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Protease-activated receptor-2 (PAR2) is one member of a small family of transmem-
brane, G-protein-coupled receptors. These receptors are activated via cleavage of
their N terminus by serine proteases (e.g., tryptase), unveiling an N terminus tethered
ligand which binds to the second extracellular loop of the receptor. Increasing evidence
has emerged identifying key pathophysiological roles for PAR2 in both rheumatoid
arthritis (RA) and osteoarthritis (OA). Importantly, this includes both pro-inflammatory
and destructive roles. For example, in murine models of RA, the associated synovitis,
cartilage degradation, and subsequent bone erosion are all significantly reduced in the
absence of PAR2. Similarly, in experimental models of OA, PAR2 disruption confers pro-
tection against cartilage degradation, subchondral bone osteosclerosis, and osteophyte
formation. This review focuses on the role of PAR2 in rheumatic disease and its potential
as an important therapeutic target for treating pain and joint degradation.
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PROTEASE-ACTIVATED RECEPTOR-2 (PAR2)

Protease-activated receptors (PARs) 1-4 are a family of transmembrane, G-protein-coupled
receptors. These receptors lack a conventional soluble ligand. Instead they are activated by serine
protease-mediated cleavage of their N terminus, unveiling a “tethered ligand” which can then bind
the second extracellular loop. Once activated, the continued interaction between the receptor and
its tethered ligand means it cannot be subsequently reactivated. Instead, PARs are internalized and
degraded post-activation. PARs 1, 3, and 4 are primarily cleaved by thrombin (1) and play important
roles in vascular physiology, the coagulation pathway and the immune system. PAR2, in contrast,
is activated by a number of serine proteases such as trypsin (2), mast cell tryptase (3), neutrophil
proteinase 3 (4), and matriptase (5), many of which are generated and released during tissue injury
and/or inflammation. In the last decade a strong link has emerged between PAR2 and the innate
and adaptive immune responses (6), and the stromal compartment. Furthermore, given the previ-
ously established role for PAR2 in nociception (7), there is now substantial evidence to support the
therapeutic targeting of this receptor to combat pain as well as inflammation and joint destruction
and in the rheumatic diseases. Notably, while there are no specific and potent PAR2 antagonists in
clinical trials, a recent publication of the crystal structure of PAR2 (8) will accelerate design and
availability of such compounds for future trials in various diseases.
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RHEUMATOID ARTHRITIS (RA)

The arthritides are a heterogeneous group of joint diseases with
the common endpoint of structural joint degradation; the most
overtly inflammatory of these is RA. This chronic, autoimmune
disorder affects an estimated 1% of the world population (9).
It is characterized by swelling, pain, and loss of mobility, and
manifests as a result of a break in immune tolerance toward
antigens associated with articular joints in genetically susceptible
individuals. This leads to an adaptive driven immune response to
self-antigens, such as IgG (rheumatoid factor) or posttranslation-
ally modified proteins (citrullinated protein). The RA inflamma-
tory synovial infiltrate consists of auto-reactive B and T cells,
inflammatory monocytes, and mast cells, which together pro-
duce a network of pro-inflammatory cytokines (e.g., TNF-a and
IL-6) (10), chemokines (e.g., CCL2 and CXCLS), and proteases,
contributing to a hypoxic and inflammatory environment. The
synovial membrane expands due to reduced apoptosis, increased
inflammatory mediators (e.g., IL-6), and catabolic protease
production by fibroblast-like synoviocytes (FLS). This aggressive
phenotype is maintained (11) through epigenetic imprinting,
creating an almost “transformed” synovial membrane (12). FLS
hyperplasia creates structural damage due to thickening of the
synovial membrane, creating an invasive pannus that can erode
neighboring tissue. Structural damage is also caused by the
immune cell infiltrates invading the juxta-articular bone and cal-
cified cartilage, led by excessive osteoclast activity (derived from
infiltrating myeloid cells, e.g., monocytes) and TNF-a-driven
mechanisms (13). Pathogenic mechanisms driving structural
joint changes in RA are summarized in Figure 1.

Synovium

The first “proof of concept” that PAR2 has a direct role in chronic
inflammatory arthritis was demonstrated by Ferrell et al. using an
adjuvant-induced monoarthritis model in wild-type (WT), PAR2
deficient homozygote (Par2~~) and PAR?2 heterozygote (Par2*'~)
mice. This innate immune-mediated arthritis model revealed
almost complete ablation of synovitis in Par2~/~ compared with
WT mice, with heterozygotes demonstrating an intermediate
phenotype (14). The immunological role of PAR2 in murine RA
models was further investigated in vivo using the gold standard
model of inflammatory RA, collagen-induced arthritis (CIA)
in both DBA/1 and C57Bl/6] mice. Arthritis was significantly
reduced following therapeutic treatment with PAR2 inhibitors
(both small-molecule antagonist ENMD-1068 and SAM-11
monoclonal antibody) (15). This was associated with an altered
immune response in secondary lymphoid tissue, whereby PAR2
inhibition significantly reduced IL-17 and IFN-y levels and had a
minor impact on TNF-a, IL-1p, IL-6, IL-12, CCL3, and GM-CSF
expression (15). Furthermore, anti-type II collagen antibod-
ies were also significantly reduced after PAR2 inhibition. This
compelling evidence supports the immunological role of PAR2
in inflammatory joint disease, pinpointing reductions in key
synovitis-associated cytokines, and links PAR2 to the induction
of adaptive antibody responses. The upstream ability of PAR2 to
modulate multiple cytokine pathways potentially represents an
over-arching approach to target multiple immunopathological

pathways. It is therefore interesting to speculate that PAR2-
mediating therapeutic strategies could provide an alternative to
those currently focused on targeting these pathways (i.e., JAK
inhibitors).

Subsequent translational studies implicated a pathogenic
role for PAR2 in the context of human RA. Notably, the level
of PAR2 transcript and protein was significantly increased
in both synovial tissue biopsies and isolated FLS from RA
synovium when compared with osteoarthritis (OA) patients
(16). An inflammatory role for PAR2 in the synovia was further
implicated by the correlation of PAR2 expression in RA patients
with the extent of synovial pathology (16). To understand the
underlying mechanism, studies have been conducted to dissect
the pathways influenced by PAR2 activation in cells associated
with RA synovial infiltrates. Crilly and colleagues investigated the
cell surface expression of PAR2 on CD14* circulating monocytes
(which likely migrate into the inflamed joint and differentiate to
macrophages or osteoclasts) during both RA remission and flare
(17). These studies demonstrated that the expression of PAR2 on
patient monocytes correlated with classic biomarkers of disease
flare such as erythrocyte sedimentation rate and C reactive
protein levels. Importantly, the elevated levels of PAR2 surface
expression in CD14" monocytes was significantly reduced in
patients receiving conventional DMARDs (17, 18). This direct
correlation between receptor expression and disease activity sup-
ports a role for PAR2 in driving inflammatory disease. Moreover,
at a functional level, the activation of PAR2 on human monocyte
in vitro derived macrophages, via the agonist peptide SLIGKYV,
fundamentally altered the cellular cytoskeleton (elongated
spindle-like appearance) and enhanced TNF-a production, both
in the presence or absence of LPS stimulation (19). This confirms
that enhanced PAR2 expression on monocytes (17) translates to
a pro-inflammatory phenotype. However, the potential differ-
ential expression of PAR2 or the functional role of the receptor
in different monocyte subpopulations remains to be elucidated.
Thus far the PAR2 expression on RA monocyte subsets has been
limited to analysis of CD14* monocytes. Interrogation of PAR2
expression in the full monocyte compartment in RA, including
classical monocytes (CD14**CD167, responsible for higher
cytokine production and inflammation), intermediate monocytes
(CD147*CD16%) and non-classical monocytes (CD14*CD16%,
patrolling) may provide further insights into the inflammatory
role of this receptor (20).

In summation, overall increased PAR2 expression is seen
across multiple cell types of the RA synovium. Assessment of
PAR2 activity both in vivo and in vitro indicates that this pathway
may at least in part be responsible for the disease associated
activity of these cell types. Therefore, PAR2 may be dysregulated
in cells of the innate immune system and stromal FLS and thus
represent a therapeutically tractable pathway in RA.

Cartilage

The main contributor to cartilage degradation in RA is a hyper-
plastic synovium (21). The protein-binding properties of cartilage
becomes altered due to decreased lubricin expression and loss
of other protective mechanisms within the synovium (22). This
leads to FLS adhesion and invasion of the bone and cartilage,

Frontiers in Endocrinology | www.frontiersin.org

May 2018 | Volume 9 | Article 257


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

McCulloch et al.

PAR2 Pathogenic Roles in Arthritis

A Healthy Joint
)
ﬂl <——— TrabecularBone
Anterior & Posterior Cruciate Ligaments
Synovial Membrane --,
v
FLS (purple) & MLS (yellow)
| Articular 3
----- Cartilage Joint Capsule
B Rheumatoid Arthritis
and PAR2
MMP-7 ws T
4 Inflamed Synovia
w— Cellular Infiltration
Catabolic cartilage damage ‘,r‘
c Osteoarthritisand
PAR2
T Osteoblast
” IL-1b
/ MMPs 11 1p
“‘\~ Inflammatory
Osteophyte S
Formation
(B ot o/ R
Subchondral bone
density

MMP-7  MMP1 Mmp-13 MMP-3

4cox2

Catabolic cartilage damage

FIGURE 1 | Continued

Frontiers in Endocrinology | www.frontiersin.org

3 May 2018 | Volume 9 | Article 257


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

McCulloch et al.

PAR2 Pathogenic Roles in Arthritis

FIGURE 1 | Arthritic joint changes and the pathogenic role of protease-activated receptor-2 (PAR2). (A) Schematic representation of a normal healthy joint,
highlighting the various joint tissues, cell types residing within, and the expression of PAR2 in the healthy joint. (B) A schematic representation of a rheumatoid
arthritis-affected joint, highlighting characteristic changes including: synovitis, degradation of the articular cartilage; bone erosion and increased inflammatory factors.
PAR2 expression is also highlighted in pathogenic areas known to be influenced by PAR2 from animal studies or in vitro cell work. Including, increase in PAR2
expression in monocytes, macrophages, and fibroblast-like synoviocytes, and contributing to monocyte IL-6 production, macrophage cytokine production,
autoantibody production, bone erosion, and cartilage destruction. (C) Schematic representation of an osteoarthritis (OA)-affected joint, highlighting characteristic
changes including: synovitis; degradation of the articular cartilage; osteophyte formation; subchondral bone sclerosis and pannus formation. PAR2 expression is also
highlighted in cells/tissues and pathogenic outcomes known to be influenced by PAR2 from animal studies or in vitro cell work. Increased levels of PAR2 have been
found in OA chondrocytes, fibroblasts, and macrophages, with PAR2 known to play a role in osteophyte formation, cartilage degradation (through catabolic protease

production), and inflammation.

resulting in the formation of pannus. Metalloproteinases (MMPs)
are released from the chondrocytes and synovium, contributing
to subsequent cartilage degradation. FLS predominantly release
MMP-14 that also degrades the cartilage matrix (23). Chondrocytes
also express a disintegrin and MMP with thrombospondin
motifs 5 (ADAMTS 5), which has the ability to degrade aggrecan
(ECM component) (24), as well as MMP-1; the major collagenase
associated with RA (25). Moreover, the secretion of IL-1f within
the synovial environment, which drives catabolic activity within
chondrocytes, also upregulates PAR2 on chondrocytes and can in
turn be regulated by PAR2 activation (16).

Using the adjuvant-induced arthritis model to mimic chronic
inflammatory arthritis in mice, the absence of PAR2 conferred
protection against cartilage damage. By comparison, cartilage
was entirely replaced by pannus in WT mice, with associated
erosion of the cortical bone, while Par2*~ mice exhibited an
intermediate level of protection against cartilage damage (14).
The ability of PAR2 to regulate adaptive immune pathways
potentially responsible for driving cartilage damage in RA was
explored in the CIA model. Histological analysis of the paws
revealed that Par2”~ mice had significantly lower cartilage
damage than WT controls (15), suggesting that this protection
observed in Par2~~ mice was related to the capacity of PAR2 to
drive the release of cytokines, including IL-1f, known to induce
degradation of cartilage and ECM components in this inflam-
matory arthritis model. While PAR2 drives cartilage damage
in inflammatory arthritis, the pathogenic mechanism is poorly
understood. Unanswered questions include whether PAR2 can
modulate the erosive environment leading to cartilage damage,
or whether its activation undermines chondrocyte biology/viabil-
ity. Moreover, translational studies are required to determine if
this pathogenic role is relevant in human RA.

Bone

Dysregulation of the homeostatic bone remodeling process is
recognized to be a key feature of RA. This is associated with
localized bone erosion at the site of inflammation, and systemic
bone loss, that can contribute to an increased risk of fracture
(26, 27). The high prevalence of synovial pro-inflammatory fac-
tors promotes osteoclastogenic activity resulting in focal bone
erosions, especially at the interface of bone and pannus (28). In
addition, the balance of bone formation and resorption is further
perturbed in these patients because the inflammatory environ-
ment, including IL-1p and IL-6 inhibit the migration and activity
of the bone forming osteoblasts (29, 30). The role of PAR2 in
bone erosion in inflammatory disease remains unclear, and

current literature regarding PAR2 in osteoclasts is conflicting.
Studies have shown PAR2 is expressed in osteoblasts (31) and
CD14* monocytes (17), the latter being osteoclast precursors.
Another study explored PAR2-mediated bone functions, in a
bone marrow-derived coculture system; addition of soluble
factors resulted in osteoblast differentiation, subsequently pro-
moting osteoclastogenesis. When PAR2 activating peptides were
included in this system, the number of tartrate-resistant acid
phosphatase (TRAP) positive osteoclasts decreased. However,
when osteoclasts were cultured alone (without osteoblasts),
PAR2 activation had no effect. This suggests PAR2 activation
inhibited osteoclastogenesis in vitro via an osteoblast-mediated
mechanism, and it was proposed that this mechanism may pro-
tect bone from uncontrolled resorption (32). In contrast, a study
of skeletal development in Par2~~ mice revealed an increase in
total bone volume and a deficit in the area of bone associated
with osteoclasts. Moreover, in vitro osteoclastogenesis assays
demonstrated that osteoclasts derived from precursors lacking
PAR?2 had reduced levels of TRAP (33). While conflicting, these
studies do indicate that PAR2 could play a fundamental role
in the differentiation of bone precursor cells into their mature
forms, and therefore bone remodeling in RA may be influenced
via PAR2 modulation.

OSTEOARTHRITIS

As the most prevalent musculoskeletal disease globally (34), OA
is a chronic debilitating condition affecting an estimated 100 mil-
lion Europeans. It has a dramatic impact on quality of life (35),
through associated pain, swelling of the joint and lack of mobility/
loss of normal joint function. In the absence of effective disease
modifying therapies, analgesia, and ultimately arthroplasty
remain the only real options for most patients. In the UK, between
2007 and 2008 over 140,000 primary hip and knee replacements
were performed, with an addition of more than 10,000 revision
arthroplasties. This represents an NHS cost burden in excess
of £1 billion per year (36). Risk factors linked to OA include
gender, obesity, genetic factors, joint injury and advancing age,
with approximately 80% of the population >65 years old show-
ing radiological evidence of OA (37). Depending on the stage of
disease, an OA joint can exhibit various characteristics such as
degradation of the articular cartilage, osteophyte formation (bony
outgrowths), subchondral bone sclerosis, pannus formation, and
inflammation of the synovial membrane (synovitis) (Figure 1C).
OA is inherently heterogeneous: there is substantial inter-patient
variability in clinical features, biochemical characteristics and
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treatment responses. This, together with the subtle onset of OA
and lack of definitive biomarkers, makes early diagnosis extremely
challenging. What was once considered a degenerative “wear and
tear” disease is now recognized as a complex disorder involving
various molecular pathways and inflammatory mediators (38).
The pathogenic mechanisms of this complex disease are still not
fully understood, and accordingly this unmet clinical need is a
major focus of research.

Synovium

Unlike RA, there are no systemic signs of inflammation or evi-
dence of neutrophils within OA synovial fluid. There is, however,
evidence of inflammatory (B and T cell) infiltrate into the syn-
ovium (39), together with increased levels of pro-inflammatory
cytokines (IL-1f and TNF-a) and catabolic proteases (e.g., MMPs).
These are thought to be instrumental in chondrocyte mediated
cartilage destruction.

Scoring of synovial thickness and monocyte infiltrates in OA
demonstrated that OA synovitis correlates with levels of PAR2
expression in synovial tissue (40). While synovitis scores were
reduced in OA compared with RA, increased PAR2 levels were
directly associated with inflammatory conditions across all
patient groups. These studies also demonstrated that a PAR2
antagonist, ENMD-1068, dose-dependently inhibited TNF-a
production from OA synovial explant cultures. Increased PAR2
expression in OA synovia would therefore appear to be not merely
a passive marker of inflammation, but an active contributor to
pro-inflammatory cytokine production.

Cartilage

Chondrocytes are the primary source of enzymes such as MMPs
responsible for the metabolism of the cartilage matrix in OA (41).
Pro-inflammatory cytokines synthesized and released by both
chondrocytes and the synovial membrane are important in the
development and progression of OA as they play a central role
in inducing cartilage catabolic processes (42). MMPs are consid-
ered crucial in cartilage catabolism, as they collectively have the
ability to degrade all components of the ECM (43).

Protease-activated receptor-2 transcript is sevenfold higher in
chondrocytes isolated from the cartilage of OA patients compared
with control femoral fracture patients who have no evidence
of arthropathy (44). Moreover, in vitro culture and subsequent
passage of chondrocytes demonstrated that only in OA-derived
samples is there maintenance of PAR2 protein. This indicates
potential epigenetic alterations in these cells enabling them to
retain PAR2 expression (44).

Selective activation of PAR2 in chondrocytes mediates a
stress-activated protein kinases (SAPK)/p38 and extracellular
signal-regulated kinase 1/2 signaling cascade, which results in
the generation of MMP-1, MMP-13 and cyclooxygenase 2 (45).
In OA and RA, MMP-1 and -13 and ADAMTS aggrecanases
are strongly associated with the degradation of collagen and
aggrecan (46), the main components of the ECM. Moreover, pro-
inflammatory cytokines such as IL-1p and TNFa have been shown
to upregulate PAR2 expression in OA chondrocytes (44), and
PAR?2 appears to regulate the synovial release of IL-1p, a chon-
drocyte catabolin (16, 47). These findings collectively implicate

a potential auto-feedback loop between PAR2, inflammation and
cartilage destruction.

In the murine destabilization of the medial meniscus (DMM)
model, PAR2 has been identified as a critical checkpoint in the
pathogenesis of experimental OA (48). Par2~~ mice exhibit
substantially less cartilage damage at 4 weeks’ post DMM than
WT littermates (48), a key finding confirmed in a later study (49),
and across several groups (50, 51). Notably, 8 weeks' post DMM,
Par2~~ mice retain cartilage integrity while WT mice have more
pronounced joint destruction (48). Using either a PAR2 agonist
or monoclonal antibody specifically targeting the PAR2 protease
cleavage site, inhibition of PAR2 in WT mice was observed to be
as equally effective as gene deletion in curtailing OA progression
in vivo (48), but only in early (1 week) stages of disease.

To further test the hypothesis that PAR2 drives cartilage
damage in the DMM model (48, 50, 51), additional experiments
using a viral vector containing human PAR2 (hPar2) showed
that intraarticular injection of hPar2 in Par2~'~ mice restored the
pathogenic phenotype (49). While Jackson et al. demonstrated a
significant correlation between cartilage damage and subchondral
bone sclerosis (51), Huesa et al. demonstrated cartilage damage
but no significant difference in subchondral bone sclerosis in the
hPAR2-transfected Par2~~ mice compared with vector controls
(49). The authors concluded that, in the DMM model, even in
the absence of subchondral bone sclerosis, cartilage damage is
mediated via PAR2. However, it should be appreciated that subtle
differences in PAR2-dependent pathological features in these
studies may reflect divergence of methodologies or temporal
analyses employed by these groups. In summation, PAR2 activity,
through the stimulation of MMPs and various other proteases
appears to promote cartilage degradation. PAR2 deficiency may
confer protection against cartilage erosion via inhibition of MMP
production and/or alteration of chondrocyte phenotype. Many
questions remain with regard to the role of PAR2 in chondrocyte
biology and how it affects OA etiology. Thus future studies should
consider using cartilage-specific Par2~/~ animals.

Bone
Bone pathology in OA differs from RA. In addition to bone loss in
the metaphysis, OA is characterized by osteosclerosis (hardening
and increased density of subchondral bone) (52) and formation
of osteophytes along the joint margins (53).

Protease-activated receptor-2 has recently been reported
to play an essential role in osteophyte formation during DMM
progression: although osteophytes are detectable in both WT and
Par2~~ mice, the quantity, size, and growth of osteophytes over
time is significantly reduced in Par2~~ animals. The OA pheno-
type was subsequently “rescued” via intraarticular Par2 adenovi-
rus transfection (49), which restored the pathogenic phenotype
observed in WT animals. This appears to contradict a previous
study which found no significant gross difference in osteophyte
formation between WT and Par2~~ (51). However, the difference
in techniques adopted in these studies (microcomputed tomog-
raphy versus histology, respectively) may explain the conflicting
results as the former technique offers far more quantitative
measurement of osteophyte changes such as volume, density, and
arboreal structure. While these studies provide important “proof
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of concept” that PAR2 modulates the pathogenic bone pheno-
type found in murine OA models, in vitro studies on human
osteoclasts and stroma are still needed to dissect the mechanisms
involved, as well as translating these findings to human OA. This
is an important future direction, since PAR2 inhibition may offer
protection against osteophytogenesis in OA patients.

CONCLUSION

Arthritis studies have identified the cell types expressing PAR2,
shown the receptor is up regulated and provided proof of concept
that PAR2 inhibition offers therapeutic protection. PAR2 may
therefore present a complete novel target that merits research
focus since there remains an urgent need for targeted disease
modifying agents in both RA and OA. Recent advances in RA
biological treatments against specific cytokines and immune cells
have not fulfilled their early promise, are expensive, and require
an injection-based delivery system. In OA, disease modifying
agents are virtually non-existent and current treatment options
are severely limited.

Continuing research is required to achieve the ultimate
therapeutic ambition of identifying new targets with high disease

REFERENCES

1. Coughlin SR. Thrombin signalling and protease-activated receptors. Nature
(2000) 407:258-64. doi:10.1038/35025229
2. Belham CM, Tate RJ, Scott PH, Pemberton AD, Miller HR, Wadsworth RM,
et al. Trypsin stimulates proteinase-activated receptor-2-dependent and -
independent activation of mitogen-activated protein kinases. Biochem ]
(1996) 320(Pt 3):939-46. doi:10.1042/bj3200939
3. Molino M, Barnathan ES, Numerof R, Clark J, Dreyer M, Cumashi A, et al.
Interactions of mast cell tryptase with thrombin receptors and PAR-2. J Biol
Chem (1997) 272:4043-9. do0i:10.1074/jbc.272.7.4043
4. Kuckleburg CJ, Newman PJ. Neutrophil proteinase 3 acts on protease-activated
receptor-2 to enhance vascular endothelial cell barrier function. Arterioscler
Thromb Vasc Biol (2013) 33:275-84. doi:10.1161/ATVBAHA.112.300474
5. Takeuchi T, Harris JL, Huang W, Yan KW, Coughlin SR, Craik CS. Cellular
localization of membrane-type serine protease 1 and identification of
protease-activated receptor-2 and single-chain urokinase-type plasminogen
activator as substrates. ] Biol Chem (2000) 275:26333-42. doi:10.1074/jbc.
M002941200
6. Shpacovitch V, Feld M, Hollenberg MD, Luger TA, Steinhoff M. Role of
protease-activated receptors in inflammatory responses, innate and adaptive
immunity. J Leukoc Biol (2008) 83:1309-22. doi:10.1189/j1b.0108001
7. Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ, Grady EE,
et al. Proteinase-activated receptor-2 and hyperalgesia: a novel pain pathway.
Nat Med (2001) 7:821-6. doi:10.1038/89945
8. Cheng RKY, Fiez-Vandal C, Schlenker O, Edman K, Aggeler B, Brown DG,
et al. Structural insight into allosteric modulation of protease-activated
receptor 2. Nature (2017) 545:112-5. doi:10.1038/nature22309
9. Chopra A, Abdel-Nasser A. Epidemiology of rheumatic musculoskeletal
disorders in the developing world. Best Pract Res Clin Rheumatol (2008)
22:583-604. doi:10.1016/j.berh.2008.07.001
10. McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid
arthritis. Nat Rev Immunol (2007) 7:429-42. d0i:10.1038/nri2094
11. Miiller-Ladner U, Kriegsmann J, Franklin BN, Matsumoto S, Geiler T, Gay RE,
et al. Synovial fibroblasts of patients with rheumatoid arthritis attach to and
invade normal human cartilage when engrafted into SCID mice. Am ] Pathol
(1996) 149:1607-15.
12. Bottini N, Firestein GS. Duality of fibroblast-like synoviocytes in RA: passive
responders and imprinted aggressors. Nat Rev Rheumatol (2013) 9:24-33.
doi:10.1038/nrrheum.2012.190

specificity and good accessibility by manageable drug delivery.
While PAR2 has been recognized as a potential target with sig-
nificant therapeutic value, advance in this area has been severely
limited by the current lack of effective small-molecule PAR2
antagonists. Given the burgeoning problem of arthritis with an
ever aging population, the recent and timely publication of the
crystal structure of PAR2 (8) presents a landmark step in pro-
gressing pharmaceutical research by accelerating development of
such agents for future clinical studies.

AUTHOR CONTRIBUTIONS

The joint first authors (KM and SM) prepared the first draft of the
review, and this was then revised and finalized with input from all
authors (CH, LD, GL, AC, LH, WE JL, and CG).

FUNDING

This work was supported by an Arthritis Research UK program
grant (20199). KM is supported by a University of the West of
Scotland-funded PhD Studentship and SM is supported by a
Medical Research Scotland PhD Studentship.

13. Schett G. Cells of the synovium in rheumatoid arthritis. Osteoclasts. Arthritis
Res Ther (2007) 9:203. doi:10.1186/ar2110

14. Ferrell WR, Lockhart JC, Kelso EB, Dunning L, Plevin R, Meek SE, et al.
Essential role for proteinase-activated receptor-2 in arthritis. J Clin Invest
(2003) 111:35-41. doi:10.1172/JCI16913

15. Crilly A, Palmer H, Nickdel MB, Dunning L, Lockhart JC, Plevin R, et al.
Immunomodulatory role of proteinase-activated receptor-2. Ann Rheum Dis
(2012) 71:1559-66. doi:10.1136/annrheumdis-2011-200869

16. Kelso EB, Ferrell WR, Lockhart JC, Elias-Jones I, Hembrough T, Dunning L,
et al. Expression and proinflammatory role of proteinase-activated receptor 2
in rheumatoid synovium: ex vivo studies using a novel proteinase-activated
receptor 2 antagonist. Arthritis Rheum (2007) 56:765-71. doi:10.1002/
art.22423

17. Crilly A, Burns E, Nickdel MB, Lockhart JC, Perry ME, Ferrell PW, et al. PAR2
expression in peripheral blood monocytes of patients with rheumatoid arthritis.
Ann Rheum Dis (2012) 71:1049-54. doi:10.1136/annrheumdis-2011-200703

18. Johansson U, Lawson C, Dabare M, Syndercombe-Court D, Newland AC,
Howells GL, et al. Human peripheral blood monocytes express protease
receptor-2 and respond to receptor activation by production of IL-6, IL-8,
and IL-1{beta}. ] Leukoc Biol (2005) 78:967-75. d0i:10.1189/j1b.0704422

19. Steven R, Crilly A, Lockhart JC, Ferrell WR, McInnes IB. Proteinase-activated
receptor-2 modulates human macrophage differentiation and effector func-
tion. Innate Immun (2013) 19:663-72. d0i:10.1177/1753425913479984

20. Boyette LB, Macedo C, Hadi K, Elinoff BD, Walters JT, Ramaswami B, et al.
Phenotype, function, and differentiation potential of human monocyte sub-
sets. PLoS One (2017) 12:¢0176460. doi:10.1371/journal.pone.0176460

21. Ainola MM, MandelinJA, Liljestrom MP, Li T, Hukkanen MV], Konttinen YT.
Pannus invasion and cartilage degradation in rheumatoid arthritis: involve-
ment of MMP-3 and interleukin-1beta. Clin Exp Rheumatol (2005) 23:
644-50.

22. Rhee DK, Marcelino J, Baker M, Gong Y, Smits P, Lefebvre V, et al. The secreted
glycoprotein lubricin protects cartilage surfaces and inhibits synovial cell
overgrowth. J Clin Invest (2005) 115:622-31. doi:10.1172/JCI200522263

23. Sabeh E Fox D, Weiss S]. Membrane-type I matrix metalloproteinase-
dependent regulation of rheumatoid arthritis synoviocyte function. J Immunol
(2010) 184:6396-406. doi:10.4049/jimmunol.0904068

24. Little CB, Meeker CT, Golub SB, Lawlor KE, Farmer PJ, Smith SM, et al.
Blocking aggrecanase cleavage in the aggrecan interglobular domain abro-
gates cartilage erosion and promotes cartilage repair. J Clin Invest (2007)
117:1627-36. doi:10.1172/JCI30765

Frontiers in Endocrinology | www.frontiersin.org

May 2018 | Volume 9 | Article 257


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1038/35025229
https://doi.org/10.1042/bj3200939
https://doi.org/10.1074/jbc.272.7.4043
https://doi.org/10.1161/ATVBAHA.112.300474
https://doi.org/10.1074/jbc.M002941200
https://doi.org/10.1074/jbc.M002941200
https://doi.org/10.1189/jlb.0108001
https://doi.org/10.1038/89945
https://doi.org/10.1038/nature22309
https://doi.org/10.1016/j.berh.2008.07.001
https://doi.org/10.1038/nri2094
https://doi.org/10.1038/nrrheum.2012.190
https://doi.org/10.1186/ar2110
https://doi.org/10.1172/JCI16913
https://doi.org/10.1136/annrheumdis-2011-200869
https://doi.org/10.1002/art.22423
https://doi.org/10.1002/art.22423
https://doi.org/10.1136/annrheumdis-2011-200703
https://doi.org/10.1189/jlb.0704422
https://doi.org/10.1177/1753425913479984
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1172/JCI200522263
https://doi.org/10.4049/jimmunol.0904068
https://doi.org/10.1172/JCI30765

McCulloch et al.

PAR2 Pathogenic Roles in Arthritis

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Murphy G, Nagase H. Reappraising metalloproteinases in rheumatoid
arthritis and osteoarthritis: destruction or repair? Nat Clin Pract Rheumatol
(2008) 4:128-35. doi:10.1038/ncprheum0727

van Staa TP, Geusens P, Bijlsma JWJ, Leufkens HGM, Cooper C. Clinical
assessment of the long-term risk of fracture in patients with rheumatoid
arthritis. Arthritis Rheum (2006) 54:3104-12. doi:10.1002/art.22117
Giiler-Yiiksel M, Allaart CE, Goekoop-Ruiterman YPM, de Vries-Bouwstra JK,
van Groenendael JHLM, Mallée C, et al. Changes in hand and generalised
bone mineral density in patients with recent-onset rheumatoid arthritis. Ann
Rheum Dis (2009) 68:330-6. doi:10.1136/ard.2007.086348

Gravallese EM, Harada Y, Wang JT, Gorn AH, Thornhill TS, Goldring SR.
Identification of cell types responsible for bone resorption in rheumatoid
arthritis and juvenile rheumatoid arthritis. Am J Pathol (1998) 152:943-51.
Baum R, Gravallese EM. Impact of inflammation on the osteoblast in rheumatic
diseases. Curr Osteoporos Rep (2014) 12:9-16. doi:10.1007/s11914-013-0183-y
Walsh NC, Reinwald S, Manning CA, Condon KW, Iwata K, Burr DB, et al.
Osteoblast function is compromised at sites of focal bone erosion in inflamma-
tory arthritis. ] Bone Miner Res (2009) 24:1572-85. doi:10.1359/jbmr.090320
Abraham LA, Chinni C, Jenkins AL, Lourbakos A, Ally N, Pike RN, et al.
Expression of protease-activated receptor-2 by osteoblasts. Bone (2000)
26:7-14. doi:10.1016/S8756-3282(99)00237-9

Smith R, Ransjo M, Tatarczuch L, Song S-J, Pagel C, Morrison JR, et al.
Activation of protease-activated receptor-2 leads to inhibition of osteoclast dif-
ferentiation. ] Bone Miner Res (2004) 19:507-16. d0i:10.1359/JBMR.0301248
Georgy SR, Pagel CN, Ghasem-Zadeh A, Zebaze RMD, Pike RN, Sims NA,
et al. Proteinase-activated receptor-2 is required for normal osteoblast and
osteoclast differentiation during skeletal growth and repair. Bone (2012)
50:704-12. doi:10.1016/j.bone.2011.11.023

Brooks PM. The burden of musculoskeletal disease — a global perspective. Clin
Rheumatol (2006) 25:778-81. doi:10.1007/s10067-006-0240-3

Alkan BM, Fidan F, Tosun A, Ardigoglu O. Quality of life and self-reported
disability in patients with knee osteoarthritis. Mod Rheumatol (2013)
24(1):166-71. doi:10.3109/14397595.2013.854046

de Verteuil R, Imamura M, Zhu S, Glazener C, Fraser C, Munro N, et al.
A systematic review of the clinical effectiveness and cost-effectiveness and
economic modelling of minimal incision total hip replacement approaches in
the management of arthritic disease of the hip. Health Technol Assess (2008)
12:iii-iv, ix-223. doi:10.3310/hta12260

Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, et al.
Estimates of the prevalence of arthritis and other rheumatic conditions in the
United States. Part II. Arthritis Rheum (2008) 58:26-35. d0i:10.1002/art.23176
Goldring MB, Goldring SR. Osteoarthritis. ] Cell Physiol (2007) 213:626-34.
doi:10.1002/jcp.21258

Benito MJ, Veale D], FitzGerald O, van den Berg WB, Bresnihan B. Synovial
tissue inflammation in early and late osteoarthritis. Ann Rheum Dis (2005)
64:1263-7. doi:10.1136/ard.2004.025270

Tindell AG, Kelso EB, Ferrell WR, Lockhart JC, Walsh DA, Dunning L, et al.
Correlation of protease-activated receptor-2 expression and synovitis in rheu-
matoid and osteoarthritis. Rheumatol Int (2012) 32:3077-86. doi:10.1007/
500296-011-2102-9

Martel-Pelletier J, Welsch DJ, Pelletier J-P. Metalloproteases and inhib-
itors in arthritic diseases. Best Pract Res Clin Rheumatol (2001) 15:805-29.
doi:10.1053/berh.2001.0195

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Martel-Pelletier ], Lajeunesse D, Pelletier JP. Etiopathogenesis of osteoar-
thritis. 15th ed. In: Koopman WJ, Moreland LW, editors. Arthritis and Allied
Conditions. A Textbook of Rheumatology. Baltimore: Lippincott, Williams &
Wilkins (2005). p. 2199-226.

Mott JD, Werb Z. Regulation of matrix biology by matrix metalloprotein-
ases. Curr Opin Cell Biol (2004) 16:558-64. doi:10.1016/j.ceb.2004.07.010
Xiang Y, Masuko-Hongo K, Sekine T, Nakamura H, Yudoh K, Nishioka K,
et al. Expression of proteinase-activated receptors (PAR)-2 in articular chon-
drocytes is modulated by IL-1p, TNF-a and TGF-P. Osteoarthritis Cartilage
(2006) 14:1163-73. d0i:10.1016/j.joca.2006.04.015

Boileau C, Amiable N, Martel-Pelletier ], Fahmi H, Duval N, Pelletier J-P.
Activation of proteinase-activated receptor 2 in human osteoarthritic carti-
lage upregulates catabolic and proinflammatory pathways capable of inducing
cartilage degradation: a basic science study. Arthritis Res Ther (2007) 9:R121.
doi:10.1186/ar2329

Rowan AD, Litherland GJ, Hui W, Milner JM. Metalloproteases as potential
therapeutic targets in arthritis treatment. Expert Opin Ther Targets (2007)
12:1-18. doi:10.1517/14728222.12.1.1

Daheshia M, Yao JQ. The interleukin 1beta pathway in the pathogenesis of
osteoarthritis. J Rheumatol (2008) 35:2306-12. doi:10.3899/jrheum.080346
Ferrell WR, Kelso EB, Lockhart JC, Plevin R, McInnes IB. Protease-activated
receptor 2: a novel pathogenic pathway in a murine model of osteoarthritis.
Ann Rheum Dis (2010) 69:2051-4. doi:10.1136/ard.2010.130336

Huesa C, Ortiz AC, Dunning L, McGavin L, Bennett L, McIntosh K, et al.
Proteinase-activated receptor 2 modulates OA-related pain, cartilage
and bone pathology. Ann Rheum Dis (2015) 75:1989-97. doi:10.1136/
annrheumdis-2015-208268

Amiable N, Martel-Pelletier J, LUSSIER B, TAT SK, Pelletier J-P, Boileau C.
Proteinase-activated receptor-2 gene disruption limits the effect of osteoar-
thritis on cartilage in mice: a novel target in joint degradation. | Rheumatol
(2011) 38:911-20. doi:10.3899/jrheum.100710

Jackson MT, Moradi B, Zaki S, Smith MM, McCracken S, Smith SM, et al.
Depletion of protease-activated receptor 2 but not protease-activated receptor 1
may confer protection against osteoarthritis in mice through extracartilaginous
mechanisms. Arthritis Rheumatol (2014) 66:3337-48. doi:10.1002/art.38876
Buckland-Wright C. Subchondral bone changes in hand and knee osteoar-
thritis detected by radiography. Osteoarthritis Cartilage (2004) 12(Suppl A):
$10-9. doi:10.1016/j.joca.2003.09.007

Felson DT, Gale DR, Elon Gale M, Niu J, Hunter D], Goggins J, et al.
Osteophytes and progression of knee osteoarthritis. Rheumatology (Oxford)
(2005) 44:100-4. doi:10.1093/rheumatology/keh411

Conflict of Interest Statement: CG has received consulting fees from AstraZeneca
(more than $10,000). LH is an employee of AstraZeneca. All other authors declare
no conflict of interest.

Copyright © 2018 McCulloch, McGrath, Huesa, Dunning, Litherland, Crilly, Hultin,
Ferrell, Lockhart and Goodyear. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

May 2018 | Volume 9 | Article 257


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1038/ncprheum0727
https://doi.org/10.1002/art.22117
https://doi.org/10.1136/ard.2007.086348
https://doi.org/10.1007/s11914-013-0183-y
https://doi.org/10.1359/jbmr.090320
https://doi.org/10.1016/S8756-3282(99)00237-9
https://doi.org/10.1359/JBMR.0301248
https://doi.org/10.1016/j.bone.2011.11.023
https://doi.org/10.1007/s10067-006-0240-3
https://doi.org/10.3109/14397595.2013.854046
https://doi.org/10.3310/hta12260
https://doi.org/10.1002/art.23176
https://doi.org/10.1002/jcp.21258
https://doi.org/10.1136/ard.2004.025270
https://doi.org/10.1007/s00296-011-2102-9
https://doi.org/10.1007/s00296-011-2102-9
https://doi.org/10.1053/berh.2001.0195
https://doi.org/10.1016/j.ceb.2004.07.010
https://doi.org/10.1016/j.joca.2006.04.015
https://doi.org/10.1186/ar2329
https://doi.org/10.1517/14728222.12.1.1
https://doi.org/10.3899/jrheum.080346
https://doi.org/10.1136/ard.2010.130336
https://doi.org/10.1136/annrheumdis-2015-208268
https://doi.org/10.1136/annrheumdis-2015-208268
https://doi.org/10.3899/jrheum.100710
https://doi.org/10.1002/art.38876
https://doi.org/10.1016/j.joca.2003.09.007
https://doi.org/10.1093/rheumatology/keh411
https://creativecommons.org/licenses/by/4.0/

	Rheumatic Disease: Protease-Activated Receptor-2 in Synovial Joint Pathobiology
	Protease-Activated Receptor-2 (PAR2)
	Rheumatoid Arthritis (RA)
	Synovium
	Cartilage
	Bone

	Osteoarthritis
	Synovium
	Cartilage
	Bone

	Conclusion
	Author Contributions
	Funding
	References


