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OPEN 8 ACCESS Protease-activated receptor-2 (PAR2) has been extensively studied since its discovery in
the mid-1990. Despite the advances in understanding PAR2 pharmacology, it has taken
almost 25 years for the first inhibitor to reach clinical trials, and so far, no PAR2 antagon-
ist has been approved for human use. Research has employed classical approaches to
develop a wide array of PAR2 agonists and antagonists, consisting of peptides, peptoids
and antibodies to name a few, with a surge in patent applications over this period.
Recent breakthroughs in PAR2 structure determination has provided a unique insight into
proposed PAR2 ligand binding sites. Publication of the first crystal structures of PAR2
resolved in complex with two novel non-peptide small molecule antagonists (AZ8838 and
AZ3451) revealed two distinct binding pockets, originally presumed to be allosteric sites,
with a PAR2 antibody (Fab3949) used to block tethered ligand engagement with the
peptide-binding domain of the receptor. Further studies have proposed orthosteric site
occupancy for AZ8838 as a competitive antagonist. One company has taken the first
PAR2 antibody (MEDIO618) into phase | clinical trial (NCT04198558). While this first-in-
human trial is at the early stages of the assessment of safety, other research into the
structural characterisation of PAR2 is still ongoing in an attempt to identify new ways to
target receptor activity. This review will focus on the development of novel PAR2 modula-
tors developed to date, with an emphasis placed upon the advances made in the
pharmacological targeting of PAR2 activity as a strategy to limit chronic inflammatory
disease.

The challenges of targeting PARs

The challenge of targeting PARs has been apparent since the initial identification of PARI by Vu
et al. in 1991. They revealed a wholly novel mechanism of receptor activation; a protease-mediated
cleavage of the receptor, in this case by thrombin, to reveal a unique tethered peptide ligand which
activated the receptor [1]. Three other PARs were identified (PARs 2-4) all with a similar mechanism
of activation and the reader is referred to a number of excellent reviews which report the ligands for
each receptor, endogenous proteases and physiological functions in more comprehensive detail [2-4].
Nevertheless, irrespective of the PAR identified, the challenge is the same: to pharmacologically mimic
a peptide ligand which, unlike classical peptide receptors such as neurokinin (NK) or angiotensin type
receptors which have soluble cognate ligands, remains tethered to the receptor and thus require a
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sequences formed the basis of synthetic agonist design. Whilst trypsin could be thought of as the endogenous
activator of PAR2 in the intestine, trypsin was unlikely to fulfil this role for PAR2 in other systems. Indeed,
over the years the list of proteases capable of PAR2 activation and/or disarming the receptor has grown, and
now includes tryptase [9], tissue factor (TF)/factor VIIa (FVIIa) complex [10,11], matriptase [12], thrombin
[13,14], cathepsins [15], kallikreins and human leukocyte elastase [16,17], plus, many more exogenous non-
mammalian proteases [4,18] which contribute towards PAR2-mediated inflammatory activity (for a compre-
hensive review see [4,19]). These proteases presumably bind with different affinities and display different
enzymatic activities depending on the physiological context. Each protease therefore offers unique PAR2 cleav-
age in a way that may promote allosteric modulation and biased agonism [20], which makes pharmacological
targeting problematic. Furthermore, it has been very difficult to pinpoint which endogenous protease serves as
the endogenous PAR2 activator in each pathophysiological situation- particularly given that more than one
PAR2 activator may be released at any one time. Thus, effective inhibition of PAR2 activity would require
knowledge of the molecular mechanism of receptor activation with subtle targeting needed to block a compos-
ite of activators at both orthostatic and allosteric sites within the receptor.

Further complications in targeting PARs have been realised through investigations into receptor dimerisation
between PAR subtypes and evidence of cross-talk with other receptors through transactivation [21]. This was
originally demonstrated for hetero-dimerisation between PAR1 and PAR4 in the context of platelet activation
[22], with subsequent appreciation that understanding the role of dimerisation in receptor activity may be of
value to the future PAR antagonist design [23]. With cross-talk between PAR1 and PAR2 and hetero-
dimerisation being proposed in vascular cells [24], research into the design of hetero-bivalent ligands that block
the PAR1-PAR2 signalling axis are in the early stages of development [25].

The value of targeting PAR2 in chronic inflammatory
disease

The development of PAR2 agonists and antagonists have been invaluable in further elucidating the role of
PAR?2 in disease. Indeed, we know that PAR2 is widely expressed throughout human tissues [26-30] and its
expression in cells of the immune system is consistent as the receptor mediates cardinal signs of inflammation
and is up-regulated by inflammatory stimuli [31]. This has been most evident in the case of inflammatory arth-
ritis where PAR2 has remained the best therapeutic target over the last 15 years. Research by Ferrell and collea-
gues established a key role for PAR2 in chronic joint disease, showing that mice lacking the PAR2 gene were
protected from arthritis for up to a year [22,32-35].

To date, PAR2 is the only PAR that has been linked with the development of rheumatic diseases [22].
Several studies have demonstrated that chronic inflammatory diseases including arthritis are influenced by acti-
vation of PAR2. Indeed, much research has focussed on the role of PAR2 in inflammatory arthritis including
both rheumatoid and osteoarthritis using a range of tools including cell lines, explant tissue, murine models,
and patient samples. A direct role for PAR2 in rheumatic diseases was first identified in a study by Ferrell et al.
in 2003 using a murine model of adjuvant monoarthritis [32]. In their study, intra-articular injection of
PAR2-agonist peptides induced strong pro-inflammatory effects including prolonged joint swelling and synovial
hyperaemia. On the contrary, in PAR2 deficient mice, these effects were significantly inhibited by more than
fourfold, with little histological evidence of joint damage. There was also evidence of up-regulated PAR2
expression in the synovium and surrounding periarticular tissues [32] in a further study, intra-articular injec-
tion of carrageenan into mice induced joint oedema and swelling via PAR2. When PAR2 was inhibited by
using either antibodies that block PAR2 activation or the antagonist ENMD-1068 [22] this arthritic response
was markedly reduced. Taken together these studies highlight the prominent role that PAR2 plays in mediating
inflammatory arthritis.

The role of PAR2 in osteoarthritis is also well established with up-regulation of the receptor evident in the
synovial tissue. PAR2 activation has been shown to contribute to synovitis, promote the release of
pro-inflammatory cytokines and matrix metalloproteinases (MMPs), and plays a role in osteophyte formation
[36-38]. In murine models of osteoarthritis induced by the sectioning of the medial meniscotibial ligament
(MMTL), cartilage erosion and subchondral bone formation was markedly reduced in PAR2 knock-out mice
compared with wild-type counterparts. The same study demonstrated that osteoarthritis progression could be
inhibited by using the PAR2 blocking antibody, SAM11 [34].
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In human studies, increased expression of PAR2 was observed in synovial biopsies from rheumatoid arthritis
patients [29,39]. In addition, PAR2 up-regulation was demonstrated in monocytes, and activation of PAR2 led
to up-regulated IL-6 levels. In contrast, PAR2 expression was decreased after treatments with anti-rheumatic
drugs, namely methotrexate or sulfasalazine [40], further supporting the role of PAR2 in rheumatic disease. In
synovial explant tissue from patients with rheumatoid and osteoarthritis, PAR2 expression was found to correl-
ate with synovial thickness, and monocyte infiltration, both of which are indices of inflammation in the syno-
vium [36].

Through the combination of PAR2 knock out mouse models and ex vivo studies in patient samples, a clear
role for PAR2 in inflammatory arthritis was confirmed, however the PAR2 antagonists used in these studies
lack potency, solubility, and bioavailability. While these tools continue to be used in other models exploring
roles for PAR2 [30,41], the need for new and improved PAR2 antagonists is essential if they are to be effective
as a therapy for inflammatory arthritis.

Indeed the primary goal in the treatment of inflammatory arthritis is to control the inflammation and to
slow disease progression, there is no cure. Treatment consists of disease modifying anti-rheumatic drugs
(DMARDs) which include methotrexate and sulphasalazine. These drugs act to suppress the immune system
and while effective leave the patient immuno-compromised and have many unpleasant side effects. A signifi-
cant advancement in the treatment of RA was the development of biologics, such as monoclonal antibodies.
With the pro-inflammatory cytokine TNFa targeted and indeed anti-TNFs are currently the standard care in
biologics for arthritis therapy. However these also act by supressing the patient’s immune system, leaving them
at increased risk of infection, while a cohort of patients (approximately a third) fail to respond to these treat-
ments [42]. This highlights the need for continuing research into new and better therapies for the treatment of
inflammatory arthritis and this is where targeting PAR2 could be of benefit alone or in combination with exist-
ing therapies.

Lessons from PAR1-rely on luck

Many lessons have been learned from the drug discovery pipeline for the prototypic receptor, PAR1, which
have subsequently been applied to PAR2. Originally, peptides derived from PAR1 were designed around the
sequence of the tethered ligand (SFLLRN) to create synthetic agonists. Iterative changes in the sequence
resulted in the generation of synthetic peptide inhibitors, which was followed by the development of peptidomi-
metics such as RWJ-56110 and RWJ-58259, and lipidated peptides [43]. Failure of the peptidomimetic strat-
egies was largely due to poor efficacy in animal models. The first break through small molecule PARI inhibitor
was serendipitously borne from himbacine-based muscarinic receptor drug discovery efforts a full 15 years
from the discovery of PAR1. While himbacine was originally intended for the development of muscarinic M2
receptor ligands [1], subsequent screening of himbacine analogues were found to inhibit thrombin activity;
with optimisation leading to the development of SCH 530348, the first competitive PARI antagonist [2-4].
Vorapaxar (SCH 530348) was eventually FDA approved in 2014 under the tradename Zontivity® as a
first-in-class oral PAR1 antagonist for clinical use as an antiplatelet therapy [5]. While Zontivity continues to
be marketed in the US, it has been withdrawn from the EU, with one of the major drawbacks of treatment
being serious bleeding risk which warranted a black box warning. Therefore, even for PARI1, considerable chal-
lenges remain in developing good clinically useful medicines.

PAR2 agonists as a template for antagonist development
As with many receptors, antagonist design is based on optimising agonist affinity and then modifying the mol-
ecule to reduce efficacy and original studies with PAR2 followed a similar rationale. Synthetic peptides were
developed that could activate the receptor in a cleavage-independent manner through mimicking the tethered
ligand sequence and thereby acting as selective exogenous activators of PARs. In humans, the PAR2 sequence
of the synthetic peptide was SLIGKYV, and whilst potency and stability were enhanced by addition of an amide
group; overall these peptides with Ky values in the mid-micromolar range served as less than optimal initial
leads [44,45]. However, it was not until the SLIGRL-NH, peptide was modified further by the addition of an
ornithine group creating 2-furoyl-LIGRLO-NH,, that an agonist was generated that possessed 300 times greater
potency than SLIGRL-NH, [46].

Whilst these molecules provided lead compounds for the development of antagonists, for example in arth-
ritis, other conditions such as those of the CNS suggest value in agonist development due to PAR2 dependent
neuroprotective activity [47]. Thus, several studies have focussed on the development of PAR2 peptide agonists
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with the aim of creating more drug-like modulators. Over 50 PAR2 peptide agonists were generated by Barry
et al. in 2007, each incorporating modifications to the original SLIGRL-NH, sequence or through increasing
the sequence length to seven or eight residues instead of six, which led to an increase in potency of ~8-fold
[48]. Despite the discovery of several peptide agonists for PAR2, many of these compounds are not suitable for
use in vivo because of poor bioavailability and potency. Focus for the development of new PAR2 agonists then
took the approach of generating non-peptide agonists. The AC series of compounds were generated with
AC-55541 being a full agonist and AC-98170 a partial agonist. AC-55541 was found to be also weakly soluble
in organic solvents as well as aqueous phosphate buffers and possess good metabolic stability in human and rat
microsomes suggesting the potential to be used in vivo [49]. In comparison with the synthetic peptide SLIGRL,
both AC-55541 and AC-264613 were more potent agonists, with increased activity for PAR2 [49,50].

Despite the advances made in the development of PAR2 agonists these compounds still lacked drug-like
properties. This was addressed by Barry et al. during 2007-2010 in the formulation of non-peptidic PAR2 ago-
nists, and this approach was based on substitution at the C or N-terminal serine within the hexapeptide struc-
ture [48,51]. This proved successful, with the generation of the agonist GB110 which activates PAR2, mediating
the release of intracellular Ca** in various cell types. GB110 also has the same potency compared with most
synthetic peptide agonists and has shown to be selective for PAR2 over PARI1 [16]. More recent efforts in the
developments of non-peptidic PAR2 agonists by Klosel et al. in 2020 has resulted in the generation of IK187
with sub-micromolar potency for PAR2 dependent G-protein activation and B-arrestin2 recruitment with dem-
onstrable metabolic stability reported [52]. Interestingly, modifications of this ligand series resulted in candi-
dates displaying G-protein bias with preferential activation of Gotq; over B-arrestin2 recruitment (ligand 4b).
Similar PAR2 bias agonists (DF253, AY77 and AY254) have been previously reported [53].

Progress towards PAR2 antagonists

PAR?2 antagonists were developed in parallel with the PAR2 agonists outlined above. These included inhibitory
peptides, peptidomimetics, cell-penetrable pepducins, small molecules and antibodies; as detailed in Table 1
[54-59] and Table 2 [60] and illustrated in Figure 1.

Peptides

In the same way PARI1 synthetic peptide agonists were developed, early inhibitors were based on rearrangement
of the human and rodent tethered ligand sequences. Al-Ani et al. in 2002 demonstrated that the peptides,
FSLLRY-NH, and LSIGRL-NH, prevented trypsin-mediated activation of PAR2 by a mechanism which did
not involve inhibition of trypsin proteolytic activity and they also inhibited PAR2 activation by synthetic pep-
tides [61]. These peptides block trypsin mediated PAR2 activation (ICso 50-200 wM) through interacting with
the tethered ligand receptor-docking site on receptor ECL-2.

Peptidomimetics

Peptidomimetic antagonists for PAR2 have been developed that are comprised of small protein-like chains that
mimic the tethered ligands of PARs. These were first used as PAR2 modulators by Plevin et al. in 2009 when
they discovered the peptide antagonists K-14585 (N-[1-(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-
1H-indol-5-yl] aminocarbonyl]-glycinyl-L-lysinyl-L-phenylalanyl-N-benzhydrylamide) and K-12940 [62,63].
These compounds exhibited competitive inhibition for the binding of a high-affinity radiolabelled PAR2-ligand,
[3H]-2-furoyl-LIGRL-NH2, to human PAR2 and significantly reduced PAR-mediated Ca** mobilisation in
primary human keratinocytes (ICsq 1.1-2.87 uM). Of the two compounds, K-14585 was also shown to inhibit
relaxation of rat-isolated aorta induced by SLIGRL-NH, and significantly lowered plasma extravasation in the
dorsal skin of guinea pigs and reduced salivation in mice [63]. A further study evaluating the properties of
K-14585 demonstrated this compound to inhibit the phosphorylation of p65 NFkB and DNA binding and
decrease intracellular Ca** release mediated by PAR2. There were however PAR2 mediated pathways unaffected
by this compound, namely ERK signalling, thus suggesting the potential of bias regulation of PAR2 signalling.
Also, of key importance was that K-14585 only inhibited PAR2 signalling activated by synthetic peptides and
not by trypsin [62], and therefore, along with the lack of potency, these compounds were not considered useful
therapeutically. Another Peptidomimetic antagonist C391 was derived from the PAR2 agonist 2--
furoyl-LIGRLO-NH, and used in murine models of thermal hyperalgesia where it inhibited compound 48/80
induced hyperalgesia in the low micromolar range [56].
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Table 1 Peptide, Peptidomimetics and pepducins targeting PAR2 Part 1 of 2
Treatment/
PAR2 admin. Dose/ Disease model/
Antagonist ICso Cellular response therapeutic effect Refs
Peptides
FSLLRY-NH, ICs0 50 M Itrypsin but not SLIG calcium No disease models tested in [64,55,61]
10 ug intrathecal release in PAR2 KNRK cells these studies
delivery ITNFo and IL-8 levels in Inhibited neuropathic pain in
HEP2G cells models of spinal cord injury
|TRPV1 and TRPA1 receptor (SCI) in rats
expression 1SCl-induced mechanical
attenuated the increased and thermal hyperalgesia
substance P and CGRP in
SCl-rat models
LSIGRL-NH, ICs0 200 pM Itrypsin induced calcium No disease models tested in [61]
release in PAR2 KNRK cells this study
Peptidomimetics
K-14585* Ki 0.63 pM 1 SLIGKV-induced calcium Reduced SLIGRL-induced [62,63]
K-12940 ICs0 1.10 pM release in human vascular permeability in
300 g keratinocytes guinea pig
intradermal | SLIGKV-NFxB Reduced saliva secretion in
injection on dorsal transcriptional activity and mice treated with low dose
skin IL-8 production in PAR2 SLIGRL
10 pmol/kg (i.p.) NCTC2544 cells
Ki 1.94 uM ISLIGKV IP accumulation in
ICs0 2.87 pM HEK and PAR2 NCTC2544
cells
“Note: K-14585 (at 30 wM)
was found to activate p38
MAP kinase, NFxkB and IL-8
pathways
C391* ICs50 1-14 pM Jcalcium release and MAPK Attenuated Compound 48/ [56]
ECs0 17.9- activation in human bronchial 80-induced thermal
19.6 uM epithelial cell 16HBE140 cells hyperalgesia in mice models
7.5-75 pg/ml *Note: partial agonist activity
intraplantar in RTCA and calcium assays
injection but not MAPK signalling
Pepducins
P2pal-18S 6 pM treatment |SLIGRL-induced calcium Reduced PAR2-dependent 67—
ICs0 0.14-0.2 uM release in SW620 colon inflammatory paw oedema 59,64,67]
10 mg/kg (s.c) adenocarcinoma cells in mice (A-carrageenan/
9mg/kg (i.n.) Jhuman neutrophil migration kaolin injection)
(trypsin, SLIGRL and Decreased the risk of
tryptase) developing biliary
I mouse neutrophil migration pancreatitis in mice
(trypsin) (intraductal infusion of NaT)
Blocked transactivation of Increased severity of
PAR2 homodimers caerulein-induced
Imouse leukocyte infiltration pancreatitis in mice.
lpancreatic acinar cell Inhibited airway
calcium transients inflammation in murine
asthma models
pPz-235 10 mg/kg/day (s. Iplasma cytokines (IL-1p and Attenuated the progression [69,67]
OA-235i c.) MCP-1) of abdominal aortic
OA-235¢c 5 mg/kg/day I macrophage accumulation aneurism in mice
Pharmacology and matrix metalloproteinase Suppressed liver necrosis,
unknown 2 expression in abdominal fibrosis and steatosis in
aorta experimental mouse models
Continued
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Table 1 Peptide, Peptidomimetics and pepducins targeting PAR2 Part 2 of 2
Treatment/
PAR2 admin. Dose/ Disease model/
Antagonist ICs0 Cellular response therapeutic effect Refs
ISLIGRL-induced calcium Non-alcoholic
release and pERK MAPK Steatohepatitis (NASH),
activation (SLIGRL and kidney fibrosis and
trypsin) in LX-2 stellate cells Idiopathic Pulmonary
liver cell IL-8, IL-6, TNFa. Fibrosis (IPF)

I mitochondrial ROS and
hepatic cell fibrosis and
Thepatocyte viability
Preclinical development with
Oasis Pharmaceuticals —
status of development
unknown.

Abbreviations: normal rat kidney transformed by Kirsten sarcoma virus (KNRK), human liver carcinoma cells (HEP2G), transient receptor potential
cation channels (TRPV), transient receptor potential ion (TRPA), Calcitonin gene-related peptide (CGRP), spinal cord injury (SCI), carrageenan- kaolin
(CK), keratinocyte cell line (NCTC2544), nuclear-factor kappa-beta (NFkB), reactive oxygen species (ROS), extracellular-related kinase (ERK), sodium
taurocholate (NaT), Tumour necrosis factor — alpha (TNF-a), Interleukin (IL-1).

Pepducins
Pepducins are highly stable sequences of short lipidated peptides that are derived from different intracellular
loop domains of GPCRs [64,65]. Typically, pepducins are N-palmitoylated and amidated on the C terminal.
Selective pepducins directed against key residues (M274, R284, and K287) within the third intracellular loop
(ICL3) of PAR2 have been developed which display both partial agonist and antagonist properties [64,66].
Although P2pal-18S is designed on the ICL3 region of PAR2, this pepducin possesses an amino acid substitu-
tion at position 15 of the synthetic peptide (R284S), and the precise mechanism of action and how pepducins
regulate GPCR signalling is not entirely known [66]. P2pal-18S inhibits PAR2 activity and can inhibit inflam-
matory responses in vivo with attenuation of mast cell tryptase-dependent neutrophil migration and paw
oedema in mice [64]. Further developments in the PAR2 pepducin series have led to PZ-235, which is being
investigated as a potential candidate for disease models of liver fibrosis [67,68]. The mechanism of PZ-235 has
been investigated, with blockade of PAR2 G protein signalling proposed to be through the pepducin aligning
with ICL3 and TM6 to promote the off-state of PAR2 [67]. Pre-clinical assessment of PZ-235 is currently
under way by Oasis Pharmaceuticals (OA-235i and OA-235¢) for the treatment of non-alcoholic steatohepatitis
(NASH), kidney fibrosis and idiopathic pulmonary fibrosis (IPF), although data for the OA-235 analogues
remain unpublished and the status of the development of these ligands are currently unknown with no clinical
trial ID known.

Examples of PAR2 peptides, peptidomimetic and pepducin-based antagonists are detailed in Table 1. While
this list is not extensive, key examples of their importance in unravelling the inflammatory role of PAR2 and
the therapeutic benefit of inhibiting PAR2 activity in cell-based and experimental models of disease is evident.

Non-peptide small molecules

Given the challenges faced using peptide-based antagonists towards PAR2, such as ligand stability in vivo and
poor bioavailability, new approaches were desperately needed in PAR2 drug design. This came in the form of
non-peptide molecules as potential PAR2 inhibitors. Indeed, a study by Kelso et al. in 2006 identified the first
non-peptide antagonist for PAR2 a small molecule named ENMD-1068 (N1-3-methylbutyryl-N4-6-aminohex-
anoyl-piperazine). Although this compound inhibited trypsin-induced PAR2 activation and decreased joint
inflammation in mice; with an ICsq of 5 mM, investigation of this antagonist was not taken any further [22].
More recently, a breakthrough in the search for antagonists for PAR2 was the development of the GB series of
non-peptide antagonists, which displayed improved bioavailability. These were derived from the non-peptide
PAR2 agonist, GB110. Modification of the C-terminus gave rise to the compounds GB83 and GB88 [51,69]
and the potential of GB88 as a possible viable molecule has been strongly scrutinised. Indeed, research into
GB88, showed the compound had good oral availability and selectivity for PAR2 [69] and displayed antagonist
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Table 2 Non-peptide small molecules and antibodies targeting PAR2 Part 1 of 2
Treatment/
PAR2 admin. Dose/ Disease model/
antagonist ICs0 Cellular response therapeutic effect Refs
Non-peptide small molecules
ENMD-1068 1-4 mg (i.p) ljoint swelling (murine) Inhibited A-carrageenan/ [22]
ICs0 5 MM |PAR2 calcium release in kaolin (CK)-induced joint
human in vitro studies in inflammation in murine
Lewis lung carcinoma (LLC) arthritis models
cells
GB83 IC50 2-3 uM 1 Trypsin and synthetic Reverses MIA-induced [61,69,71,72]
GB88g* 5 pg (i.p.) agonist induced PAR2 synovitis in a murine
10 mg/kg (p.o.) calcium release in HT29 model of osteoarthritis
ICs0 1-10 pM cells Ameliorates inflammatory
|PAR2 mediated PKC responses (oedema,
phosphorylation and calcium hyperplasia, collagen
release in HT29 cells degradation) in a rat model
|PAR2 induced cytokine of collagen induced
release (TNFa, IL-6, arthritis
GM-CSF IL-8) in human Attenuates inflammation in
kidney tubule cells a rat model of colitis
1PAR2 induced calcium
release in human
macrophages
*Note: GB88 (at 3 uM) was
found to internalise PARZ2 in
NCTC2544 cells and
activate ERK, NFkB and
calcium signalling. GB88 also
activates ERK, RHO and
CAMP.
AZ8838 Ky 344 £74nM | synthetic agonist induced Unknown [73,76]
AZ3451 (ligand binding) PAR2 calcium release and Rescues cartilage
AZ7188 Kg125+£6nM B-arrestin-2 recruitment in destruction in vivo using
(Biacore) recombinant PAR2-1321N1 post-traumatic
ICs0 0.63— cells osteoarthritis (PTOA)
4.2 pM Suppressed IL-1p-induced model induced by surgical
Ky 13.5+3nM inflammation response, destabilisation of the
(Biacore) cartilage degradation and anterior cruciate ligament
ICs50< 2.5 NM- premature senescence in (ACLT) in rats
6.6 uM chondrocytes
50 pg/ml IP38/MAPK, NF-xB and
intra-articular PIBK/AKT/mTOR pathways
injection induced by IL-1B in
ICs50 6.6-42 M chondrocytes
1-191 plCso 5.5-7.4 ltrypsin and No disease models tested 53]
2f-LIGRL-mediated calcium in this study however
release, MAPK, RhoA inhibition was
activation and demonstrated in a range
forskolin-induced cAMP of cancer cell models
accumulation in cancer cells including PC3, HT29,
1GB88-PAR2 signalling in MDA-MB-231 cells
cancer cells
Antibodies
SAM11 10ng intranasal 1Th2 and Th17 inflammation Inhibited airway hyper [22,30,33,39,57]
10 pg i.p load |Cytokine and chemokine in responsiveness (AHR) and
dose (1 ng lung. inflammation in CE- and
daily) or lleukocyte proliferation in OVA induced murine
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Table 2 Non-peptide small molecules and antibodies targeting PAR2 Part 2 of 2
Treatment/
PAR2 admin. Dose/ Disease model/
antagonist ICso Cellular response therapeutic effect Refs
5-10ng splenocytes asthma models
intra-articular Jcellular infiltration and Inhibited joint inflammation
injection cartilage damage and arthritic index in
IKnee joint diameter. collagen-induced arthritis
(CIA) murine models
B5 1:500 dil. of leosinophils count in BAL Inhibited AHR and [22,30]
antiserum fluid inhibited OVA-induced
intranasal Isplenocyte proliferation allergic airway
1:1000 dil. Iknee joint diameter inflammation in murine
intra-articular asthma models.
injection of Inhibited CK-induced joint
antiserum inflammation in murine
arthritis models
MAB3949 Ky 7.6+1.9nM SPR of purified proteins Co-crystallised with PAR2 [73]
FAB3949 ICso 253— lendogenous
286 nM PAR2-induced calcium
release in A549 cells to
trypsin and SLIGRL
MEDIO618 Unknown/ Unknown/unpublished Chronic Pain [78]
PAR2 mAb unpublished (osteoarthritis) — Phase 1
Clinical trial ID:
NCT04198558

Abbreviations: human colon adenocarcinoma cell line (HT29), protein kinase C (PKC), monosodium iodoacetate (MIA), granulocyte-monocyte
colony-stimulating factor (GM-CSF), cockroach extract (CE), ovalbumin (OVA), surface plasmon resonance (SPR), Phosphoinositide 3-kinases (PI3K)
protein kinase B (AKT), mammalian target of rapamycin (MTOR), prostate cancer line (PC3), Breast cancer cell line (MDA-MB-231s), human lung
carcinoma cell line (A549).

properties (IC5o 1-10 wM); however it was later reclassified as a biased antagonist, where it was shown to
selectively inhibit only the Goy/1; aspects of PAR2 signalling [70]. The nature of the GB88 compound is still
open to interpretation as GB88 also displays partial agonist properties (ECso 3 wM) against several PAR2 sig-
nalling arms, including Go,q; directed pathways and is capable of internalising the receptor post activation
[3,71,72]. The imidazopyridazine compound I-191 was used in a range of cancer cell models and at nanomolar
concentrations inhibited PAR2 mediated calcium release, and activation of MAPK, RhoA and forskolin-induced
cAMP accumulation [53]. These effects are detailed in Table 2.

More recently a major breakthrough came with the development of the AZ series of PAR2 modulators
designed based on the newly solved crystal structure of PAR2 [73]. This was achieved through receptor stabil-
isation in the inactive conformation with two distinct antagonists (AZ8838 and AZ3451). The authors demon-
strated that the antagonist AZ8838 binds in a fully occluded pocket near the extracellular surface. While the
study by Cheng et al. in 2017 proposed AZ8838 binding to an allosteric site [73,74], further investigation by
Kennedy et al. in 2018 using novel SLIGKV agonist binding models of PAR2 revealed AZ8838 occupancy in
the orthosteric site [75]. Thus, AZ8838 is now proposed to serve as a competitive PAR2 antagonist. Functional
and binding studies showed the antagonist to display slow binding kinetics [73], which is an attractive trait for
a PAR2 antagonist competing against a tethered ligand. Until further pharmacological characterisation is
carried out, Figure 1 illustrates AZ8838 as binding to both allosteric and orthosteric sites. AZ3451 was shown
to bind to a remote allosteric site outside of the helical bundle (see Figure 1) [73]. Of note, only AZ3451 has
been tested in vivo and the initial studies conducted demonstrate improvements in osteoarthritic (OA) progres-
sion following intra-articular injection in murine models [76]. Going forward, it will be interesting to compare
the differences between competitive and allosteric antagonism across different in vivo models to identify which
strategy offers superior therapeutic intervention. Published in vitro and in vivo pharmacological data related to
AZ8838 and AZ3451 is detailed in Table 2. Given the availability of the PAR2 crystal structure and these newly
developed PAR2 antagonists, the possibilities of new PAR2 modulators based on this series is very likely.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-
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Antibodies
Non-peptide MAB3949
small molecules Peptides (Fab3949)
I-191 (NAM) FSLLRY-NH, /
AZ3451 B {
AZ8838 LSIGRL NHZ Non-peptide \\)’

7 (|
small molecules (-

\

AZ8838 A

ECLi/

Out
Allosteric Orthosteric
pocket pocket

cL3 A\He[lx8

Pepducins
P2pal-18S
PZ-235

Figure 1. Visual representation of different PAR2 ligand binding pockets and illustration of proposed interaction sites for
current antagonist.

The non-peptide AZ3451 (PDB ID:5NDZ) occupies the allosteric pocket. While original data suggests AZ8838 occupies
allosteric site [73,74], recent novel agonist-bound models propose AZ8838 binds to the orthosteric pocket [75] (PAR2, PDB
ID:5NDD). PAR2-Fab3949 (PDB ID: 5NJ6) engagement on the extracellular interface is presented. The example antagonist
peptides shown (FSLLRY-NH, and LSIGRL-NH,) are proposed to block the ECL-2 region, thus preventing receptor tethered
ligand engagement and receptor activation. Pepducins (PZ-235 and P2pal-18S) are cell penetrable lipidated peptides and
traverse the cell membrane and have been proposed to exert their inhibitory actions through engagement with the third
intracellular loop (ICL-3) of PAR2 [64,66,67]. The non-peptide small molecule 1-191 has previously been proposed to be
insurmountable and behave as a negative allosteric modulator (NAM) although the exact site of engagement with PAR2
remains to be characterised. Visuals created using Mol* [80] with PDB IDs for 5NDZ, 5NDD and 5NJ6 [73].

Antibodies

Another approach to developing PAR2 inhibitors was through the development of humanised blocking anti-
bodies. The antibody SAMI11 was directed against the tethered ligand sequence of PAR2 and has been widely
used as a tool to observe the expression of PAR2 on cell surfaces, block trypsin mediated cleavage in cellular
studies and reduce PAR?2 joint inflammation in murine models of arthritis [33]. In 2011 a series of humanised
antibodies were developed which were shown to have a good binding affinity for PAR2 and to inhibit intracel-
lular Ca®* release and prevent cytokine secretion mediated by PAR2, as well as inflammatory oedema in vivo
[77]. Intra-articular injection (5-10 ng) resulted in inhibition of joint inflammation and arthritic index in
murine models. The antibody B5 was tested in murine asthma models where it reduced PAR2 driven eosino-
phil count and splenocyte proliferation [30]. In murine arthritic models it reduced both joint inflammation
and knee joint diameter [22]

Recently PAR2 was co-crystallised in complex with the antigen-binding fragment (Fab) portion of a com-
mercial PAR2 blocking antibody (purified Fab of MAB3949, Fab3949). This antibody fragment was shown to
bind to the extracellular surface of PAR2, thereby preventing access of the tethered ligand to the peptide-
binding site on ECL-2 [73] (see Figure 1). This study revealed mechanistic insight into antibody-receptor
engagement that potentially explains their inhibitory actions. Not surprising, given the role that PAR2 plays in
arthritis, antibodies have since been developed from the crystal structure. Indeed, AstraZeneca has taken the
first PAR2 monoclonal antibody therapy (MEDI0618) into phase I clinical trial (NCT04198558) [78]. This
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represents the first-in-human randomised, double-blind, placebo-controlled study of the safety, tolerability,
pharmacokinetics and immunogenicity in healthy volunteers and a major milestone in PAR2 therapeutic devel-
opment. Subcutaneous or intravenous injection of MEDI0618 will be assessed across male and female cohorts
as part of this trial for the development of a new therapy for chronic pain.

Conclusions

Currently, the percentage of new drugs which make it to the clinic is only 0.01% [79] and the challenges
involved in developing novel PAR2 inhibitors is the same as with all new classes of inhibitors. While the out-
comes of the MEDIO0618 safety trials is presently unknown, structure-based drug design remains an attractive
and plausible approach for developing a new generation of PAR2 inhibitors. Given the recent determination of
the high-resolution crystal structure of PAR2 bound to AZ8838 and AZ3451 [73], progress in the development
of improved PAR2 molecules may be accelerated with enhanced knowledge of the known binding sites and the
mechanism of target engagement (Figure 1).

The added complexity of targeting PAR2 arises with the diverse pathological protease niche which evoke
unique conformational changes to PAR2 that promote bias activity. The continuously changing nature of PAR2
conformation in response to inflammatory proteases, differential cleavage that trigger diverse activity profiles
may hamper efforts in antagonist development. More selective PAR2 small molecule agonists that stabilise dif-
ferent active receptor conformations may offer renewed insights into the alternative targeting of PAR2. As
more structural information for PAR2 becomes available, the rise in metadynamic simulation models may hold
the key to predicting the cleavage-dependent binding modes for PAR2 [52]. Through combining these
approaches, it may be possible to develop designer ligands that counteract the different protease-dependent
PAR?2 binding modes that best reflect the receptor status in the disease setting, therefore providing new break-
throughs from different directions.

Perspectives
e PAR2 has been extensively researched over the last 25 years with a prominent role in driving
inflammatory disease, as such it remains the best therapeutic target for arthritis.

e Many challenges have hampered the development of antagonists for PAR2. The unique
method of activation of these receptors lead to distinct conformational changes that cannot
be easily replicated with current synthetic agonists. In addition, PARs are cleaved irreversibly
by a plethora of different enzymes with added complexity of protease promiscuity, receptor
dimerisation, transactivation and cross-talk adding to different signalling paradigms being
evoked upon receptor activation. These combinations of factors make PAR2 an incredibly dif-
ficult receptor to target.

e The future of PAR2 drug design is looking promising with crystal structures resolved and
novel agonist-bound models that offer better insight into the multiple binding pockets and
molecular mechanisms of target engagement. The first humanised monoclonal PAR2 antibody
has also been taken forward to phase | clinical trials as a therapy for chronic pain. While the
outcomes of trials are unknown, this is a major step forward in taking PAR2 therapies closer
to the clinic.
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