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Abstract: Osteoarthritis (OA) is a prevalent and severely debilitating disease with an unmet
medical need. In order to alleviate OA symptoms or prevent structural progression of OA, new
drugs, particularly disease-modifying osteoarthritis drugs [(DMOADSs]), are required. Several
drugs have been reported to attenuate cartilage loss or reduce subchondral bone lesions in

OA and thus potentially be DMOADs. Most biologics (including interleukin-1 (IL-1) and tumor
necrosis factor (TNF) inhibitors), sprifermin, and bisphosphonates failed to yield satisfactory
results when treating OA. OA clinical heterogeneity is one of the primary reasons for the failure
of these clinical trials, which can require different therapeutic approaches based on different
phenotypes. This review describes the latest insights into the development of DMOADs. We
summarize in this review the efficacy and safety profiles of various DMOADs targeting cartilage,
synovitis, and subchondral bone endotypes in phase 2 and 3 clinical trials. To conclude, we
summarize the reasons for clinical trial failures in OA and suggest possible solutions.
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Introduction

Osteoarthritis (OA) is the most common articular
disease, characterized by chronic joint pain and
disabling symptoms.!»> As the population ages
and risk factors increase, the prevalence of OA is
expected to increase globally.>* Approximately
303.1 million cases of OA are estimated to exist
worldwide, according to the Global Burden of
Disease (GBD) project.> OA has been classified
as a severe disease with unmet medical needs due
to the lack of specific therapies.%’ In addition to
its impact on individuals and the economy, OA
represents a significant public health challenge in
the years to come.?

Despite the high socioeconomic costs of OA,
most patients fail to receive appropriate treat-
ment.® Multiple pathogeneses have been impli-
cated in OA development, including mechanical,
genetic, metabolic, and inflammatory pathways.!°
Due to an improved understanding of OA patho-
physiology, several potential therapeutic targets
have been identified that may reduce the pain and
slow the progression of OA.1! OA is a whole joint
disease that leads to structural changes in

the periarticular muscles, capsule, synovium,
subchondral bone, hyaline articular cartilage, and
ligaments.!? Recent research on the pathogenesis
of OA suggests that the disease may even be
viewed as a syndrome rather than a single
entity.!3 Various mechanistic phenotypes are
probably involved in OA development, including
mechanical overload,!* inflammatory compo-
nent,!> cell senescence,!® and metabolic altera-
tions!” that may overlap and warrant further
investigation.

Current conservative treatment of OA entails phar-
macological and nonpharmacological approaches;
when these options fail to relieve symptoms, surgi-
cal treatment is considered.!® Available OA phar-
macological therapy is merely symptom-relieving
drugs, including paracetamol,!® opioid analgesics,?°
non-steroidal anti-inflammatory drugs (NSAIDs)?!
and intra-articular (IA) medications such as hyalu-
ronic acids?? and steroids.??> However, these man-
agements cannot modify the OA progression and
prevent long-term disability.?42¢ In the recent
guidelines, non-pharmacological approaches such
as weight loss if overweight or obese and
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DMOAD targeting synovitis
Interleukin-1 inhibitor:
-Gevokizumab (XOMA-052)
-AMG108
-Lutikizumab (ABT-981) )
-Anakinra W
-Canakinumab ‘
-Diacerein
Tumor necrosis factor-alpha inhibitors:
-Adalimumab
-LY3016859
-Etanercep
-Infliximab
Senolytic therapies:

-UBX0101
-Fisetin
Curcuma longa extract

DMOAD targeting cartilage
Fibroblast growth factor 18:
-Sprifermin (rhFGF18)
Proteinases inhibitors:
-GLPG1972/5201086
Wnt signaling inhibitors:
-Lorecivivint (SM04690)
Transforming growth factor-B:
-TG-C
AMPK modulator:

-Metformin
Platelet riched plasma:
-Human PRP

Knee osteoarthritisJ

N\

DMOAD targeting subchondral bone
Cathepsin K inhibitors:
-MIV-711
Parathyroid hormone:
-Teriparatide
Matrix extracellular phosphoglycoprotein:
-TPX-100
Bisphosphonates:
-Zoledronic Acid
Transforming growth factor-B:
-TG-C
Strontium ranelate
Vitamin D

Figure 1. Potential pharmacological therapies for OA.

self-management, exercise, education and walking
aids are widely recommended and regarded as first-
line management.272° As a last resort, surgical
decisions are typically indicated only for patients
with end-stage OA.1:2!

OA is characterized by the progressive loss of
structural, mechanical, and biochemical proper-
ties and joint functions. This includes subchon-
dral bone remodeling, cartilage damage,
osteophyte development, and synovial inflamma-
tion.3?® Thus, the disease can be considered a
chronic joint failure that affects the whole joint
and has an unmet need for disease-modifying
drugs,3! highlighting the need for new and effec-
tive treatments.” Pharmaceutical agents, which
are expected to modify the underlying OA patho-
physiology by arresting joint structural change
and alleviating symptoms by reducing pain or
improving physical function, are termed disease-
modifying osteoarthritis drugs (DMOADs).232
At present, there are no identifiable DMOADs.33
However, some latest developments have been
made for potential disease-modifying OA thera-
pies, such as highly selective inhibitors alleviating
progressive cartilage breakdown, which are
emerging pharmaceutical therapies for OA.2.6:34

This review describes the recent development of
DMOADs therapies for OA (Figure 1) and
related clinical trials. It will focus on attractive
drugs with potential applications in preclinical
research over the last 5 years and on promising
drugs in ongoing OA clinical trials. As part of our
search for ongoing phase 2 or 3 clinical trials on
the https://clinicaltrials.gov/, we also conducted
electronic and manual database searches in
PubMed and Embase via Ovid for published
reports of phase 2/3 clinical trials between the
inception of these databases and March 31, 2022
using the following MESH or keywords: osteoar-
thritis AND pharmacological treatment/ OR dis-
ease modification/ OR  disease-modifying
osteoarthritis drugs/ OR DMOAD/ OR structure
modification.

DMOADs targeting cartilage

Articular cartilage loss is a central feature of OA,
which involves various catabolic and reparative
mechanisms at the molecular level.3> Although
only a minor contributor associated with pain
symptoms, cartilage defect strongly predicts the
risk of future joint replacement in knee OA.36:37
Therefore, development of DMOADs targeting
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cartilage is the most important direction for the
treatment of OA. In the future DMOADs’ trial
design, OA patients with cartilage phenotype (e.g.
joint space narrowing of grade 1-3, without oste-
ophytes, bone marrow lesions (BMLs), and syno-
vitis) should be selected as the participants.
Second, as change in joint space width (JSW) or
joint space narrowing is insensitive to change over
a short time (<2 years), cartilage loss measured
using magnetic resonance imaging (MRI) is rec-
ommended as the primary outcome in cartilage
DMOAD:Ss trials. Last, novel technologies such as
radiomics and proteomics could be used to find
sensitive and specific cartilage biomarkers to clas-
sify cartilage phenotype and to measure cartilage
degradation in the future. The pharmaceutical
drugs in phase 2/3 stages of development for
DMOADs targeting cartilage are summarized in
Table 1.

Fibroblast growth factor 18

As a family of polypeptides, mammalian fibro-
blast growth factors (FGFs) consist of 18 proteins
with size ranges from 15 to 38 kDa.38:3% Signaling
pathways of the FGF family play crucial roles in
cartilage development and homeostasis.*® Several
in vitro and in vivo studies have examined the pro-
tective effect of FGF18 on OA development and
progression that is mediated by FGF receptor-3
(FGFR-3).41-43 FGF18 improves the ability of
human pluripotent stem cell-derived cartilage to
integrate with naturally occurring cartilage.%*

Sprifermin is a truncated product of recombinant
human FGF 18 (rhFGF18).454 In a dose-
ascending phase 1 study (INCT00911469), spri-
fermin showed no measurable systemic effects or
safety concerns in patients (z = 55) with advanced
OA at 24 weeks follow-up.4’” Furthermore, in a
later study INCT01033994) of sprifermin (via IA
injection) in knee OA patients (z=192) with
Kellgren—Lawrence (KL) grade 2 or 3, the results
did not meet the primary efficacy endpoint of
improving medial tibiofemoral cartilage thickness
evaluated by quantitative MRI (gMRI) at 12
months. However, sprifermin was associated with
a dose-dependent reduction in loss of cartilage
thickness and volume in the lateral femorotibial
compartment, as well as reducing narrowing of
the JSW.¥® A 5-year, multicenter randomized
clinical trial INCT01919164) named FORWARD
(FGF-18 Osteoarthritis Randomized Trial with
Administration of Repeated Doses) was con-
ducted to evaluate the effects of IA sprifermin on

changes of total femorotibial joint (TFT]) carti-
lage thickness in symptomatic knee OA patients
(n=549, KL grade 2 or 3).*¢ FORWARD was
finished in 2019 with the primary endpoint using
MRI cartilage thickness and secondary endpoints
using minimum JSW and change from Western
Ontario and McMaster Universities Osteoarthritis
Index (WOMAUC), including total WOMAC,
WOMAC knee pain, WOMAC knee function,
and WOMAC knee stiffness scores. Sixty-nine
percent of patients (z=378) completed the
5-year follow-up. A 2-year primary analysis with
IA sprifermin revealed a dose-dependent promot-
ing effect of cartilage thickness in the TFTJ,
medial and lateral subregion of TFTJ, and JSW.46
In a post hoc analysis, long-term structural modifi-
cation of articular cartilage was maintained with
sprifermin versus placebo over a 3.5-year to 4-year
post-treatment period. A patient sub-group (161
out of a total of 549, 29%) at risk of disease pro-
gression received similar structural improvements
over this time. In addition, potential translation
to clinical benefits such as reducing OA symp-
toms was also observed in the subgroup at risk.4°

Proteinases inhibitors

Proteinases are enzymes with essential roles in
pathological and physiological processes such as
the destruction, digestion, homeostasis, and
repair of tissues.’® Furthermore, microenviron-
ment proteinase-mediated signaling has a crucial
effect on arthritis.>!

Disruption of signaling pathways, explicitly acti-
vating pro-inflammatory pathways, increases the
activity of matrix-degrading enzymes and con-
tributes to cartilage degeneration.!? At the early
stage of OA, collagens and aggrecan are critical
structural components of the cartilage extracellu-
lar matrix (ECM), and their degradation is a sig-
nificant event.’2 Matrix metalloproteinases
(MMPs, specifically MMP-13) as well as a disin-
tegrins and metalloproteinases with thrombos-
pondin motifs (ADAMTS) facilitate the
degradation of type II collagen and aggrecan,
respectively, contribute significantly to the imbal-
ance between matrix synthesis and degradation in
OA patients’ joints.33:5¢ A reasonable strategy to
limit cartilage damage is to inhibit the activity of
matrix-degrading enzymes such as collagenases
and aggrecanases.

1. The potential benefits of collagenases such
as MMP (especially MMP-13) inhibitors in
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preserving the OA joint have been investi-
gated.?> However, the available data on the
role of MMP-13 inhibitors in OA treatment
are limited. As a broad-spectrum MMP
inhibitor, PG-116800 (NCT00041756)
showed reversible musculoskeletal toxici-
ties in a dose-dependent manner without
clinical benefits in mild to moderate knee
OA patients (z=401).5¢ It is unclear how
the adverse effects occur. The broad-spec-
trum MMP inhibitors may interfere with
other matrix proteins in tissues besides car-
tilage, according to one hypothesis.>?
However, in a multicenter, randomized,
double-blind, placebo-controlled trial,
researchers reported proteoglycan aggrecan
turnover (846 epitopes) increased in the
cartilage of osteoarthritic patients (nz=35)
after 3 weeks of oral administration of a
broad-spectrum MMP inhibitor BAY
12-9566 with a daily dose of 100 mg.58 In
preclinical trials, highly selective MMP-13
inhibitors such as PF152%° and ALSI1-
06359 have shown advantages in reducing
collagen degradation in animal OA models,
and further human clinical trials are needed.

2. Since a charge-based repulsion mechanism
can clear aggrecan, aggrecanase inhibition
such as ADAMTSs (ADAMTS-4 and
ADAMTS-5) may be a safer medication
than collagenases. Aggrecan can be cleared
by a diffusion driven by charge repulsion,
consisting of only highly negatively charged
molecules without proteolysis, and prevents
cartilage from accumulating newly formed
aggrecan.%! Targeting ADAMTSs may be a
safer measure than targeting collagenases.
GLPG1972/S201086 is a highly selective
inhibitor of ADAMTS- 5 that has been
demonstrated to have a protective effect on
the cartilage in animal OA models.6%:63
GLPG1972/S201086 has been investigated
in a worldwide, 52-week, and phase 2 clini-
cal study in patients with knee OA
(NCTO03595618). This trial was completed
in 2020, but the results have not yet been
published. As a reversible, non-hydroxam-
ate, zinc-binding selective inhibitor of
ADAMTS-4 and ADAMTS-5, AGG-523
can attenuate elevated aggrecanase activity
in a rat joint injury model.%* It previously
entered the clinical phase I study
(NCT00427687 and NCT00454298), but
these trials were discontinued for unknown
reasons.

As an ADAMTS-5 monoclonal antibody,
CRBO0017 administered twice in 3 months could
delay cartilage breakdown along with ameliorat-
ing disease progression in a spontaneous murine
model of OA.%5 In addition, a humanized
ADAMTS-5-selective monoclonal antibody,
GSK2394002, was reported to have structural
modification and analgesic effects in animal OA
models.%%°7 Moreover, M6495, a novel anti-
ADAMTS-5 inhibiting nanobody with a single
domain antibody fragment containing the proper-
ties of heavy chain—only antibodies, showed a
protective effect on cartilage degradation and
inhibited aggrecan turnover ex vivo in a dose-
dependent manner.%8:%® Preliminary results of a
phase I study (NCT03583346) were completed
in 2019 to assess tolerability, safety, pharmacoki-
netics, immunogenicity, and pharmacodynamics
of single ascending doses injections of M6495 in
knee OA patients, but final data have not yet been
reported.

Wht signaling inhibitors

Wnt signaling is regulated by Wnu: genes and
receptor subunits, regulating canonical -catenin-
dependent and non-canonical [-catenin-
independent signaling pathways.’” Canonical
B-catenin signaling pathway has been strongly
associated with the development and homeostasis
of bones and joints.”! In OA, increased Wnt sign-
aling has been found in bone, cartilage and syn-
ovium from patients’%73 and has been considered
to promote MSCs to an osteogenic lineage fate
and induce the generation of MMPs can cause
cartilage degradation. Wnt signaling pathway
activation induced the production of proteases
such as MMP and inflammation by synovial tis-
sue and chondrocytes as a response to injury,
which is the main triggering factor of OA
pathogenesis.”%7>

Lorecivivint (LOR; SM04690) is a Wnt signaling
pathway inhibitor at the transcriptional level.76:77
Through inhibition of the intranuclear kinases
CLK2 and DYRKI1A,77 locrecivivint seemed to
incite chondrogenesis and inhibit joint destruc-
tion in a model of OA in rats.”® A 24-week phase
1 study (INCT02095548) was completed in 2015
to evaluate IA LLOR’s safety, tolerability, pharma-
cokinetics, and pharmacodynamics in knee OA
patients (z = 61). Despite no evidence of systemic
exposure, LOR proved safe and well-tolerated.”®
Furthermore, exploratory efficacy analyses
showed that total WOMAC score, WOMAC
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function, WOMAC pain, Physician Global
Assessment (PGA), pain, OMERACT-OARSI
response, and VAS (Visual analogue scale) score
were improved from baseline with JSW improve-
ment in IA LOR cohort.”® Moreover, a phase 2a
randomized trial (NCTO02536833) was com-
pleted in 2017. In this trial, patients with sympto-
matic knee OA (z =455, KL grade 2 or 3) did not
meet its primary endpoint which was the change
in knee pain from baseline.”® There was a phase
2b, 24-week, randomized trial of IA LOR
(NCTO03122860) to evaluate the safety and effi-
cacy for the treatment of knee OA (n=695).80
This trial was completed in 2021, and results
showed that pain NRS (Numeric rating scale),
WOMAC pain, and function subscores were sig-
nificantly improved by IA LOR, especially at 0.07
mg dose.8 Nevertheless, although WOMAC pain
score, and WOMAC function score were consid-
erably improved in the IA LOR group, no overall
effect on JSW was observed.”®81 A phase 3,
56-week clinical study (z=510, NCT03928184)
was completed in 2021 to evaluate the safety and
efficacy of a single injection of LOR (0.07 mg
dose) with moderately to severely symptomatic
knee OA. This trial evaluated clinical and radio-
graphic outcomes; the complete data have not
been reported.

Transforming growth factor-f3

Transforming growth factor-pf (TGF-) stimulates
differentiation, growth, and synthesis of ECM pro-
teins in cells.81:82 The TGF-f signaling in aging
and OA chondrocytes is dysregulated, increasing
procatabolic activin receptor-like kinase 1 (ALK1)—
SMADI1-SMAD5-SMADS signaling, while with
a decrease in proanabolic ALK5-SMAD2-
SMAD3 signaling.8%8 In addition, TGF- is likely
to contribute to osteophyte formation and synovial
fibrosis in OA joints.®3 TGF-B1 is essential to the
development and maturation of cartilage and the
maintenance of chondrocyte phenotypes.8285
However, the effect of TGF-f is contradictory on
different joint tissue. So, conditional knockout
(CKO) or transgenic animal model was used to try
to achieve cartilage-specific interventions. In trans-
genic mice models of TGF-3 mutation, it has been
demonstrated that whole-body overexpression of
TGF-P1 leads to changes in the knee joint of mice,
including hyperplasia and formation of osteo-
phytes.86:87 Furthermore, in a CKO mice model,
knee joints showed OA-like pathologies with TGF-
B receptor deletion in chondrocyte.?”

As a cell-mediated gene therapy to specifically
intervene in cartilage repair, Tissue Gene-C (TG-
C) is a cell and gene product that delivers alloge-
neic human chondrocytes GP2-293 cells and
non-irradiated allogeneic human chondrocytes in
a 1:3 ratio, retrovirally transduced to promote
TGF-B1 transcription.?88° A preclinical study
demonstrated IA injection of TG-C was safe and
able to induce cartilage repair.8® Initial phase 1
trial was performed to evaluate TG-C’s safety
and biological activity in advanced knee OA
patients (n=12).88 The results have shown no
significant safety issues related to TG-C adminis-
tration, and knee scoring analyses indicated a
possibility that TG-C might contribute to improv-
ing OA symptoms.88 A significant improvement
in knee pain, function, and physical ability was
found following treatment of IA TG-C in late-
stage knee OA patients (n=27).9° Results from a
phase II  randomized  controlled  trial
(NCT01221441) indicated IA treatment with
TG-C over 12 months in moderate to advanced
knee OA patients (n=57) showed minor progres-
sion of cartilage damage compared with placebo
on a whole knee as well as the fewer progression
of infrapatellar fat pad synovitis and effusion-syn-
ovitis.?193 A double-blind phase 3 clinical trial
(NCT02072070) reported symptomatic improve-
ment with a trend of structural benefits and statis-
tically significant improvements in knee joint
function and pain in OA patients (=163, KL
grade 3).9¢ A phase 3 trial (NCT03203330) was
recently registered to determine the effectiveness
and efficacy of TG-C in knee OA patients with
KL grade 2 or 3 but is currently on hold. Another
similar phase 3 trial (NCT03291470) was in
unknown recruitment status.

Metformin

Metformin is the first-line medication to treat type
2 diabetes mellitus (T2DM).%> Some studies have
indicated that metformin is generally well tolerated
and beneficial for several age-related diseases,
including OA.% In addition, metformin has been
shown to activate AMP-activated protein kinase
(AMPK) and had a chondroprotective effect on
decelerating OA development and progression in
mice OA models.?”% A matched-cohort study
evaluated patients with OA and T2DM (z=968)
during 10 years of follow-up in Taiwan, and results
indicated that patients with OA and T2DM receiv-
ing combination COX-2 inhibitors and metformin
therapy had lower joint replacement surgery rates
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[adjusted hazard ratio (HR) =0.742, 95% confi-
dence interval (CI)=[0.601-0.915], p=0.005]
than patients without combined treatment.®®
Furthermore, this may be attributable to more
decreased pro-inflammatory factors associated
with combination therapy than patients without
metformin therapy.?® According to a recent study,
obese individuals with knee OA were assessed for
their risk of total knee replacement over 4 years
and metformin use, and the results suggest that
those with obesity and knee OA may benefit from
using metformin.®%1% In order to determine
whether metformin could be used as a potential
DMOADs for obese knee OA patients, rand-
omized controlled trials are needed. Currently, at
least two clinical trials (NCT04767841 and
NCTO05034029) are ongoing to explore the effect
of metformin on OA patients.10!

Human platelet-rich plasma

Human platelet-rich plasma (hPRP) injections
are used increasingly to manage OA.102:103 hPRP
is made by centrifugation of autologous blood so
that growth factors and cytokines are released
from the a-granules found in the platelets.104:105
With the activation of these growth factors, hPRP
potentially results in anti-inflammatory, analge-
sic, and anabolic effects to alter OA pathogenesis
and symptoms.1% Although hPRP is increasingly
used to treat OA, evidence to support the clinical
benefits of hPRP is limited. Previous articles
reported some benefits for hPRP IA injections on
pain and function outcomes compared with saline
or hyaluronic acid in knee OA.103:107.108 They sug-
gested that the benefit was most significant in
patients with mild to moderate radiographic dis-
ease.!% Recently, two clinical trials have been fin-
ished to demonstrate the efficacy of hPRP on the
knee (Australian New Zealand Clinical Trials
Registry Identifier: ACTRN12617000853347,
named the RESTORE study)!!® and ankle
(Netherlands Trial Register: NTR7261)!11 OA.

The RESTORE was a randomized clinical trial
conducted in two groups across multiple sites.!12
Volunteers in the community (z=288) had an
average of moderate to severe knee pain in most
days of the past month and mild to moderate
radiographic OA in the tibiofemoral joint.
Commercially available hPRP was injected thrice
through IA (n = 144 participants) at weekly inter-
vals or saline placebo (7 = 144 participants). MRI
measurements of medial tibial cartilage volume

and average knee pain scores were assessed after a
12-month follow-up. There was no difference in
knee pain scores between hPRP injections and
placebo injections after 12 months (p=0.17),
while the medial tibial cartilage volume changed
by 1.4 versus 1.2%, respectively (p =0.81). Based
on this study, the authors found that hPRP injec-
tions did not significantly differ from saline pla-
cebo injections in symptoms or joint structure at
12 months in patients with mild to moderate radi-
ographic knee OA.110

Another clinical trial (NTR7261), which included
100 patients with moderate to severe pain and nar-
rowing of the tibiotalar joint space, was conducted
at six sites in the Netherlands. The primary out-
come was the American Orthopaedic Foot and
Ankle Society score (AOFAS) over 26 weeks. The
results indicated that, compared with baseline val-
ues, the mean AOFAS improved by 10 points in
the PRP group (95% CI=[6-14]; p<<0.001) and
11 points in the placebo group (95% CI= [7-15];
$<0.001). The adjusted between-group differ-
ence over 26 weeks was —1 (95% CI= [-6 to 3];
p=0.56). This study concluded that over a
26-week treatment, JA hPRP injections did not
significantly improve ankle symptoms or function
in patients with ankle OA.!1!

DMOADs targeting inflammatory signaling

Due to the increasing local production of
chemokines, pro-inflammatory cytokines, and
mediators of joint tissue damage, synovitis is an
essential contributing factor to OA pathogenesis.
It may be treated with anti-inflammatory drugs
commonly used for inflammatory rheumatic dis-
eases.!13:114 Table 2 summarizes the pharmaceuti-
cal drugs in phase 2/3/4 development for
DMOADs targeting inflammatory factors.

Interleukin-1 inhibitors

In preclinical studies, interleukin-1 (IL-1) exhib-
its pro-inflammatory actions, leading to joint
inflammation, pain and the initiation and pro-
gression of cartilage damage.!15:116 In addition,
IL-1B is one of the catabolic cytokines and a
major inflammatory in OA pathophysiology.!17
IL-1B can decrease the synthesis of crucial extra-
cellular cartilage matrix components like type 1l
collagen and aggrecan.118:119 However, the quality
of evidence for its involvement in OA disease is
modest.
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There is no evidence that IL-1 inhibitors are
effective at OA disease-modifying in most clinical
trials. These DMOADs trials included subcuta-
neous injection of gevokizumab (XOMA-052;
NCT02293564), subcutaneous injection of
AMGI108 (NCT00110942),120  subcutaneous
injection oflutikizumab (ABT-981;NCT02087904
and NCT02384538)121:122 gnd IA injection of
anakinra (NCTO00110916).12312¢4 However, post
hoc analyses from the CANTOS trial
(NCTO01327846)!25 showed that as a monoclonal
antibody targeting IL.-153, subcutaneous injection
of canakinumab over 3 years in stable post-myo-
cardial infarction patients with increased
C-reactive protein levels led to a reduced rate of
total knee or hip replacement which suggests that
long-term IL-1f inhibition could be protective for
the joints.!26 In addition, diacerein as a purified
anthraquinone derivative has an inhibitory action
on IL-1 and metalloproteases production.!27
Compared with a placebo, a Cochrane review
indicated a minimal symptomatic benefit in hip
OA with diacerein treatment. In addition, the hip
and knee OA structural improvements were mini-
mal or unclear.!?® As reported in 2016, the
European Society for Clinical and Economic
Aspects of Osteoporosis and Osteoarthritis found
that diacerein showed comparable efficacy to
NSAIDs but with slower onset of action and more
efficacy than paracetamol.!??

Tumor necrosis factor-alpha inhibitors

OA synovial fluid contains a variety of pro-inflam-
matory cytokines, such as tumor necrosis factor-
alpha (TNF-a). It is reported that TNF-o as a
pro-inflammatory cytokine produced by synovio-
cytes and chondrocytes can trigger cartilage catab-
olism,!39 and biologics inhibiting this cytokine
have been proposed as potential DMOADs.119

Some clinical trials have been finished to demon-
strate the efficacy of subcutaneous injection of
TNF-o  inhibitors such as adalimumab
(NCT00597623)131-133 gand etanercept!3* on OA
progression. These trials have also failed to meet
their primary and secondary endpoints, suggest-
ing a more complicated interaction among vari-
ous cytokines than a cytokine in the OA pathogenic
process. In a post hoc analysis of data from a clin-
ical trial evaluating the effects of different types of
TNF inhibitors on rheumatoid arthritis patients,
it was shown that infliximab significantly reduced
the risk of progression of OA in distal interphalan-
geal joints in patients who already had it.135

Therefore, inhibitors of TNF-o may be consid-
ered DMOAD candidates, but more research is
needed.

Senolytic therapies

With age being one of the most substantial risk
factors for OA, senescent cells (SnCs) are thought
to play an essential role in OA-related joint dam-
age.136:137 Senescence-associated secretory phe-
notype (SASP) is a robust pro-inflammatory
secretome associated with cellular senescence
that can alter the structure and function of sur-
rounding cells and tissues.!3® OA is also charac-
terized by inflammation and tissue degradation,
mediated by SASP-associated factors.13® Thus,
senolytic therapies provide a potential opportu-
nity to ameliorate OA progression and
pathogenesis. 140

UBXO0101 is a novel senolytic agent targeting the
Bcl-2  family of antiapoptotic factors.16:141
UBXO0101 has been shown to reduce cartilage
damage and joint pain in the anterior cruciate
ligament transection model of OA, as well as to
induce chondrogenesis in human cartilage
explants with OA.142 To evaluate IA injection of
UBXO0101’s efficacy, tolerability, and safety in
knee OA patients, several clinic trials
(NCT04229225, NCT04129944, and
NCTO03513016) were conducted in 2020, but
they have not yet been published. In addition, a
polyphenol and flavonoid, fisetin, has been shown
to relieve joint damage in the mice OA model as a
senolytic and anti-inflammatory agent.143:144 A
phase 2 clinical trial (NCT04815902,
NCT04770064, and NCT04210986) has been
performed to evaluate the effect of oral fisetin on
OA pain, bone marrow stem cells (BMSCs), and
cartilage breakdown.

Curcuma longa extract

Curcuma longa, a rooted plant in the ginger fam-
ily, has become the potential choice for alterna-
tive medicine in OA treatment due to its
antioxidant, anti-inflammatory, and digestive
properties.14%:146 Curcumin, the main ingredient
of Curcuma longa, is an effective pain reliever in
post-traumatic OA mouse models, as it is also a
natural oxygen scavenger and nitrogen pro-
vider.147-149 In addition, a randomized trial
(ACTRN12618000080224) has been completed
to evaluate the effectiveness of Curcuma longa
extract for treating symptoms and effusion
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synovitis of knee OA (n=70) in 12 weeks. The
results have shown that Curcuma longa extract
was more effective than placebo for knee pain
95% CI=[17.8- 0.4], p=0.039) but did not
affect knee effusion synovitis (95% CI=[0.3—
6.8]) or cartilage composition (95% CI=[1.1-
0.3]).150  Furthermore, a  clinical trial
(CTRI/2015/12/006438) reported that Curcuma
longa extracts reduced knee OA biomarkers of
inflammation and oxidative stress over 4
months.’® A double-blind, multicenter rand-
omized placebo-controlled three-arm study
(NCT02909621) was conducted to compare two
doses of bio-optimized Curcuma longa extract in
managing symptomatic knee OA in 2017, and the
results have shown that bio-optimized Curcuma
longa extract can rapidly and significantly reduce
the pain in knee OA.140 In general, Curcuma longa
extract treatment can reduce OA pain; however,
as a potential therapy for DM OADs, multicenter
trials with larger sample sizes are needed to assess
the clinical significance of these findings and the
effects on joint structures.

DMOADs targeting subchondral bone

It is well established that the subchondral change
in OA occurs due to a noncoupled remodeling
process characterized by the bone formation and
resorption.!>2 In early OA, the subchondral bone
plate becomes thinner and more porous during the
initial cartilage degeneration and self-repair period.
The loading of subchondral bone falling below a
predetermined level leads to excessive osteoclas-
togenesis and enhanced bone resorption activity
with subchondral trabeculae deterioration, result-
ing in increased trabecular separation and
decreased trabecular thickness.132153 Therefore,
the promoted of parathyroid hormone (PTH) can
promote osteogenesis, it could be a potential treat-
ment to retard subchondral trabeculae deteriora-
tion in early OA. The structure and composition of
the subchondral bone undergo substantial changes
that negatively affect the overlying cartilage.15*
Thus, targeting the signaling pathways that control
subchondral bone turnover could be useful for
DMOADs research. Table 3 summarizes the phar-
maceutical drugs in phase 2, 3, and 4 of develop-
ment for DMOADs targeting subchondral bone.

Cathepsin K inhibitors

Cathepsin K is a cysteine protease involved in
bone resorption and cartilage degradation by
breaking essential bone matrix proteins.135-157 It is

mainly unknown if inhibition of cathepsin K plays
a significant role in OA, although several studies
have shown it has structural protection and anal-
gesic effects in animal models of joint
degeneration.157:158

The cathepsin K inhibitor MIV-711 substantially
reduces type | collagen C-telopeptides (CTX-1)
and type Il collagen C-telopeptides (CTX-1I),
biomarkers of bone resorption.!57:159 It was found
that MIV-711 reduced bone remodeling, as
measured by bone area on MRI, and reduced car-
tilage loss over 26 weeks (EudraCT: 2015-
003230-26 and 2016-001096-73) in patients
with symptomatic knee OA (n = 244; KL grade 2
or 3, pain score 4 to 10 on a numerical rating
scale). However, MIV-711 did not improve the
primary outcome of NRS pain score as a result of
being more effective than placebo.160

PTH

Recombinant human PTH, teriparatide, is a 1-34
amino-acid fragment derived from human
PTH.!%! It has been widely recognized that inter-
mittent administration of PTH has an ‘anabolic
window’; within this anabolic window, intermit-
tent PTH exhibits promoting effects on bone for-
mation.!02-164 Tn OA preclinical studies, PTH
could attenuate articular cartilage defect,!04165
stimulate ECM synthesis, and induce chondro-
cyte proliferation in injury-induced OA mod-
els.196 In PTH clinical research, a phase 2 study
(NCTO03072147) is investigating the effectiveness
of PTH in knee OA participants.

Matrix extracellular phosphoglycoprotein

As a 23-amino acid peptide derived from matrix
extracellular phosphoglycoprotein, TPX-100 is
a promotor of osteoblast and chondroblast
differentiation.’®” A phase 2 clinical study
(NCT01925261) has been completed to evaluate
the safety and efficacy of IA injections of TPX-
100 in mild to moderate patellofemoral OA
patients (z=104) involving both knees. A
12-month study with TPX-100-treated knees
revealed significant changes in medial and total
tibiofemoral cartilage thickness (»p<<0.01), indi-
cating TPX-100’s potential as a DMOAD.168

Bisphosphonates
Bisphosphonates have been proposed as possible
DMOADSs, but their efficacy is poor.1%® In
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addition, the results are inconsistent across the
studies, and the outcomes presented a significant
heterogeneity.!70-172 Interestingly, the effects of
bisphosphonate therapy might be more pro-
nounced in patients with OA and BMLs on MRI
scans, which are associated with pain and disease
progression in the knee or hand OA.173-176
However, a 24-month multicenter, double-blind,
placebo-controlled randomized clinical trial
(ACTRN12613000039785) has been conducted
in Australia to evaluate the effect of intravenous
zoledronic acid on tibiofemoral cartilage volume
among patients (z=233) with knee OA with
BMLs. The results indicated that compared with
placebo patients with symptomatic knee OA over
24 months, zoledronic acid infusions adminis-
tered annually did not significantly reduce carti-
lage loss. It is concluded that using zoledronic
acid for treating knee OA is not supported by
these findings.1'”” Furthermore, cohort studies
have demonstrated that the intake of bisphospho-
nates in knee OA patients is associated with a
reduction in the odds (approaching statistical sig-
nificance but not achieving it) of bone expansion
in the periarticular region, specifically in the
medial tibial subregion,!”® and the numeric rating
scale pain score decreased significantly!”® (data
from OAI). Another OAI report has revealed that
bisphosphonates are protective of knee OA pro-
gression when the patient has low disease severity
and is not overweight, but to a lesser extent when
the patient has more advanced disease or more
weight-bearing joint pressure.!8 A phase 3 study
is underway to examine its effects on hip OA
(NCT04303026). Clinical heterogeneity of OA is
one of the challenging aspects of developing
DMOADs, and OA patients with bone remode-
ling phenotypes could be used in future bisphos-
phonate clinical trials.2

Strontium ranelate

Strontium ranelate (SrR), approved to treat oste-
oporosis after menopause, has substantial struc-
tural-modifying activity in OA.181-183 Results
indicated that SrR reduced subchondral bone
resorption in preclinical studies and stimulated
cartilage matrix formation i vitro and rat OA
model.184-186 A double-blind, placebo-controlled
trial (ISRCTN41323372) has been completed to
evaluate the safety and efficacy of oral SrR for
treating knee OA.187 This trial was also called
Strontium ranelate Efficacy in Knee Osteoarthritls
triAl (SEKOIA). Results showed that the treat-
ment group (n=1124) with StrR 1 and 2 g/day

had a significant effect on structure, such as
reduced JSW degradations and a beneficial effect
on symptoms for SrR 2 g/day in knee OA patients
after a 3-year follow-up.!88 Based on a post hoc
analysis of the SEKOIA trial, it was determined
that patients with OA treated with SrR 2 g/day
were significantly less likely to progress BMLs in
the medial compartment and cartilage volume
loss in the plateau.!®® Generally, StR may be a
potential DMOAD for OA patients, particularly
those with bone phenotypes. However, further
investigation and clinical trials are needed to eval-
uate the clinical efficacy and side effects for long-
term use of SrR for OA treatment before clinical
application.189

Vitamin D

Vitamin D potentially slows the progression of
OA by directly decreasing bone turnover and car-
tilage degradation.19%191 A preclinical study
showed that vitamin D increased chondrocyte
viability and reduced inflammation by activating
the AMPK/mTOR signal pathway.!°2 In a pro-
spective cohort study, sunlight exposure and
serum levels of 25-hydroxyvitamin D (25 (OH)
D) were positively associated with knee cartilage
volume. Thus, vitamin D sufficiency may prevent
or retard cartilage loss in knee arthritis.!®3 It has
been reported that a clinical trial involving 146
patients  with  symptomatic knee OA
(NCT00306774) did not result in reduced knee
pain or cartilage volume loss in the case group
when vitamin D supplementation for 2 years at a
dose sufficient to elevate plasma 25 (OH)D levels
to higher than 36 ng/ml.1°! Later a multicenter
randomized, double-blind, placebo-controlled
clinical trial NCT01176344) in Australia named
the “Vitamin D Effect on Osteoarthritis’ (VIDEO)
study evaluated the effect of vitamin D supple-
mentation on knee pain and tibial cartilage vol-
ume loss among patients (r=413) with
symptomatic knee OA and low serum 25-hydrox-
yvitamin D. Results indicated that vitamin D sup-
plementation did not lead to significant differences
in change of tibial cartilage volume or WOMAC
knee pain score but improved physical function!%*
and reduced joint effusion synovitis!?> over 2
years. In addition, post hoc analyses were carried
out in the VIDEO study and reported that vita-
min D supplementation and maintaining vitamin
D sufficiency (25-hydroxyvitamin D > 50 nmol/l)
over 24 months might be beneficial for depressive
symptoms,!°® foot pain,!®7 and tibial cartilage vol-
ume loss, effusion-synovitis volume and physical
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function!®8 in patients with knee OA. Since the
outcomes of vitamin D trial for OA is heterogene-
ous, there is a need for well-designed randomized
trials with larger sample sizes to determine their
efficacy.

Expert opinion

OA is a chronic, painful, and disabling arthritis
involving various tissue pathologies as a whole
joint  disease.!®®  Current pharmacological
approaches to treating OA are generally palliative
due to the complex mechanisms of disease pro-
gression.! In the development of OA drugs, there
are several challenges, including slow progres-
sion, regulatory hurdles, a lack of correlation
between structural changes and clinically mean-
ingful endpoints, disease heterogeneity and a
wide variety of risk factors, and a lack of agree-
ment between preclinical and human models
that limit translation.?%© The complexity of OA
has contributed to the poorly effects of conven-
tional medications in relieving pain, improving
joint function, and modifying OA structural
progression.

In the prior section, we have highlighted several
clinical trials in phase 3 or 4. It is also essential to
learn lessons from previous failures. There are
some critical reasons for DMOADs trial failures,
including no progressors in the trial period, side
effects, animal to human translation, wrong struc-
tural endpoint (e.g. plain X-ray), structure and
symptom discordance (bilateral versus unilateral
disease), and magnitude of the placebo effect.32

It is essential that DMOADs demonstrate clini-
cally meaningful improvement in symptoms (pain
or function) in addition to structural improve-
ment. Also, there do not seem to be universally
accepted criteria for arthroplasty, leading to dif-
ferences in guiding recommendations between
medical facilities even within the same geographic
area. Moreover, it is necessary for the study design
to address the criteria issue of total joint replace-
ment as an endpoint.2°! Unfortunately, at this
point, no agent has met the DMOADs hurdles
imposed by regulatory agencies.

Considering the anatomical characteristics of the
joint combined with the likelihood of systemic
toxicity and off-target effects associated with uti-
lizing the systemic route of administration, many
DMOADs within the development pipeline are

being developed via the IA route. As well as
enhancing local drug bioavailability, IA route can
produce local therapeutic effects, which have a
higher safety profile than systemic exposure.2%2 It
is still challenging to evaluate symptom efficacy in
the presence of IA administration due to the well-
known placebo effect.293 In order to address the
short residence time of drugs within the joint,
various delivery routes have been demonstrated
to prolong residence time and provide stable drug
concentrations within the therapeutic window,
reducing side effects and improving patient com-
pliance.2%¢ It is currently unclear how long a par-
ticular drug must reside in the joint before it
results in meaningful symptomatic relief or struc-
tural modification after IA administration.

Multiple phenotypes have been proposed to
reflect the extraordinary heterogeneity in OA.
These include structural and metabolic factors as
well as inflammatory and metabolic factors or
imaging features, including medial versus lateral
femorotibial OA.205 Implementing private/public
datasets such as OAI and the European
APPROACH (Applied Public-Private Research
Enabling OsteoArthritis Clinical Headway) has
identified clinical phenotypes, endotypes, molec-
ular, and imaging biomarkers. However, the pre-
cise interaction between these variables and the
mechanisms underlying each remain largely
unknown.2% Unfortunately, few clinical trials
have been conducted using these phenotype-
guided approaches to stratify patients. Multiple
OA phenotyping would be valuable for therapy
selection and facilitating the advancement of per-
sonalized medicine, which can directly address
individual clinical characterization, symptom
diversity, severity, and genetic characteristics.207
Therefore, combinations of pharmaceuticals tar-
geting different hallmarks of the OA pathogenic
process should be considered.

The natural history of OA is marked by slow pro-
gression and involves multi-tissues. Thus, sympto-
matic efficacy, a long follow-up period, and
advanced imaging assessments must be considered
in trials evaluating the DMOADs. In addition,
alternate preclinical methods that more closely
mimic the human condition to assess efficacy in
humans are highly desirable.?°° Furthermore, rec-
ognizing that OA is a whole organ disease,?%8 vali-
dating OA disease-modifying therapy’s effectiveness
in early-stage disease probably needs other more
sensitive outcomes than the current measures.
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For future DMOADs trials, here are some new
trends in clinical trial design. In the first instance,
refocusing on eligibility criteria for any DMOAD
trial, which is not solely based on radiographic
assessment, might enhance the chances of devel-
oping a successful treatment. For OA clinical tri-
als, however, quantitative MR image analysis is
an advanced tool that should be used.?%%210 In
addition, OA is classified into several clinical phe-
notypes, laboratory parameters, biochemical
markers, and imaging criteria. With precision
medicine, it will be more important to identify the
right patient for a particular treatment approach.
Thus, single-cell sequencing, radiomics, and spa-
tial transcriptomics, among others, can be used to
find reliable personal classifications. To avoid
affecting human homeostasis, it is critical to per-
form tissue-specific interventions. Several novel
precision intervention technologies can contrib-
ute to precision treatment, including cell engi-
neering, tissue engineering, novel materials, and
gene editing, for example. Finally, it is necessary
to conduct multicenter trials with larger sample
sizes in order to assess the clinical significance of
the findings and their impact on joint structures.

Summary

As a common and severely debilitating disease,
there is an unmet medical need for treating OA,
especially for drugs to alleviate or prevent OA
symptoms and structural progression. Several
pharmaceuticals have been shown to prevent car-
tilage loss or preserve subchondral bone in OA,
such as sprifermin and MIV-711. In addition, it
remains unclear how the positive structural-mod-
ifying effects observed with several DM OADs can
contribute to clinical benefits as well as their long-
term efficacy and safety. Proteinase inhibitors,
bisphosphonates and biologic drugs (including
IL-1B and TNF inhibitors) have failed to provide
positive results in OA. The OA clinical heteroge-
neity is one of the significant challenges for devel-
oping DMOADs, as different phenotypes could
require specific therapeutics. With advances in
biomarker technology, imaging, and effective
drug delivery systems, OA treatments are making
significant progress, despite challenges in disease-
modifying drugs and personalized medicine.
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