA, either from subjects with end-stage
disease that underwent arthroplasty or from donors that showed severe histological
degenerative changes (Collins grade 4), exhibited substantial decreases in proteins (figs. S10
and S11) and mRNA for all targets (Fig. 7, A to E). Similar to our preclinical aging results,
this pattern is likely indicative of an extremely pathological OA environment in which
chondrocytes become metabolically silenced and/or dramatically decreased in number.

Further RT-PCR analyses of anabolic factors (Sox9, collagen 2, and aggrecan) and catabolic
factors (Adamts4, Adamtss, and Mmp3) were performed. We found that OA severity
(Collins grade from grade 0 to grade 4) was associated with a decrease of collagen 2and an
increase in the MRNA expression of Adamts4, Adamts5, and Mmp3 (fig. S12). Decreased
MRNA of Sox9and aggrecan were associated with more severe OA (Collins grades 3 and
4).
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In human chondrocytes, inhibition of canonical TGF-p signaling induces a dose-dependent
increase of IL-36a, IL-36R, and Mmp13 and decrease of IL-36RN

We used primary cultures of isolated human healthy chondrocytes to evaluate the effect of
blocking TGFBR2 signaling on IL-36/IL-36R expression and the effect of IL-36RN
treatment on Mmp13 expression. First, SB-505124 treatment induced a dose-dependent
increase of IL-36a and IL-36R, but a decrease of IL-36RN as evaluated by RT-PCR (Fig. 8,
A to C). SB-505124 treatment also induced a dose-dependent increase of Mmp13, as
evaluated by RT-PCR and Western immunoblotting analyses (Fig. 8, D and E). These effects
were partially rescued by TGF-p1 treatment. The inhibition of TGF-f signaling by
SB-505124 was again confirmed by a decrease in pSmad2, and the TGF-B1 rescue effect
was confirmed by an increase in pSmad2 (Fig. 8E). Second, IL-36a treatment induced a
dose-dependent increase in Mmp13 expression (Fig. 8, E and F). IL-1p was used as a
positive control (44). Western immunoblot analyses showed that treatment with either
IL-36a or IL-1p was sufficient to increase pERK1/2 (phosphorylated extracellular signal—
regulated kinase 1/2), pP65, pP38, and pJNK1/2 (phosphorylated c-Jun N-terminal kinase
1/2) (fig. S13). The results suggest that IL-36a regulates MMP13 expression via the nuclear
factor xB (NF-xB) and mitogen-activated protein kinase (MAPK) pathways. In addition,
IL-36a treatment induced a dose-dependent increase in Adamts4 and Mmp3 expression, but
a dose-dependent decrease in Sox9, collagen 2, and aggrecan expression, suggesting that
IL-36a plays an essential role for chondrocyte homeostasis as a catabolic factor (fig. S14).
A low concentration (2 ng/ml) of IL-36a increased Sox9expression (fig. S14) and a dose-
dependent decrease of Adamts5. Third, in human articular chondrocytes obtained from
samples of end-stage OA, IL-36RN induced a dose-dependent decrease in Mmp13
expression at both protein and mRNA levels (Fig. 8, Gto I).

DISCUSSION

TGF-p signaling has been widely reported to have a central role in synovial joint
development and homeostasis—Ileading to the notion that manipulating TGF-p signaling
may represent a promising means to therapeutically combat clinical OA (15, 19, 23, 45, 46).
However, because TGF-B level intervention is expected to induce severe negative multiorgan
side effects, development of a clinically effective TGF-p—derived DMOAD requires that we
understand the relevant local and downstream signaling mechanisms in the joint. In this
study, we identified IL-36a and IL-36Ra/N as critical components of a highly conserved
mechanism by which TGFBR?2 signaling regulates joint development and joint homeostasis.
We presented the feasibility of using IL-36RN as a therapy for OA.

To evaluate the feasibility of developing a clinically effective TGFBR2/IL-36a./IL-36Ra/N-
derived DMOAD, we investigated the extent to which this motif was relevant to adult joint
homeostasis and clinical OA. We found that this three-part motif was conserved in different
murine and human systems: When one component (namely, TGFBR2) of the system was
altered, the other two were affected accordingly.

First, postnatal 7gfbr2 inactivation in joint progenitor cells resulted in spontaneous OA
development that was concomitant with increased expression of IL-36a.. This OA phenotype
is consistent with the phenotype of Co/2-CreER:: TgforZ1o¥/flox mutant mice (19). The

Sci Transl Med. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 9

protective role of TGFBR2 signaling observed in these progenitor (PrxI-CreER) and
cartilage (Co/2-CreER) cell populations is opposite to the effect reported in Nestin-CreER
mesenchymal stromal cells (23). These apparently contradictory findings may indicate a
multifaceted and niche-specific role for TGFBR2 signaling in joint homeostasis and OA
progression and between the bone marrow and joint environments. Thus, it is possible that
the local prohomeostatic effect of TGFBR2 signaling within the joint is insufficient to
protect it from opposing marrow-derived systemic changes in TGF- signaling.

Furthermore, pharmacological TGFBRI inhibition via SB-505124 produced an enhanced
chondrocyte hypertrophy phenotype in wildtype mice and a dose-dependent increase in
Mmp13 expression in healthy primary human chondrocytes—both with a corresponding
increase in IL-36a. These results suggest that proper TGF-p signaling is required to
maintain homeostatic concentrations of IL-36a/R and Mmp13. Although results observed in
TGFBR2-deficient mice and SB-505124-treated mice are similar, we cannot exclude the
possibility that SB-505124’s effects are due to the inhibition of ALK family members
eliciting TGF-B/TGFBR2-independent signaling and that effects observed in TGFBR2-
deficient mice are due to noncanonical SMAD-independent signaling. Direct treatment with
IL-36a produced an OA-like phenotype in wild-type mice and a dose-dependent increase in
Mmp13 expression in normal primary human chondrocytes. In agreement with our results,
Conde et al. (36) have recently reported that OA chondrocytes express more IL-36a than
healthy chondrocytes, and IL-36a induced expression of MMP13, NOS2 (nitric oxide
synthase 2), and COX-2 (cyclooxygenase 2) while activating NF-xB and p38 MAPK
pathways. TGF-p signaling has been reported to be inactivated in spontaneous and
instability-induced OA due to reduction in TGF-a expression and Smad2 phosphorylation
(47, 48). Consistent with these reports, we found a decreased expression of TGFBR2 in the
arthritic lesions induced by DMM. Further consistent with our findings are reports showing
that TGFBR2 signaling in cartilage decreases with age in humans (40). We previously
reported the characterization of joint TGFBR2-expressing progenitors cells with slow
proliferative and multidifferentiating traits and their localization within specific niches, such
as the synovial-articular cartilage region (39). The increased number of TGFBR2-expressing
cells after DMM in the synovial-articular cartilage region might be due to a protective
response from these cells and may account for the more severe DMM-induced OA
phenotype noted in 7g#br2/~ mice compared to controls. Furthermore, pharmacological
inhibition of IL-36a/R with IL-36Ra attenuated the posttraumatic OA progression in wild-
type mice, suggesting potential therapeutic applications of IL-36RN in human posttraumatic
OA.

Last, mice with spontaneous age-related OA exhibited decreased TGFBR2 expression and
increased IL-36a expression in articular cartilage, indicating that a TGFBR2-IL-36
interplay subsists in physiological conditions (aging) in which the TGFBR2 system has not
been experimentally manipulated. Increased IL-36Ra expression in the middle zone of
articular cartilage at P6M to P7M might suggest a potential endogenous chondroprotective
effect by blocking IL-36R signaling, while at late ages (P12M to P13M), a decrease of
IL-36Ra corresponds to the peak expression for IL-36a and IL-36R.
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In joints from human donors, we found that the pattern of decreased TGFBR2 and increased
IL-36a not only was present but also became more dramatic as a function of the degree of
cartilage degeneration (among samples with different Collins grades) and proximity to the
lesion site (within a given sample). These IHC findings were confirmed by RT-PCR analysis
on isolated primary chondrocytes from donors with high-grade degenerative changes.

Having established the consistency and clinical relevance of this TGFBR2-1L-36 motif, we
then investigated the feasibility of using IL-36a inhibition as a clinically effective DMOAD.
We hypothesized that the excess IL-36a activity could be blocked pharmacologically using
its receptor antagonist IL-36Ra/N. Our experiments produced consistent results across
mouse and human studies: In mice, i.a. IL-36Ra treatment was sufficient to arrest the
spontaneous OA progression of TGFBR2-deficient mice in both the short and long term, and
mitigated the DMM-induced OA in wild-type mice. In primary human chondrocytes isolated
from OA joints, IL-36RN treatment reduced Mmp13 expression in a dose-dependent
manner. Together, our results provide a strong body of evidence in support of using IL-36RN
as a future therapy for OA. Furthermore, the highly conserved nature of the TGF-p-1L-36
system between mice and humans implies that preclinical studies can be used to rapidly
accelerate our understanding of how TGF-p signaling regulates IL-36a and, subsequently,
how IL-36 signaling is involved in catabolic OA processes. The presence of this pathway in
an injury-induced OA model reinforces the concept of a general, high-level regulatory role
for the TGFBR2/IL-36 axis in OA pathogenesis and implies that IL-36RN treatment is also a
potential therapy for patients that develop OA due to known joint injury (49).

Future studies are needed to evaluate IL-36RN as a potential DMOAD in the context of OA
as an organ disease affecting other joint tissues (beside articular cartilage) and to confirm
that IL-36RN’s potent effect within the joint occurs without the negative systemic effects.
Future investigations are also warranted to determine whether the effects seen after TGFBR2
ablation may not be exclusively 1L-36 dependent, as indicated by the fact that IL-36Ra
attenuated but did not totally rescue the spontaneous OA observed in 7gfbr2”~ mice. In our
study, we used i.a. injection (versus systemic) as a route for IL-36Ra/RN administration to
avoid potential systemic effects, and therefore, it is more suitable for clinical use. We
recognize that intra-articularly—injected drugs can be rapidly cleared. However, in patients
with OA that fail systemic drug treatment, long-term beneficial effects have been reported
after i.a. injections of other drugs, although results are still debated (50-54). In future
studies, we will evaluate systemic versus i.a. effects of I1L-36Ra/RN. We speculate that the
sustained beneficial effects by the short course of i.a. administration of IL-36Ra is related to
the likelihood that IL-36a signaling is needed to initiate the OA process but not in OA
progression. This is supported by the high expression pattern of IL-36a/IL-36R at the early
stage of the disease (3 days after DMM) and the almost disappearance at later stages (3
months after DMM). Further evidence for a predominantly early role of the TGFBR2/1L-36
signaling axis in OA development is provided by the observation that in TGFBR2-deficient
mice, substantial IL-36a up-regulation was observed before the cartilage started to degrade.
Similarly, although we observed a substantial and grade-dependent increase in IL-36a
expression in donor-derived human tissues, these donors had no reported medical history of
joint disease. Thus, early IL-36RN treatment has promise as a clinical DMOAD: It provides
a potential means to restore joint homeostasis before any irreversible damage has occurred
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and to halt the OA process when it is just started. Because this window of opportunity might
be passed by the time a patient presents with joint pain, there is a rationale for pursuing
future studies aimed at evaluating IL-36a and IL-36RN as potential early biomarkers for OA
in subjects at high risk to develop OA (i.e., postinjury). In summary, we have identified and
characterized a TGFBR2/IL-36 signaling axis in joint homeostasis and joint degeneration in
OA and demonstrated the viability of pharmacologically manipulating this axis by
IL-36Ra/RN to attenuate the OA process.

MATERIALS AND METHODS

Study design

The aim of this study was to explore the role of the TGFBR2/IL-36 axis in joint
development, joint homeostasis maintenance, and the preclinical use of IL-36R antagonists
as potential therapy for OA. Microarray analyses and immunohistological staining
implicated IL-36a in articular cartilage development and OA. Ablation of 7gfbr2induced
OA-like phenotypes but rescued by i.a. injection of IL-36Ra, which was analyzed using
histological staining and the OARSI histological scoring system. Inversely related
expression patterns between TGFBR2 and IL-36a were further confirmed in DMM-induced
and aging-induced OA by histological staining, immunohistological analyses, or RT-PCR.
We used only male mice for DMM surgery, because tamoxifen is widely reported to have
effects in females, including in cartilage, and male mice are much more susceptible to the
development of OA. An investigator who was blinded to the study design performed the
histological analyses. Using OA grading based on the OARSI murine scoring system, coded
slides were assigned randomly to blind the relevance to the experiment. After grading,
histology scores were decoded and assigned to their experimental group. A statistician was
consulted before the study to determine the minimum number of animals that would be
required for a specific study on the basis of power analysis using relevant published data.
Experiments had been done with three to six animals/donors per group as indicated in the
figure legends. Human subjects were randomly chosen, with male and female subjects
represented equally. Primary data are reported in data file S1.

Human subjects

Two types of primary human joint specimens were collected. First, we collected fresh
human femoral condyle and tibial plateau specimens (7= 28) from subjects receiving total
knee arthroplasty at the University of North Carolina Hospitals (Chapel Hill, NC, USA) for
a diagnosis of end-stage OA. Subjects with a previous history of joint trauma were not
considered for enrollment. The study was granted an exemption by the University of North
Carolina Institutional Review Board for these discarded “end-stage OA” specimens. In
addition, human joint specimens (n7= 70) were obtained from cadaveric donors with no
previous documented history of joint disease by way of the National Disease Research
Interchange (Philadelphia, PA, USA) and Gift of Hope Organ and Tissue Donor Network
(Itasca, IL, USA). These donor specimens were derived from both knee (7= 66) and ankle
(n=4) joints, and cartilage samples were isolated as previously reported (55). Sectioned
joints were morphologically graded for OA-like cartilage degeneration using the Collins
method (42).
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Paraffin embedding, histological sectioning, and IHC were performed as above on both end-
stage OA (n=21) and donor cartilage specimens (/7= 36). The OOCHAS histopathology
grading system was applied to adjacent Safranin O and Fast Green-stained sections to
provide a microscopic counterpart to the macroscopic Collins grades (41, 43). mMRNA was
extracted from shaved cartilage samples of both end-stage OA (/7= 4) and donor (7= 30)
knee joints and used for RT-PCR. Primary human chondrocytes were isolated from the
remaining end-stage OA (n7= 3) and donor ankle cartilage (7= 4) specimens; cells were
cultured for in vitro assays.

Statistical analysis

Data are presented as the means + SEM or +SD. Statistical software (GraphPad Prism) was
used to evaluate the results of experiments. Differences among multiple groups were
assessed by one-way ANOVA followed by Tukey’s multiple comparison post test for all
possible comparisons. Comparison of two groups was performed using an unpaired
Student’s ttest. Significance was set at £< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ablation of Tgfbr2 in Tgfbr2P™1KO causes defects in joint development and up-regulation
of IL-36a. expression.

(A) Whole-mount alcian blue and alizarin red staining for PO hind limbs of 7gfbrAlox/flox
and 7gfbrZ™1KO mice at low (top) and high (bottom) magnification. (B) Sectional
hematoxylin and eosin staining of knees from E16.5 and PO hind limbs. The tibia (T), femur
(F), meniscus (M), patellar (P), patellar ligament (PL), cruciate ligament (CL), and articular
cartilage (AC) are labeled. 7= 3 mice per group. (C) Microarray analysis (16) of the
complementary DNAs from LCM in the interzone cells of both 7gfbrZ1ox/flox (control, Crl)
and Tgfor™1KO knockout (KO) at E14.5 (embryonic day 14.5). Left (control) and middle
(KO) columns represent normalized signal data; the right column represents KO/control
ratio of normalized signal data. (D) Quantitative RT-PCR (gRT-PCR) analysis of LCM
samples showing expression of IL-36a in the 7gfbrX1oX/flox interzone, compared to the
Tgfbor2PXIK0 presumptive interzone. All 7= 3 replicates per group are shown. Data are
means + SD. ****P< 0.0001 (unpaired Student’s ¢test). Limb buds were dissected from
E14.5 (E) or PO (F) TgforX1oXflox and 7fbrP™1KO embryos, and then embedded in
paraffin. Sections including interphalangeal (E) or knee (F) joints were subjected to
immunohistochemistry (IHC) analysis using anti-1L-36a antibody [distal side: right for (E)
and top for (F)], respectively. n= 4 embryos per group with 7= 6 IHC sections analyzed per
embryo. Quantification of IHC is shown in the right panels (7= 3 embryos per group).
White/black frames indicate comparable interzone and knee joint regions shown in high
magnification in the bottom panels (a, a’, b, and b”). Data are means + SEM. **P < 0.01 and
***P < 0.001 (unpaired Student’s #test). Scale bars, 100 um.
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Fig. 2. Postnatal ablation of Tgfbr2 in Tgfbr2"' mutants leads to OA development, mobility-
related behavioral changes, and accelerated posttraumatic OA.

(A) Coronal Safranin O- and Fast Green-stained sections of murine medial tibial plateaus.
Black frames indicate regions shown in high magnification (right column). Black arrows
indicate degraded articular cartilage, subchondral bone sclerosis, and synovial reaction. (B)
OARSI score analysis in 3-, 6-, 9-, and 12-month-old 7gfr2~ (Mut) mice treated with
tamoxifen and in 7gfrZVf (control, Crl) mice. (C) Rotarod measurements of first ride
around time and (D) timed open-field measurements of distance traveled, rest time, rearing
event count, and mean rearing event duration. /7= 5 mice per group. Error bars denote SEM.
***P<0.001 and ****P< 0.0001 [one-way analysis of variance (ANOVA) and Tukey’s
multiple comparison post test]. Scale bars, 100 um.
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Fig. 3. Genetic ablation of Tgfbr2 and pharmacological inhibition of TGF-g signaling induces up-
regulation of IL-36a and IL-36R; IL-36Ra is down-regulated.

Sections from 7gfbr2”'~ (Mut) mice and 7gforZVfl (Crl) 3-month-old mice were subjected
to the following: (A) Safranin O and Fast Green staining of articular cartilage in coronal
sections of the tibia medial compartment. Black frames indicate regions shown in higher
magnification (bottom row); black arrows indicate hypertrophic chondrocytes. IHC analyses
for (B) IL-36a, (C) IL-36R, and (D) IL-36Ra, respectively, where black arrows indicate
positive cells. (E) Daily intraperitoneal injections of SB-505124 (5 mg/kg body weight) or
an equivalent volume of vehicle (controls) were administered to mice from P21 to P50. Top
left: Safranin O and Fast Green staining of articular cartilage in coronal sections of the tibia
medial compartment from mice treated with vehicle or SB-505124 for 30 days and analyzed
1 day after the last injection. Bottom, middle, and top right: IHC for TGFBR2, pSmad2,
IL-36a, IL-36R, and IL-36Ra. Quantification of IHC density in the region of interest (ROI)
of the articular cartilage (black or light blue frame) shown in the right panels of each group
image, relative to either mutant [mut; (B), (C), and (D)] or vehicle (E), which were given a
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value of 1. Black arrows indicate positive cells. 7= 4 mice per group. Data are means +
SEM. ns, nonsignificant. **£ < 0.01 and ***P < 0.001 (unpaired Student’s ztest). Scale
bars, 100 pm.

Sci Transl Med. Author manuscript; available in PMC 2020 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal.

m

Safranin O and

DMM/sham surgery
P10w Sac Sac Sic Sac
I -
3 days 5 days 2 weeks 12 weeks (Time after surgery)
3 days after surgery 5 days after surgery
Sham DMM
{ =
0§
U]
B
©
L S
2157 x
o
gl % e x gror= F s
E 'S £ 0.5
2 Zool 1N
= 0“$
R D oo ‘o o — -
. Y N Y " E B0 A D ~
o LN .k,. "R' 2 1.5 -.' ¥ 2 ’n k‘ &
v o o 3 N P >
© & 2 @ 1.0 “x A x
i/ . 5 0.5 i# 4 ¢ :
= “ | 3 & 0.0 ot R ] X -}( -
sl : - A - .
2 i & 154 lil = i = x 2
|l x - 'S 840 .. 3 :
G R, 2 x x x
© 2 0.5
4 2.0/ |
= 0“\\&
" o e » 2
P x x I a x x ; x
® 2 Bk
= ('S £ v
-3 o- ‘b "(-
ro’ééo 0“\6\
©154 — ° ;
it %10- 2
% A £ 5 x X
= s O_J
S .
& S = — L -
“ “ © SO o AN _ﬁ\ @

Page 21

FBR

e T

elati

CaNWAGO

Rl Yl

%]*
x
*

Relative IL-36 «

Relative IL-36R

© N & O

Relative MMP13
i

Fig. 4. DMM induces posttraumatic OA and changes in expression of TGFBR, IL-36a, IL-36Ra,

IL-36R, and MMP13.

(A) C57BL/6 mice subjected to DMM or sham surgery at postnatal week 10 (P10w) were

euthanized 3 and 5 days and 2 and 12 weeks after surgery, respectively, and evaluated

histologically. Later time points are shown in fig. S6. 7= 3 mice per group. (B) Safranin O
and Fast Green staining (top) of articular cartilage in coronal sections of the tibia medial
compartment of the knee. IHC (brown stain, bottom) for TGFBRZ2, IL-36a, IL-36Ra,
IL-36R, and MMP13 was performed on adjacent sections. Black frames on Safranin O and
Fast Green sections indicate the cartilage loading regions shown in higher magnification for

IHC experiments (bottom panels). Black arrows indicate IHC-positive cells in articular

cartilage. Red arrows indicate IHC-positive cells in the deep zone of the articular cartilage.
Quantification of IHC density in the ROI (light blue frame) shown in the right panels of each
group image, relative to sham control, which was given a value of 1. Data are means + SEM.
**P<0.01 and ***P< 0.001 (unpaired Student’s #test). 7= 3 mice per group. Scale bars,

100 pm.
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Fig. 5. Intra-articular injection of IL-36Ra attenuates the OA-like phenotype caused by either
ablation of Tgfbr2 or DMM surgery; I1L-36a worsens the OA-like phenotypes.

(A) Tgforz”= (Mut) mice and TgforZVT (Crl) mice injected with tamoxifen (Tam) at P3
were intra-articularly injected daily for 3 days with either IL-36a (250 ng per injection) or
IL-36Ra (250 ng per injection) or vehicle at P3M. Mice were euthanized at either P4AM or
P6M and evaluated histologically. 7= 5 animals per group. (B) Safranin O and Fast Green
staining (top) of articular cartilage in coronal sections of the tibia medial compartment of the
knee. IHC (brown stain, bottom) for Mmp13 and collagen 10 was performed on adjacent
sections. Black frames on Safranin O and Fast Green sections indicate the regions shown in
high magnification for IHC experiments (bottom). Quantification of IHC density in the ROI
(light blue frame) shown in the right panels of each group image, relative to Crl, which was
given a value of 1. Data are means + SEM. **P< 0.01 and ***P < 0.001 (unpaired Student’s
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ttest). n=5 mice per group. Scale bars, 100 pm. (C and D) OARSI score analysis 1 and 3
months after injection. PBS-injected groups are from the same experiment and were used as
the control group for both of the IL-36Ra—injected groups (C) and for the IL-36a—injected
group (D). n=5 per group. **P< 0.01, ***P< 0.001, and ****P < 0.0001 (one-way
ANOVA and Tukey’s multiple comparison post test). (E) C57BL/6 mice subjected to DMM
or sham surgeries at P10w were intra-articularly injected daily for 3 days with either IL-36a
(250 ng) or IL-36Ra (250 ng) or vehicle. The first injection was performed 4 hours after
surgery. Mice were euthanized 8 weeks after surgery and evaluated histologically. (F)
Safranin O and Fast Green staining (top) of articular cartilage in coronal sections of the tibia
medial compartment of the knee. (G) OARSI score analysis. 7= 6 per group. *£ < 0.05 and
***P < 0.001 (one-way ANOVA and Tukey’s multiple comparison post test).
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Fig. 6. Age-dependent expression patterns of 1L-36a/IL-36R/IL-36Ra, TGFBR2, and pSmad2 in

knee articular cartilage of wild-type mice.

Top row: Representative sagittal Safranin O— and Fast Green—stained sections of femoral
cartilage taken from the medial compartment. Bottom rows: IHC for IL-36a, IL-36R,
IL-36Ra, TGFBR2, and phosphorylated Smad2 (pSmad2). Sections are adjacent to those
stained for Safranin O and Fast Green (top row) and positive cells are stained brown. Black
arrows indicate positive cells. Knees were harvested at 2 to 3M, 6 to 7M, 12 to 13M, 16 to
17M, and 22 to 23M of age. Results were consistent in /7= 4 mice per group. Scale bars, 100

pm.
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Fig. 7. Analysis of IL-36a, IL-36R, IL-36RN, Mmp13, and Tgfbr2 in histological and end-stage
OA.

(A to E) RT-PCR results for /L-36a., IL-36R, IL-36RN, Mmpl13, and Tgfbr2. Tissues were
collected from human tissue donors graded with the Collins method and from patients with
end-stage OA. n=4 donors per group. Data are means + SEM. *P< 0.05 and **P< 0.01
(one-way ANOVA and Tukey’s multiple comparison post test). (F) Histologically sectioned
samples from donor cartilage specimens spanning a range of macroscopic morphological
(Collins grades) and histologic (OOCHAS scores) cartilage degradation states. Intact donor
condyles were assigned morphological grades (Collins grades, 0 to 3 labeled in red) and then
histologically processed. Sections were Safranin O— and Fast Green—stained and scored
using the OOCHAS histopathology system (OOCHAS scores of 1 to 3 labeled in green).
Adjacent sections were subjected to IHC of IL-36a, IL-36R, IL-36Ra, Mmp13, and
TGFBR2, respectively. Red and black frame squares indicate representative and comparable
regions in the superficial zone and the middle zone. 7= 4 per group. Scale bars, 100 pm.
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Fig. 8. Interplay between TGFBR2 signaling, IL-36a/IL-36R/IL-36RN signaling, and Mmp13
expression in isolated human articular chondrocytes.

(A to E) Human chondrocytes isolated from donors with mild cartilage degradation (Collins
grade 1) were treated with SB-505124 (5 to 10 uM) with and without TGF-B1 (2 ng/ml) for
24 hours, and extracted mMRNAs were subjected to gRT-PCR. The data reflect 7= 3
independent experiments done using cells from 7= 3 different tissue donors. In addition, in
(E), total cell lysates were immunoblotted for phosphorylated Smad2; conditioned medium
was immunoblotted for MMP13. Total MMP2 was used as a loading control. Blots are
representative experiments done using cells from 7= 3 different tissue donors. (F and G)
Human chondrocytes from donors with mild cartilage degeneration (Collins grade 1) were
treated for 24 hours with either IL-36a (2 to 200 ng/ml) or IL-1f (10 ng/ml, positive
control). Conditioned medium was immunoblotted for MMP13. Total MMP2 was used as a
loading control. Blots are representative experiments done using cells from 7= 4 different
tissue donors. mMRNA extracted from cells in parallel experiments was subjected to qRT-PCR
(n= 4 replicates per group). (H and 1) Human chondrocytes from donors with end-stage OA
(Collins grade 4) were treated for 24 hours with IL-36RN (2 to 10 ng/ml). Conditioned
medium was immunoblotted for MMP13. Total MMP2 was used as a loading control. Blots
are representative experiments done using cells from 7= 3 end-stage OA joints. mMRNA
extracted from cells in parallel experiments was subjected to gRT-PCR (7= 3 replicates per
group). *P<0.05, **P<0.01, and ****P < 0.0001 (one-way ANOVA and Tukey’s multiple
comparison post test). Quantification of Western blots (relative protein expression
normalized by internal control protein MMP2) shown in the right panels of each group
image. Data are means + SEM. *P< 0.05, **P< 0.01, and ***P< 0.001 (one-way ANOVA
and Tukey’s multiple comparison post test). /7= 3 replicates per group.
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