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This review is part of a series entitled ‘Non-traditional/orphan GPCRs as novel therapeutic targets’.

It is widely appreciated that G protein-coupled receptors have been the most successfully exploited class of targets for the de-
velopment of small molecule medicines. Despite this, to date, less than 15% of the non-olfactory G protein-coupled receptors in
the human genome are the targets of a clinically used medicine. In many cases, this is likely to reflect a lack of understanding of the
basic underpinning biology of many G protein-coupled receptors that are not currently in the spotlight, as well as a paucity of
pharmacological tool compounds and appropriate animal models to test in vivo function of such G protein-coupled receptors in
both normal physiology and in the context of disease. ‘Open Innovation’ arrangements, in which pharmaceutical companies and
public—private partnerships provide wider access to tool compounds identified from ligand screening programmes, alongside
enhanced medicinal chemistry support to convert such screening ‘hits’ into useful ‘tool’ compounds will provide important routes
to improved understanding. However, in parallel, novel approaches to define and fully appreciate the selectivity and mode of
action of such tool compounds, as well as better understanding of potential species orthologue variability in the pharmacology
and/or signalling profile of a wide range of currently poorly understood and understudied G protein-coupled receptors, will be
vital to fully exploit the therapeutic potential of this large target class. | consider these themes using as exemplars two G protein-
coupled receptors, free fatty acid receptor 2 and GPR35.

Abbreviations

4-CMTB, (S)-2-(4-chlorophenyl)-3-methyl-N-(thiazol-2-yl)butanamide; AZ1729, N-[3-(2-carbamimidamido-4-methyl-1,3-
thiazol-5-yl)phenyl]-4-fluorobenzamide; CATPB, (S)-3-(2-(3-chlorophenyl)acetamido)-4-(4-(trifluoromethyl)phenyl)
butanoic acid; DREADD, designer receptor exclusively activated by designer drug; GLPG0974, 4-[[1-(benzo[b]thiophene-3-
carbonyl)-2-methylazetidine-2-carbonyl]-(3-chlorobenzyl)amino]butyric acid; SCFA, short-chain fatty acid
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Introduction

Introductory remarks in many publications and grant appli-
cations that centre on aspects of the pharmacology, function
or therapeutic potential of members of the GPCR superfam-
ily highlight both the historical and ongoing success of
targeting GPCRs for the development of medicines to treat
human diseases. This undoubtedly reflects the very broad
range of physiological end points controlled by GPCR
activity and the relative ease of targeting small molecule
(low MW) drugs to interact with proteins located predomi-
nantly at the external surface of cells. The central roles that
neurotransmitters such as noradrenaline, 5-HT and dopa-
mine play in, for example, cardiovascular and neuronal
functions, and the potential for dysregulation of these
systems in highly prevalent disease states have resulted in a
plethora of medicines targeting GPCRs that are activated by
such biogenic amines and recognition of the life-changing
benefits such drugs produce. However, many other GPCRs
have not been studied in anywhere near the level of detail
as those that respond to biogenic amines, and only in the
region of 15% of the non-olfactory GPCRs are the target of
one or more clinically approved small molecule medicine.
There are many reasons for this. With more than 350 non-
olfactory GPCRs in the human genome (Alexander et al.,
2015a) it is clear that a substantial number must play more
modulatory and subtle roles than those activated by the key
biogenic amines. As such, alterations in their function may
be more difficult to assess, particularly when ‘disease’ has
frequently been considered in the context of animal models
that have less than perfect correlation with human disease
states. Furthermore, despite many years of effort, endoge-
nously produced ligands that activate more than 100 of the
non-olfactory GPCRs remain unidentified or, at least,
suggested endogenous ligands for many of these remain to
be broadly accepted and agreed on by the research commu-
nity. Such GPCRs are defined as ‘orphans’ (Alexander et al.,
2015a). This is further complicated by frequent lack of repro-
ducibility between reports. For example, although the
‘orphan’ receptor GPR17 has been reported to respond to
uracil nucleotides and cysteinyl leukotrienes (Ciana et al.,
20006), this has been disputed by others (Qi et al., 2013; Simon
etal., 2017).

An additional reason for the current lack of small mole-
cule medicines that target certain GPCRs is that in a number
of examples of GPCRs that are activated by large peptide
hormones, medicines to treat disease are based on the activat-
ing peptide itself, or on ways to prevent degradation of the
peptide. This often reflects a broad ranging lack of success to
date in identifying tractable starting points for small
molecule activators of these GPCRs rather than a lack of
confidence that stimulating the GPCR in question with such
aligand would have clinical benefit. Indeed, in the case of the
glucagon-like peptide 1 (GLP-1) receptor, peptides
related to GLP-1 or inhibitors of dipeptidyl peptidase-4,
the enzyme that degrades GLP-1, are already effective
therapeutic agents. There are also examples where clinical
proof-of-concept has been produced but side effects or
toxicity of the ligand tested has prevented its further develop-
ment. A recent example was the withdrawal from phase III
clinical trials of the free fatty acid FFA1 receptor agonist
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TAK-875/fasiglifam. This not only produced effective
lowering of blood glucose levels and of glycated haemoglobin
in patients with Type 2 diabetes but also induced liver
toxicity by inhibiting a number of bile acid transporters
(Kaku et al., 2015, 2016). Such late-stage failures in clinical
studies, even if they may be related more to the specific
molecule that was trialled rather than issues related more
generally to the specific GPCR targeted, understandably
result in considerable caution in further efforts to revisit such
a target (Ghislain and Poitout, 2017; Suckow and Briscoe,
2017). However, a major issue for many molecules that have
entered clinical trials, beyond potential toxicity, has been
that they prove to lack efficacy in the disease state targeted.
This can be the case even when various biomarker signatures
provide support for appropriate target engagement for the
ligand (see Pizzonero et al., 2014; Namour ef al., 2016). As
such, a more broad reaching issue which may be hindering
progress towards novel medicines that function at previously
non-targeted GPCRs may be a lack of understanding of the
basic biology and connectivity of systems controlled and
their direct link to human disease. This can also be reflected
in marked variability in the pharmacology of species
orthologues of a number of poorly studied GPCRs that limits
understanding of the function of such receptors in animal
models (Figure 1).

I addressed a number of these issues within a Symposium
on “Non-traditional/Orphan GPCRs as therapeutic targets”
held during the Pharmacology 2016 meeting in London,
and the current review centres on topics considered in that
presentation.

GPCR de-orphanization and the
development of medicines

Particularly within the pharmaceutical industry, during the
1990s and 2000s, there was a drive to identify cognate ligands
for many previously ‘orphan’ GPCRs. This reflected the
widely held view that many more GPCRs would be defined
as therapeutic targets if a much clearer understanding could
be obtained of the endogenously produced ligands that acti-
vate them. This was further promoted if genetic elimination
of the receptor orthologue in mice generated a distinct and
clearly observed phenotype (Wise et al., 2004; Civelli et al.,
2013). Some clear successes have emerged from this strategy.
However, as with other medicine development programmes,
the period between project initiation and drug agency ap-
proval has been extensive. An outstanding example has been
identification of a pair of orphan GPCRs, now designated
0X; and OX, receptors, as the partners for the neuropep-
tides orexin A and orexin B. Although initially suggested
to play important roles in stimulation of appetite and to
affect energy metabolism, which suggested potential as
therapeutic targets in obesity and control of weight gain,
further studies demonstrated a key role for the orexins in
the stabilization of wakefulness. Linked to the identification
of inactivating mutations associated with narcolepsy within
the OX, receptor in dogs, this provided the drive to target
these receptors in sleep disorders. While either selective OX,
or dual OX;/OX, agonists could, therefore, be considered as
potential treatments for human narcolepsy, little progress
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Many GPR35 agonists display markedly different potency at human and rodent orthologues. Representative concentration-response curves for
four ligands with agonist potency at GPR35 are shown. All experiments reflect ligand-induced interactions between transiently co-expressed
forms of B-arrestin-2 and the indicated species orthologue of GPR35. For human GPR35, the short isoform (GPR35a) was used, which corresponds
to the single form of GPR35 expressed by rat and mouse. Zaprinast displays modest but similar potency at each orthologue, whilst each of
lodoxamide, pamoic acid and ‘compound 1" (4-{(Z)-[(2Z)-2-(2-fluorobenzylidene)-4-oxo-1,3-thiazolidin-5-ylidene]methyl}benzoic acid) are
markedly more potent at human GPR35 than at mouse GPR35 and, as such, are inappropriate to explore functions of the mouse orthologue. Data
are adapted from Jenkins et al., 2010, Neetoo-Isseljee et al., 2013 and Mackenzie et al., 2014.

appears to have been made to date in efforts to identify low
MW agonists of these receptors. However, low MW OX recep-
tor antagonists were readily identified, and subsequently, this
led to the development of suvorexant, a dual 0X;/0X,
antagonist, which has been approved for treatment of insom-
nia (Norman and Anderson, 2016).

Other effective de-orphanization efforts have not (yet) re-
sulted in the development and approval of novel medicines,
despite clear validation of the target GPCR and enormous
commitment. One of the most effective means to regulate
favourably blood lipid levels and composition is treatment
with miacin (also known as nicotinic acid) (Gille et al.,
2008). Niacin acts as an anti-lipolytic agent at white fat cells
and, therefore, reduces entry of stored lipids into the blood-
stream. Moreover, early studies had indicated that it must
do so via activation of a G;-coupled GPCR. Identification of
a receptor or receptors for niacin thus focused on a group of
orphan GPCRs expressed in adipocytes. Following selection
of 10 such orphan GPCRs Wise et al. (2003) screened each
of these and demonstrated that niacin was able to increase
binding of [**S]GTPyS in membranes prepared from cells
transfected to express the receptor HM74. Two other
closely related receptors HM74a and GPR81 were also able
to allow a high concentration of niacin to enhance binding
of [®3S]GTPyS. Further studies showed the potency of nia-
cin to be markedly higher at HM74a compared to HM74,
with only very low potency observed at GPR81 (Wise
et al., 2003). IUPHAR consolidation and rationalization of

nomenclature have resulted in HM74a now being desig-
nated hydroxycarboxylic acid receptor 2 (Offermanns
et al., 2011). A marked side-effect of treatment with niacin
is the development of cutaneous vasodilatation, or flush-
ing, on the chest and face. This markedly affects patient
compliance in maintaining the treatment. As it was sug-
gested that the flushing effects of niacin treatment might
be separable from the lipid-modifying effects, because the
beneficial effects appeared to be G protein-mediated whilst
flushing appeared to be arrestin-dependent, then efforts to
identify and develop G protein-‘biased’ agonists at this
receptor have been made (Shen et al.,, 2010; Kim et al.,
2015). However, these have not translated into clinical
trials, and currently, although much discussed and studied,
no GPCR ligand developed specifically with the concept
that signalling ‘bias’ might provide distinct clinical benefits
compared to non-biased ligands at the same receptor has
yet received regulatory approval. However, oliceridine
(TRV130), a somewhat G protein-biased agonist at the
p-opioid receptor, is currently undergoing clinical trials
for pain relief (Viscusi ef al., 2016).

Understanding the function of GPCRs
that are not currently in the spotlight

GPCRs for biogenic amines, and for other transmitters such
as acetylcholine, have been and remain the most studied
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family members. In part, this reflects a cycle of productivity.
As among the first cloned members of the GPCR superfamily,
they were the first to be expressed in heterologous systems
and, apart from the photon receptor rhodopsin, the first for
which atomic level structures became available. Moreover,
appreciation of the key roles played by these receptors
resulted in the development of a wide diversity of ligands able
to either activate or antagonize their function. This was
frequently associated with detailed ligand structure-activity
relationships. As availability and use of tool compounds is
central to all aspects of pharmacology, then this has further
consolidated research focus on a modest number of the GPCR
superfamily. Moreover, because modes of activation and regu-
lation of different members of the GPCR family are broadly
similar, much that has been learned from studies on rhodop-
sin and B-adrenoceptors has general relevance to less-studied
receptors. Despite this, subtle variations are likely to be inte-
gral to specific functions of different family members, and
therefore, it is unwise to assume, as many do, that the most
studied GPCRs provide appropriate answers for drug design
and development at less studied GPCRs. As in many other
areas of target validation, knowledge of GPCR expression pat-
terns, information on phenotypes associated with knock-
down of expression or inactivation of the corresponding gene
and either receptor variant or single nucleotide polymor-
phisms linked to human disease are vital to help prioritize
‘orphan’ or poorly characterized GPCRs as potential
therapeutic targets worthy of detailed study.

GPR35 and FFA2 receptors: two
incompletely understood
metabolite-sensing GPCRs

In recent years, the contribution of foodstuffs, and metabo-
lites derived from them, as GPCR activators and homeostatic
regulators of metabolic and immune function has become
abundantly clear (see Blad et al., 2012, Alvarez-Curto and
Milligan, 2016, Tan et al., 2017 for review). Despite this, a
number of the GPCRs that respond to such ligands and
appear to play key roles in such effects remain poorly or
incompletely characterized. Herein, I will focus on two such
GPCRs, the ‘orphan’ receptor GPR35 (Divorty et al., 2015;
Mackenzie and Milligan, 2017) and the free fatty acid
receptor 2 (FFA2) (Bolognini et al., 2016a; Milligan et al.,
2017a, b), a receptor responsive to short-chain fatty acids
(SCFAs), and suggest why this remains so. This is despite an
FFA2 receptor antagonist already having being assessed in
phase II clinical trials.

FFA2 receptors: opportunities and
challenges

Previously designated GPR43 (Sawzdargo et al., 1997) and de-
orphanized in 2003 as a receptor for propionate and other
SCFAs (Brown et al.,, 2003), the FFA2 receptor has been
studied extensively (Bolognini ef al., 2016a; Milligan et al.,
2017a). In significant part, this reflects the wide-ranging roles
suggested for SCFAs. These metabolic products are generated
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by the microbiota mainly in the lower gut by fermentation of
non-digestible carbohydrates. The integral role that the
microbiota plays in health and disease is a topic of ever
expanding interest. However, for pharmacologists, studying
FFA2 receptors presents many challenges. Although it is clear
that SCFAs are indeed the endogenous activators of this
GPCR, concentrations that induce responses are in the high
uM to low mM range. Moreover, a second receptor, free fatty
acid receptor 3 (FFA3), responds to the same group of SCFAs
(Bolognini et al.,, 2016a). Although there is a distinct
structure-activity relationship for the SCFAs between the
two receptors, there is insufficient separation to use any indi-
vidual SCFA in an ex vivo or in vivo context to specify with
confidence the receptor involved in a response (Bolognini
et al.,, 2016a; Milligan et al., 2017b). This is exacerbated
because potencies of the SCFAs differ between human and
rodent orthologues of these receptors. This feature has been
attributed to differences in the potential to form pairs of
extracellular ‘ionic locks’ between conserved arginine
residues that form the core of the orthosteric binding pockets
and negatively charged residues within the second extracellu-
lar loop (Hudson et al., 2012a). Further issues stem from the
close linkage of the genes encoding FFA2 and FFA3 receptors
at chromosome 19q13.1 in human and 7 A3 in mouse.
Indeed, in at least one reported example, knockout of FFA2
receptors in mouse resulted in compensatory up-regulation
of levels of FFA3 receptor mRNA in white adipose tissue
(Bjursell etal., 2011), complicating interpretation of the study
outcomes.

The greatest limitation for pharmacological studies,
however, has been the paucity of selective and pan-species
active FFA2 or FFA3 receptor ligands. Although at least two
series of FFA2 receptor selective, orthosteric agonist ligands
have been reported in the patent literature (Milligan et al.,
2017b), exemplars from these series have, to date, been
employed sparingly in peer-reviewed publications. This is
likely to reflect a combination of a remaining caution of
certain pharmaceutical companies to provide such ligands
to the academic community, alongside the often poor links
between academic pharmacologists and medicinal chemists,
which could and should allow synthesis and study of
patented ligands for basic underpinning research. There are,
of course, exceptions to this. 3-Benzyl-4-(cyclopropyl-(4-
(2,5-dichlorophenyl)thiazol-2-yl)amino)-4-oxobutanoic acid
(‘compound 1’ in Hudson et al., 2013), initially exemplified
in a patent from Euroscreen (now Ogeda SA), was synthesized
and used to show the capacity of FFA2 receptors to act both as
anti-lipolytic receptors in model adipocytes of both human
and murine origin (Hudson et al., 2013) and to promote re-
lease of the incretin GLP-1 from the murine enteroendocrine
cell line STC-1 (Hudson et al., 2013). Furthermore, (25, R5)-5-
(2-chlorophenyl)-1-1(2’-methoxy-[1,1’-biphenyl]-4carbonyl)
pyrrolidine-2-carboxylic acid (‘compound 1’ in Forbes et al.,
2015), also described initially in a patent from Euroscreen
(Milligan et al., 2017a, b), has been used to show a role of
FFA2 receptors in inhibiting intestinal functions and suppres-
sion of food intake via PYY receptor-mediated pathways in
mice. These highlight means by which pharmacologists may
be able to access patented and, therefore, publically de-
scribed, GPCR-active ligands that are not available from com-
mercial sources.
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In many settings, antagonist ligands can offer wider
opportunities to define specific roles for GPCRs. At least three
separate classes of FFA2 receptor antagonists have been
described (Milligan et al., 2017a, b). However, although
exemplars from each series are able to block agonist actions
at human FFA2 receptors, none of them display significant
affinity at rodent orthologues of this receptor (Milligan
et al., 2017a, b) (Figure 2). Thus, whilst CATPB was able to
block the anti-lipolytic effect of ‘compound 1’ in human
SW872 adipocytes, it was unable to do so in murine 3T3-L1
cells (Hudson et al., 2013). Equally, whilst GLPG0974 is able
to block acetate-induced chemotaxis of human neutrophils
(Pizzonero et al., 2014), this compound is all but inactive at
rodent orthologues of FFA2 receptors (Pizzonero et al., 2014;
Sergeev et al., 2016) and unable to bind to mouse FFA2 recep-
tors with significant affinity (Sergeev et al., 2016).

Despite this challenge, Galapagos NV developed
GLPG0974 for clinical studies using a biomarker for target
engagement in human blood, based on the ability of
GLPG0974 to prevent acetate-induced up-regulation of the
‘activation epitope’ of the integrin CD11b (Pizzonero et al.,
2014). Outcomes of the subsequent early-stage clinical stud-
ies have been reported by Namour et al. (2016), but, sadly,
phase II trials failed to demonstrate efficacy of GLPG0974 in
patients with ulcerative colitis and these trials, therefore,
were terminated. Although a series of rodent disease-model
studies might have been instructive, this was not practical
for GLPG0974 due to the lack of affinity of GLPG0974 at
rodent orthologues of FFA2 (Figure 2). Interestingly Hudson
et al. (2012b) noted that bovine FFA2 receptors responded
optimally to fatty acids of somewhat longer chain length
than do the human or rodent forms. Based on this, and se-
quence alignments, they were able to generate a mutationally
modified ‘designer receptor exclusively activated by designer
drug’ (DREADD) form of human FFA2 receptor that no longer
responded to the SCFAs acetate or propionate but was

Mouse
scrFas  FFA2

SCFAs FFA2

Free fatty acid receptor 2 and GPR35 m

activated instead by a number of non-endogenous ligands,
including sorbic acid (Hudson et al., 2012b). Importantly,
the mutations introduced to develop the DREADD variant
do not interfere with binding of FFA2 receptor antagonists
from either of the described high-affinity series. Notably,
Bolognini et al. (2016a) have highlighted that production of
transgenic mice in which either a humanized form of FFA2
receptors or a humanized form of the DREADD FFA2 receptor
is expressed in place of the mouse orthologue has been
achieved. Although pharmacological studies on these
animals, and tissues derived from them, have not yet been
reported, it is hoped that such studies will shed new light
on the patho-physiological roles of FFA2 receptors and
allow the human-specific FFA2 receptor antagonists to
block effects of orthosteric agonists and define potential
‘on-target’ versus ‘off-target’ effects of SCFAs in tissues
derived from these animals, and even potentially directly
in in vivo studies.

FFA2 receptors: orthosteric versus
allosteric agonists

It is often stated that there must be evolutionary pressure to
maintain orthosteric ligand-binding pockets in GPCRs to
avoid loss of function. By contrast, an argument can be made
that this should be less intense for allosteric sites that recog-
nize synthetic compounds to which the receptor has never
naturally been exposed. This does not mean, however, that
allosteric ligands are intrinsically species orthologue selec-
tive. In the case of FFA2 receptors, two key allosteric agonists
have been described. 4-CMTB (Lee et al., 2008; Smith et al.,
2011; Grundmann et al., 2016) and AZ1729 (Bolognini et al.,
2016b) are each able to directly activate both human and
rodent forms of FFA2 receptors and do so via one or more
allosteric sites. AZ1729 is potentially of particular interest to

Human

Figure 2

Mouse and human orthologues of FFA2 receptors display extreme differences in antagonist ligand pharmacology. For both mouse and human
FFA2 receptors, short-chain fatty acids induce activation of a panoply of signals via different members of the family of heterotrimeric G proteins
(see Figure 3). However, antagonists from two reported chemical series, exemplified by GLPG0974 and CATPB, display no significant affinity at
mouse FFA2 receptors, although they are high-affinity, orthosteric antagonists at the human FFA2 receptor.
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pharmacologists as it acts as a highly ‘biased’ agonist. While
SCFAs induce conformations of FFA2 receptors able to inter-
act with both G; and G4-family G proteins, AZ1729 is able
to promote signalling only via G;-mediated mechanisms
(Bolognini et al., 2016b). As such, although AZ1729 is able
to induce anti-lipolytic effects in adipocytes via FFA2 recep-
tors, in a Pertussis toxin-sensitive and, therefore, G;-mediated
manner, it is unable to promote release of GLP-1 from mouse
colonic crypts. By contrast SCFAs do so, and in a manner that
is instead blocked by the selective Gg/Gy; inhibitor
FR900359 (Bolognini et al., 2016b). AZ1729 has, therefore,
been posited to provide a means to determine the contribu-
tion of G;-G proteins to downstream signal transduction
processes that may coalesce from multiple signalling path-
ways. The best example to date of such a use of AZ1729 has
been to define the contribution of Gi-family G proteins to
the regulation of ERK1/2 phosphorylation following
expression of species orthologues of FFA2 receptors in
HEK293 cells. For human FFA2 receptors in naive cells, the
SCFA propionate produces a very robust stimulation of
ERK1/2 phosphorylation, whereas AZ1729 produces only
very limited activation. Following treatment with Pertussis
toxin to inactivate Gi-proteins, the signal induced by
AZ1729 was abolished, whereas responses to propionate
remained robust. By contrast after treatment of cells with
the Gg/Gi; inhibitor FR900359, the modest response to
AZ1729 was maintained while the response to propionate
was now as limited, as for AZ1729 (Bolognini et al., 2016b).
This implies that the key transducers of this effect are the

SCFAs

Figure 3

AZ1729

Gq/Gi-family proteins (Figure 3). A completely different
pattern was observed, however, for the mouse FFA2 receptor.
Here, equivalent experiments to those described above
showed that activation of ERK1/2 phosphorylation via this
orthologue is transduced almost entirely by the Gi-family G
proteins (Figure 3). Thus, although focus is routinely on
differences in ligand pharmacology at receptor species
orthologues, these results show that selectivity of GPCR-G
protein coupling, as recently considered by Flock et al.
(2017), can be observed, presumably due to differences on
the intracellular, G protein-contact surface of the receptor.
Understanding the molecular basis for such effects and how
they may shape different physiological outcomes in rodent
versus human tissues may be as important in terms of
smoothing the path of medicine development as the more
widely (and wildly) championed concept of ‘ligand bias’.

The characterization and use of AZ1729 (Bolognini et al.,
2016b) is an interesting example of ‘Open Innovation’ poli-
cies, now being adopted more widely by pharmaceutical
companies. Here, both early stage, far from optimized,
ligands but also in some cases clinically trialled molecules,
are being made available to academic researchers to promote
better understanding of underpinning biology and, there-
fore, potential target validation, as part of ‘pre-competitive’
programmes of research. In the example of AZ1729, this
molecule was scored simply as a ‘hit’ in a high-throughput
screen conducted internally by AstraZeneca, and the details
of its mode of action were defined subsequently within an
academic-industrial collaboration.

Species orthologues of FFA2 receptors display G protein selectivity. SCFAs promote phosphorylation and activation of ERK1/2 MAP kinases in
HEK293 cells transfected to express either human or mouse FFA2. However, combinations of studies with the G protein inhibitors Pertussis toxin
(Gi) and FR900359 (G4/Gq1) and the Gi-biased FFA2 agonist AZ1729 demonstrate that while activation of the human orthologue transmits this
signal largely via G4/Gy, for the mouse orthologue the signal is transmitted largely via G;. The indicated size of the noted G protein subtypes il-
lustrates the relative contribution of each to SCFA-mediated activation of ERK1/2 MAP kinases. See text and Bolognini et al. (2016b) for further

details.
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GPR35: opportunities and challenges

GPR35 remains an ‘orphan’ receptor although both
kynurenic acid (Wang et al., 2006) and the chemokine
CXCL17 (Maravillas-Montero et al., 2015) have been pro-
posed as endogenous ligands. CXCL17 has been championed
as a ligand in a single publication and, therefore, requires
independent support from other studies and approaches.
However, whilst Maravillas-Montero et al. (2015) highlighted
structurally conserved features between GPR35 and highly
characterized chemokine receptors, including CXCR7 and
CXCR4, a recent re-stratification of class A GPCRs based on
homology within core ligand-binding domains that effec-
tively clustered CXCR7 and CXCR4 and other bona fide
receptors for chemokines placed GPR35 on a completely
separate branch (Ngo et al., 2017). In the case of Kynurenic
acid, although it is clear from many publications that this
molecule, which is produced endogenously by metabolism
of the amino acid tryptophan, can activate GPR35 if provided
at sufficiently high concentrations, marked variation in
reported potency of kynurenic acid at species orthologues of
the receptor (Milligan, 2011) (Figure 4) has hindered accep-
tance of this metabolite as the true endogenous agonist.
Indeed, potency of kynurenic acid is particularly low at
human GPR35 (Jenkins et al., 2011), and this may exclude a
role for kynurenic acid at human GPR35 (Figure 4).

The potential of targeting GPR35 in a therapeutic context
is supported in part by genetic associations that have
suggested roles in diseases including ulcerative colitis and
primary sclerosing cholangitis (Ellinghaus et al., 2013; Yang

Free fatty acid receptor 2 and GPR35 m

et al., 2015), and GPR35 is highly expressed in regions of,
particularly, the lower gut and colon and by various white cell
groups, including numerous dendritic cell and monocyte
populations. Potential roles for GPR35 in the regulation of
pain have also been supported (Resta ef al., 2016; Khan and
He, 2017; Mackenzie and Milligan, 2017) as the receptor in
also expressed regionally in both the central and peripheral
nervous systems.

GPR35: ligand pharmacology and
species variation

Sequence variation between human, rat and mouse
orthologues of GPR35 is substantial (Milligan, 2011). Unsur-
prisingly, therefore, this is manifest in marked variation in
agonist ligand pharmacology. Like FFA2 receptors, this is also
the case for antagonist ligands for GPR35 (Figure 4) and
creates major challenges for pharmacological definition of
receptor functions. Two series of relatively high affinity
GPR35 antagonists have been reported (Heynen-Genel et al.,
2010, 2011), but, although effective blockers of human
GPR35 (Jenkins et al., 2012), at least following heterologous
expression of rat and mouse GPR35 into HEK293 cells,
neither of the currently commercially available antagonist
ligands, CID-2745687 and ML-145 (Figure 4), are able to
block agonist effects at these orthologues (Jenkins et al.,
2012). It is, therefore, somewhat confusing that ML-145 has
been reported to partially block effects of the GPR35 activator
zaprinast in rat CA1 hippocampal neurons (Alkondon et al.,

ML-145 [ ML-145
“Ij.;:.., Mouse * - Human |
Kynurenic acid GPR35 Kmuranicacld?  eppse
\ ﬁan 2745687 R CID-2745687

-----

Figure 4

Mouse and human orthologues of GPR35 display marked differences in antagonist ligand pharmacology. Although the tryptophan metabolite
kynurenic acid is able to activate GPR35, it is more potent at the mouse orthologue that at either splice variant of the human orthologue. This
has raised questions of its effectiveness as an agonist at GPR35 in human. Exemplars from two chemical series, illustrated as ML-145 and CID-
27455687, have been shown to be high-potency antagonists of human GPR35. However, at least in transfected cell systems, neither appears able
to block agonist actions at mouse GPR35 (Jenkins et al., 2012). However, in certain reports, these ligands have been reported to block effects at
GPR35 inrodent cells and tissue (see text for details). These dichotomies remain to be understood, but improved pharmacological study is likely to
do so. G protein-mediated signalling resulting from activation GPR35 in different cells and tissues can involve both Gaoq3 and Pertussis toxin-

sensitive members of the G;-subfamily.
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20135). Clearly, it is possible that in natively expressing
systems, co-expressed proteins that are not present in
HEK293 cells may alter the pharmacology of a GPCR, as is
known for the small group of single transmembrane domain
receptor activity modulating proteins (Gingell et al., 2016;
Hay et al., 2016). However, the structure of ML-145 contains
a central rhodanine fragment, often found in so-called PAINS
(pan-assay interference compounds) (Everett, 2015). Thus, it
is likely that when used in ex vivo preparations, ML-145 will
have a range of ‘off-target’ effects that are unappreciated.
The limited interaction of many academic pharmacologists
with drug discovery experts and medicinal chemists based
in either academia or the pharmaceutical industry raises the
real danger of lack of appreciation of such issues, and an
over-optimistic hope that the commercial availability of vari-
ous compounds, and their described ‘selectivity’ on provider
websites, is valid. Thus, without support from each of orthog-
onal assays, the parallel use of tissue from ‘knockout’ animals,
or the use of as wide a pharmacology as available for a poorly
characterized GPCR, then conclusions as to its physiological
functions should only be considered as interim. Equally,
despite the results of Jenkins ef al. (2012) indicating a lack
of action of CID-2745687 at mouse GPR35, CID-2745687
had previously been reported to inhibit agonist-induced
interactions between mouse GPR35 and a form of B-arrestin
2 tagged with a fluorescent protein in HEK293 cells (Zhao
et al.,, 2010) and, more recently, to inhibit the ability of
kynurenic acid to affect forskolin-mediated regulation of
cAMP levels in mouse astrocytes (Berlinguer-Palmini et al.,
2013) and to block effects of a GPR35 agonist in young adult
mouse colon epithelial cells (Tsukahara et al., 2017). These
results are clearly incompatible with the findings of Jenkins
etal. (2012), assuming that CID-2745687 was actually acting
via GPR35 in these studies. However, in a more positive
context, in isolated human saphenous vein smooth muscle
cells, GPR35 agonist-induced cell lengthening and cell migra-
tion were both blocked effectively by concentrations of both
CID-2745687 and ML-145 consistent with reports on the
affinity of these ligands at human GPR35, as defined from
in vitro studies (McCallum et al., 2015), as was proliferation
of human saphenous vein endothelial cells (McCallum
etal., 2015).

GPR35: signalling mechanisms

A further challenging feature of GPR35 is the mechanism(s)
this receptor employs for signal transduction. While signal-
ling in a number of, particularly, neuronal preparations
appears to be mediated via one or more Pertussis toxin-
sensitive G proteins (Figure 4) and can regulate levels of cAMP
(Mackenzie and Milligan, 2017), in many other cases, it
appears that key G protein-mediated effects proceed via the
poorly studied G protein Go,3 (Jenkins et al., 2010, 2011).
This has been assessed in experiments measuring agonist-
induced binding of [3S]GTP[S] to an introduced epitope-
tagged form of Goy3 (Jenkins et al., 2010) and in assays
employing a chimeric Gag/Gayz G protein that allows
receptor interaction with Ga,3 to be converted into elevation
of intracellular Ca®* levels (Jenkins et al., 2011). Moreover, in
human saphenous vein smooth muscle cells, GPR35 agonist-
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induced cell migration is inhibited by each of two mechanis-
tically distinct Rho-kinase inhibitors (McCallum et al., 2015).
Although activation of Ga;3 does not directly regulate levels
of secondary messengers, it does regulate Rho-guanine nucle-
otide exchange factors. In some of the earliest detailed
studies, chimeric G proteins based on the backbone of the a
subunit of the Saccharomyces cerevisiae G protein Gpal
(Jenkins et al., 2010) or the mammalian G protein G4 (Jenkins
etal., 2011) were used to show effective coupling of GPR35 to
Goy3, and that this was the case for both human and rat
GPR35 (Jenkins et al., 2011). Although G;3 is often viewed
as being functionally equivalent to the related G protein
G2, this is unlikely to be the case as both genes have been
preserved across species, and mouse gene ‘knockout’ studies
confirm that they are non-redundant, with lack of only
Guay3 resulting in early embryonic lethality linked to a lack
of angiogenesis (Worzfeld et al., 2008). Indeed, in parallel
studies, whilst a G4-Ga,3 chimeric G protein was able to link
both human and rat GPR35 to elevation of intracellular
Ca®* levels, an equivalent Gg-Gay, chimera was only very
weakly active, whilst full length Gog, was entirely without
function (Jenkins et al., 2011).

In part, because selective activation of Ga;3 is highly
challenging to assess in any high-throughput assay format,
efforts to identify novel agonists of GPR35 have focussed on
either the use of ‘dynamic mass redistribution’ studies,
performed almost exclusively using the human HT29 adeno-
carcinoma cell line (e.g. Wei ef al., 2017) that expresses
GPR35 endogenously but where the mode of signalling is
undefined, or various assay formats that measure induced
translocation and interaction with the receptor, of forms of
B-arrestin (Zhao et al., 2010; Jenkins et al., 2011; Funke et al.,
2013; Neetoo-Isseljee et al., 2013; MacKenzie et al., 2014).
Where tested, these have confirmed that many GPR35
agonists display marked species-dependent variation in
potency (Figure 1), but a number of molecules, including
pamoic acid, lodoxamide and ligands based on 8-amido-
chromen-4-one-2-carboxylic acid, that display high potency
at one or more species orthologue (usually human) have been
identified (Divorty et al., 2015). However, as discussed earlier
for the antagonist ML-145, a number of these ligands are
appreciated to have other molecular targets, with pamoic acid
identified initially as a GPR35 agonist because pamoate was
the common feature in a number of compound preparations
that appeared as active at GPR35 but without other obvious
common chemical signatures (Jenkins et al., 2010, Zhao
et al., 2010, see Neubig, 2010 for review). This is akin to the
de-orphanization of FFA2 receptors (Brown et al., 2003),
where the common feature of apparent hits was that
they were all tested initially as acetate salts. The focus on
using B-arrestin-based assays in identification of ligands may
result in the prioritization of p-arrestin-‘biased’ agonists, but
this issue has not been assessed directly, potentially once
more due to the challenges of developing robust G protein-
dependent assays for GPR35. To date, only one publication
has described the development and use of a radiolabelled
ligand to identify and characterize the pharmacology of
GPR35. [*H]PSB-13253 (6-bromo-8-(4-methoxybenzamido)-
4-ox0-4H-chromene-2-carboxylic acid) (Thimm ef al., 2013)
displayed high affinity (K4 = 5 nM at human GPR35). As the
parent compound is a markedly selective agonist for human
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GPR35 compared to rat or mouse (Funke et al., 2013) then,
although not explored extensively by Thimm et al. (2013), it
is unlikely to be useful to study rodent orthologues of
GPR35. Moreover, all the studies reported by Thimm et al.
(2013) were performed using membrane preparations from
CHO cells expressing very high levels of human GPR3S,
estimated to be in the region of 12 pmol-mg ' membrane
protein. It remains to be established if [*H]PSB-13253 can be
used to detect and study the pharmacological profile of
human GPR35 in cells or tissues that express the receptor
endogenously. As with FFA2 receptors, it may be that trans-
genic mice expressing a humanized version of GPR35 could
provide an effective means of helping to better define
potential therapeutic roles for ligands at GPR35. However,
given the relative dissimilarity of mouse and human GPR35
sequences then, as noted above for FFA2 receptors, despite
the evidence to date that suggests that both human and
rodent forms of GPR35 show marked selectivity in coupling
to Gay3, it is possible that G protein engagement patterns will
vary between orthologues and result in distinct downstream
signalling outcomes.

A further challenge on how to interpret data from GPR35
studies in animal models for its likely effects on the therapeu-
tic opportunities offered by GPR35 in the treatment of
human disease is that, although both rat and mouse express
a single form of the receptor, there are two forms in human.
The short isoform corresponds to the rodent orthologue,
but there is also an N-terminally extended splice variant that
incorporates an additional 31 amino acids into this region
of the receptor (Milligan, 2011). Although there is little
evidence to date of distinct pharmacology between the
human short (GPR35a) and long (GPR35b) variants, it may
be that these will differ in details of localization as is the case,
for example, for the GABAg,, and GABAg;, isoforms of the
GABAg; receptor.

Conclusions

It can be argued that the key focus to date on GPCRs that are
activated by biogenic amines simply reflects the high medical
importance and prevalence of diseases that are associated
with dysregulation of these ancient regulators of a broad raft
of physiological processes. However, as pharmacological
studies are entirely reliant on access to high-quality and
well-characterized tool compounds, this focus has
become something of a self-fulfilling tradition. Progress in
understanding less well-characterized GPCRs will require
combinations of yet greater willingness of companies to offer
access to tool compounds. It is also vital that academic
pharmacologists interact much more closely with medicinal
chemists in both the academic and industrial spheres to make
better use of the plethora of novel ligands described within
the patent literature, and for pharmacologists to be far more
discerning in selecting, or further characterizing, ligands to
ensure they are fit for purpose and truly display the selectivity
or specificity attributed to them. With these basic tenets in
place, the potential for much more convincing target valida-
tion of GPCRs that are ‘not currently in the spotlight’ will
be greatly enhanced to the benefit of pharmacologists, the
pharmaceutical industry and ultimately, patients.

Free fatty acid receptor 2 and GPR35 m

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharma
cology.org, the common portal for data from the
IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al.,
2016), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2015/16 (Alexander et al., 2015a, b, ¢).

Acknowledgement
Work in the Milligan laboratory on the topics and GPCRs
discussed is supported by Biotechnology and Biosciences

Research Council, grant numbers [BB/P000649/1 and
BB/L027887/1].

Conflict of interest

The author declares no conflicts of interest.

References

Alexander SPH, Davenport AP, Kelly E, Marrion N, Peters JA, Benson
HE et al. (2015a). The Concise Guide to PHARMACOLOGY 2015/16:
G protein-coupled receptors. Br ] Pharmacol 172: 5744-5869.

Alexander SPH, Fabbro D, Kelly E, Marrion N, Peters JA, Benson HE
et al. (2015b). The Concise Guide to PHARMACOLOGY 2015/16:
Enzymes. Br ] Pharmacol 172: 6024-6109.

Alexander SPH, Fabbro D, Kelly E, Marrion N, Peters JA, Benson HE
et al. (2015c¢). The Concise Guide to PHARMACOLOGY 2015/16:
Catalytic receptors. Br J Pharmacol 172: 5979-6023.

Alkondon M, Pereira EF, Todd SW, Randall WR, Lane MV,
Albuquerque EX (2015). Functional G-protein-coupled receptor 35 is
expressed by neurons in the CA1 field of the hippocampus. Biochem
Pharmacol 93: 506-518.

Alvarez-Curto E, Milligan G (2016). Metabolism meets immunity: the
role of free fatty acid receptors in the immune system. Biochem
Pharmacol 114: 3-13.

Berlinguer-Palmini R, Masi A, Narducci R, Cavone L, Maratea D, Cozzi
A et al. (2013). GPR35 activation reduces Ca2" transients and
contributes to the kynurenic acid-dependent reduction of synaptic
activity at CA3-CA1 synapses. PLoS One 8: ¢82180.

Bjursell M, Admyre T, Géransson M, Marley AE, Smith DM, Oscarsson
Jetal. (2011). Improved glucose control and reduced body fat mass in
free fatty acid receptor 2-deficient mice fed a high-fat diet. AmJ
Physiol Endocrinol Metab 300: E211-E220.

Blad CC, Tang C, Offermanns S (2012). G protein-coupled receptors
for energy metabolites as new therapeutic targets. Nat Rev Drug
Discov 11: 603-619.

Bolognini D, Moss CE, Nilsson K, Petersson AU, Donnelly I, Sergeev E
et al. (2016a). A novel allosteric activator of free fatty acid 2 receptor
displays unique Gi-functional bias. ] Biol Chem 291: 18915-18931.

Bolognini D, Tobin AB, Milligan G, Moss CE (2016b). The
pharmacology and function of receptors for short-chain fatty acids.
Mol Pharmacol 89: 388-398.

British Journal of Pharmacology (2018) 175 2543-2553 2551


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=240
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=240
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org

m G Milligan

Brown A]J, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L,
Daniels D et al. (2003). The Orphan G protein-coupled receptors
GPR41 and GPR43 are activated by propionate and other short chain
carboxylic acids. J Biol Chem 278: 11312-11319.

Ciana P, Fumagalli M, Trincavelli ML, Verderio C, Rosa P, Lecca D
et al. (2006). The orphan receptor GPR17 identified as a new dual
uracil nucleotides/cysteinyl-leukotrienes receptor. EMBO J 25:
4615-4627.

Civelli O, Reinscheid RK, Zhang Y, Wang Z, Fredriksson R, Schioth HB
(2013). G protein-coupled receptor deorphanizations. Annu Rev
Pharmacol Toxicol 53: 127-146.

Divorty N, Mackenzie AE, Nicklin SA, Milligan G (2015). G protein-
coupled receptor 35: an emerging target in inflammatory and
cardiovascular disease. Front Pharmacol 6: 41.

Ellinghaus D, Folseraas T, Holm K, Ellinghaus E, Melum E, Balschun T
et al. (2013). Genome-wide association analysis in primary sclerosing
cholangitis and ulcerative colitis identifies risk loci at GPR35 and
TCF4. Hepatology 58: 1074-1083.

Everett JR (2015). Academic drug discovery: current status and
prospects. Expert Opin Drug Discovery 10: 937-944.

Flock T, Hauser AS, Lund N, Gloriam DE, Balaji S, Babu MM (2017).
Selectivity determinants of GPCR-G-protein binding. Nature 545:
317-322.

Forbes S, Stafford S, Coope G, Heffron H, Real K, Newman R et al.
(2015). Selective FFA2 agonism appears to act via intestinal PYY to
reduce transit and food intake but does not improve glucose tolerance
in mouse models. Diabetes 64: 3763-3771.

Funke M, Thimm D, Schiedel AC, Miiller CE (2013). 8-
Benzamidochromen-4-one-2-carboxylic acids: potent and selective
agonists for the orphan G protein-coupled receptor GPR35. ] Med
Chem 56: 5182-5197.

Ghislain J, Poitout V (2017). The Role and Future of FFA1 as a
Therapeutic Target. Handb Exp Pharmacol 236: 159-180.

Gille A, Bodor ET, Ahmed K, Offermanns S (2008). Nicotinic acid:
pharmacological effects and mechanisms of action. Annu Rev
Pharmacol Toxicol 48: 79-106.

Gingell ], Simms J, Barwell ], Poyner DR, Watkins HA, Pioszak AA et al.
(2016). An allosteric role for receptor activity-modifying proteins in
defining GPCR pharmacology. Cell Discov 2: 16012.

Grundmann M, Tikhonova IG, Hudson BD, Smith NJ, Mohr K, Ulven
T et al. (2016). A molecular mechanism for sequential activation of a
G protein-coupled receptor. Cell Chem Biol 23: 392-403.

Hay DL, Walker CS, Gingell JJ, Ladds G, Reynolds CA, Poyner DR
(2016). Receptor activity-modifying proteins; multifunctional G
protein-coupled receptor accessory proteins. Biochem Soc Trans 44:
568-573.

Heynen-Genel S, DahlR, Shi§, Sauer M, Hariharan S, Sergienko E et al.
(2010) Selective GPR35 Antagonists - probes 1 &amp; 2. Probe
Reports from the NIH Molecular Libraries Program PMID: 21433393.

Heynen-Genel S, Dahl R, Shi S, Sauer M, Hariharan S, Sergienko E et al.
(2011) Selective GPR35 antagonists - probe 3. Probe Reports from the
NIH Molecular Libraries Program PMID:22834041

Hudson BD, Christiansen E, Tikhonova IG, Grundmann M, Kostenis
E, Adams DR et al. (2012a). Chemically engineering ligand selectivity
at the free fatty acid receptor 2 based on pharmacological variation
between species orthologs. FASEB J 26: 4951-4965.

Hudson BD, Tikhonova IG, Pandey SK, Ulven T, Milligan G (2012b).
Extracellular ionic locks determine variation in constitutive activity

2552  British Journal of Pharmacology (2018) 175 2543-2553

and ligand potency between species orthologs of the free fatty acid
receptors FFA2 and FFA3. J Biol Chem 287: 41195-41209.

Hudson BD, Due-Hansen ME, Christiansen E, Hansen AM, Mackenzie
AE, Murdoch H et al. (2013). Defining the molecular basis for the first
potent and selective orthosteric agonists of the FFA2 free fatty acid
receptor. J Biol Chem 288: 17296-17312.

Jenkins L, Brea J, Smith NJ, Hudson BD, Reilly G, Bryant NJ et al.
(2010). Identification of novel species-selective agonists of the G-
protein-coupled receptor GPR35 that promote recruitment of p-
arrestin-2 and activate Gal3. Biochem J 432: 451-459.

Jenkins L, Alvarez-Curto E, Campbell K, de Munnik S, Canals M,
Schlyer S et al. (2011). Agonist activation of the G protein-coupled
receptor GPR3S5 involves transmembrane domain III and is
transduced via Ga and B-arrestin-2. Br J Pharmacol 162: 733-748.

Jenkins L, Harries N, Lappin JE, MacKenzie AE, Neetoo-Isseljee Z,
Southern C et al. (2012). Antagonists of GPR3S5 display high species
ortholog selectivity and varying modes of action. ] Pharmacol Exp
Ther 343: 683-695.

Kaku K, Enya K, Nakaya R, Ohira T, Matsuno R (2015). Efficacy and
safety of fasiglifam (TAK-875), a G protein-coupled receptor 40
agonist, in Japanese patients with type 2 diabetes inadequately
controlled by diet and exercise: a randomized, double-blind, placebo-
controlled, phase III trial. Diabetes Obes Metab 17: 675-681.

Kaku K, Enya K, Nakaya R, Ohira T, Matsuno R (2016). Long-term
safety and efficacy of fasiglifam (TAK-875), a G-protein-coupled
receptor 40 agonist, as monotherapy and combination therapy in
Japanese patients with type 2 diabetes: a 52-week open-label phase III
study. Diabetes Obes Metab 18: 925-929.

Khan MZ, He L (2017). Neuro-psychopharmacological perspective of
Orphan receptors of Rhodopsin (class A) family of G protein-coupled
receptors. Psychopharmacology (Berl) 234: 1181-1207.

Kim HY, Jadhav VB, Jeong DY, Park WK, Song JH, Lee S et al. (2015).
Discovery of 4-(phenyl)thio-1H-pyrazole derivatives as agonists of
GPR109A, a high affinity niacin receptor. Arch Pharm Res 38:
1019-1032.

Lee T, Schwandner R, Swaminath G, Weiszmann J, Cardozo M,
Greenberg J et al. (2008). Identification and functional
characterization of allosteric agonists for the G protein-coupled
receptor FFA2. Mol Pharmacol 74: 1599-1609.

Mackenzie AE, Milligan G (2017). The emerging pharmacology and
function of GPR35 in the nervous system. Neuropharmacology 113
(Pt B): 661-671.

MacKenzie AE, Caltabiano G, Kent TC, Jenkins L, McCallum JE,
Hudson BD et al. (2014). The antiallergic mast cell stabilizers
lodoxamide and bufrolin as the first high and equipotent agonists of
human and rat GPR35. Mol Pharmacol 85: 91-104.

Maravillas-Montero JL, Burkhardt AM, Hevezi PA, Carnevale CD,
Smit MJ, Zlotnik A (2015). Cutting edge: GPR35/CXCRS is the
receptor of the mucosal chemokine CXCL17. ] Immunol 194: 29-33.

McCallum JE, Mackenzie AE, Divorty N, Clarke C, Delles C, Milligan
G et al. (2015). G-protein-coupled receptor 35 mediates human
saphenous vein vascular smooth muscle cell migration and
endothelial cell proliferation. J Vasc Res 52: 383-395.

Milligan G (2011). Orthologue selectivity and ligand bias: translating
the pharmacology of GPR3S5. Trends Pharmacol Sci 32: 317-325.

Milligan G, Bolognini D, Sergeev E (2017a). Ligands at the free
fatty acid receptors 2/3 (GPR43/GPR41). Handb Exp Pharmacol
236: 17-32.



Milligan G, Shimpukade B, Ulven T, Hudson BD (2017b). Complex
pharmacology of free fatty acid receptors. Chem Rev 117: 67-110.

Namour F, Galien R, Van Kaem T, Van der Aa A, Vanhoutte F, Beetens
Jetal. (2016). Safety, pharmacokinetics and pharmacodynamics of
GLPGO0974, a potent and selective FFA2 antagonist, in healthy male
subjects. Br J Clin Pharmacol 82: 139-148.

Neetoo-Isseljee Z, MacKenzie AE, Southern C, Jerman ], Mclver EG,
Harries N et al. (2013). High-throughput identification and
characterization of novel, species-selective GPR35 agonists. J
Pharmacol Exp Ther 344: 568-578.

Neubig RR (2010). Mind your salts: when the inactive constituent
isn’t. Mol Pharmacol 78: 558-589.

Ngo T, Ilatovskiy AV, Stewart AG, Coleman JL, McRobb FM, Riek RP
et al. (2017). Orphan receptor ligand discovery by pickpocketing
pharmacological neighbors. Nat Chem Biol 13: 235-242.

Norman JL, Anderson SL (2016). Novel class of medications, orexin
receptor antagonists, in the treatment of insomnia - critical appraisal
of suvorexant. Nat Sci Sleep 8: 239-247.

Offermanns S, Colletti SL, Lovenberg TW, Semple G, Wise A,
IJzerman AP (2011). International union of basic and clinical
pharmacology. LXXXII: nomenclature and classification of hydroxy-
carboxylic acid receptors (GPR81, GPR109A, and GPR109B).
Pharmacol Rev 63: 269-290.

Pizzonero M, Dupont S, Babel M, Beaumont S, Bienvenu N, Blanqué R
et al. (2014). Discovery and optimization of an azetidine chemical
series as a free fatty acid receptor 2 (FFA2) antagonist: from hit to
clinic. ] Med Chem 57: 10044-10057.

Qi AD, Harden TK, Nicholas RA (2013). Is GPR17 a P2Y/leukotriene
receptor? Examination of uracil nucleotides, nucleotide sugars, and
cysteinyl leukotrienes as agonists of GPR17. J Pharmacol Exp Ther
347: 38-46.

Resta F, Masi A, Sili M, Laurino A, Moroni F, Mannaioni G (2016).
Kynurenic acid and zaprinast induce analgesia by modulating HCN
channels through GPR35 activation. Neuropharmacology 108:
136-143.

Sawzdargo M, George SR, Nguyen T, Xu S, Kolakowski LF, O’'Dowd BF
(1997). A cluster of four novel human G protein-coupled receptor
genes occurring in close proximity to CD22 gene on chromosome
19q13.1. Biochem Biophys Res Commun 239: 543-547.

Sergeev E, Hansen AH, Pandey SK, MacKenzie AE, Hudson BD, Ulven
Tet al. (2016). Non-equivalence of key positively charged residues of
the free fatty acid 2 receptor in the recognition and function of
agonist versus antagonist ligands. J Biol Chem 291: 303-317.

Shen HC, Ding FX, Raghavan S, Deng Q, Luell S, Forrest MJ et al.
(2010). Discovery of a biaryl cyclohexene carboxylic acid (MK-6892):
a potent and selective high affinity niacin receptor full agonist with
reduced flushing profiles in animals as a preclinical candidate. ] Med
Chem 53: 2666-2670.

Simon K, Merten N, Schroder R, Hennen S, Preis P, Schmitt NK et al.
(2017). The Orphan receptor GPR17 is unresponsive to uracil
nucleotides and cysteinyl leukotrienes. Mol Pharmacol 91: 518-532.

Free fatty acid receptor 2 and GPR35 m

Smith NJ, Ward RJ, Stoddart LA, Hudson BD, Kostenis E, Ulven T et al.
(2011). Extracellular loop 2 of the free fatty acid receptor 2 mediates
allosterism of a phenylacetamide ago-allosteric modulator. Mol
Pharmacol 80: 163-173.

Southan C, Sharman JL, Benson HE, Faccenda E, Pawson A]J,
Alexander SPH et al. (2016). The IUPHAR/BPS guide to
PHARMACOLOGY in 2016: towards curated quantitative
interactions between 1300 protein targets and 6000 ligands. Nucleic
Acids Res 44: D1054-D1068.

Suckow AT, Briscoe CP (2017). Key questions for translation of FFA
receptors: from pharmacology to medicines. Handb Exp Pharmacol
236:101-131.

Tan JK, McKenzie C, Marifio E, Macia L, Mackay CR (2017).
Metabolite-sensing G protein-coupled receptors-facilitators of diet-
related immune regulation. Annu Rev Immunol 35: 371-402.

Thimm D, Funke M, Meyer A, Miiller CE (2013). 6-Bromo-8-(4-[(3)H]
methoxybenzamido)-4-oxo-4H-chromene-2-carboxylic acid: a
powerful tool for studying orphan G protein-coupled receptor
GPR35. ] Med Chem 56: 7084-7099.

Tsukahara T, Hamouda N, Utsumi D, Matsumoto K, Amagase K, Kato
S (2017). G protein-coupled receptor 35 contributes to mucosal
repair in mice via migration of colonic epithelial cells. Pharmacol Res
123: 27-39.

Viscusi ER, Webster L, Kuss M, Daniels S, Bolognese JA, Zuckerman S
etal. (2016). A randomized, phase 2 study investigating TRV130, a
biased ligand of the p-opioid receptor, for the intravenous treatment
of acute pain. Pain 157: 264-272.

Wang J, Simonavicius N, Wu X, Swaminath G, Reagan J, Tian H et al.
(2006). Kynurenic acid as a ligand for orphan G protein-coupled
receptor GPR35. ] Biol Chem 281: 22021-22028.

Wei L, Wang J, Zhang X, Wang P, Zhao Y, Li] et al. (2017). Discovery
of 2H-chromen-2-one derivatives as G protein-coupled receptor-35
agonists. ] Med Chem 60: 362-372.

Wise A, Foord SM, Fraser NJ, Barnes AA, Elshourbagy N, Eilert M et al.
(2003). Molecular identification of high and low affinity receptors for
nicotinic acid. ] Biol Chem 278: 9869-9874.

Wise A, Jupe SC, Rees S (2004). The identification of ligands at
orphan G-protein coupled receptors. Annu Rev Pharmacol Toxicol
44: 43-66.

Worzfeld T, Wettschureck N, Offermanns S (2008). G(12)/G(13)-
mediated signalling in mammalian physiology and disease. Trends
Pharmacol Sci 29: 582-589.

Yang SK, Hong M, Choi H, Zhao W, Jung Y, Haritunians T et al.
(2015). Immunochip analysis identification of 6 additional
susceptibility loci for Crohn’s disease in Koreans. Inflamm Bowel Dis
21:1-7.

Zhao P, Sharir H, Kapur A, Cowan A, Geller EB, Adler MW et al. (2010).
Targeting of the orphan receptor GPR35 by pamoic acid: a potent
activator of extracellular signal-regulated kinase and p-arrestin2 with
antinociceptive activity. Mol Pharmacol 78: 560-568.

British Journal of Pharmacology (2018) 175 2543-2553 2553



