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Preface

Sophisticated homeostatic and inflammatory actions of our immune system are
orchestrated by a myriad of different proteins and other signaling molecules. One of
the crucial molecular components of the immune system is a complex network of
small soluble proteins named chemokines and their G protein coupled receptors. The
GPCR superfamily is the largest family of transmembrane receptors, which transmit
signals from outside of the cell across the membrane to signaling pathways within the
cell. A misbalance in the functions of chemokines and their receptors often leads to
severe pathologies like autoimmune diseases (e.g., rheumatoid arthritis, psoriasis, and
multiple sclerosis), asthma, and cancer. Furthermore, the chemokine receptors CCR5
and CXCR4 are also hijacked by HIV as co-receptors needed for the viral entry in the
CD4™ T cells. In accordance with the overall importance of chemokines and their
receptors in pathologies, multiple pharmaceutical companies initiated screening cam-
paigns dedicated to the development of chemokine receptor antagonists in a recent
decade. After all, GPCRs are the site of action of about 30% current drugs, making the
GPCR superfamily the largest and single most important family of drug targets. More
than 40 antagonists of chemokine receptors entered the clinical trials that unfortu-
nately largely failed. Only two candidates for the therapy of noninflammatory diseases
progressed successfully on the market, one for the treatment of HIV (the CCRS5
antagonist maraviroc, Selzentry®, Pfizer) and one for the hematopoietic stem cell
transplantation in patients with lymphoma and multiple myeloma (the CXCR4 antag-
onist, perixafor, Mozobil®, Genzyme). The reasons for a tremendous failure of drug
candidates in clinical trials were largely attributed to the redundancy of chemokine
system, inappropriate target selection, suboptimal dosing regimen, off-target effects,
and in some cases even poor drug-like properties of a drug candidate. Despite the
higher-than-average failure rate, the quest for successful drug candidates, which
would modulate the function of chemokine receptors, continues.

In this book the current development, opportunities, and challenges in the field
of drug discovery related to chemokine receptors are presented and debated. As an
example for the role of chemokines in autoimmunity and inflammation, their
functions in the pathophysiology of asthma, multiple sclerosis, and rheumatoid
arthritis are illustrated in the chapter “Chemokine Receptors in Allergy, Inflamma-
tion, and Infectious Disease”, written by James Pease and Richard Horuk. The
authors describe various strategies that pharmaceutical companies have come up
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with to block the effect of chemokines in driving these disease processes, and how
they have progressed in the clinic. Chapter “Role of 3D Structures in Understand-
ing, Predicting, and Designing Molecular Interactions in the Chemokine Receptor
Family”, written by Irina Kufareva, Ruben Abagyan, and Tracy M. Handel, pro-
vides an excellent overview of pre- and post-structure efforts in understanding,
predicting, and designing chemokine receptor interactions with small molecules
and peptides, chemokines, and HIV gp120 proteins, as well as structure-guided
insights regarding chemokine receptor dimerization and the impact of structures on
rational molecular design initiatives. The efficient symbiosis of computational
approaches with experimental structure determination is discussed in depth. The
concept that GPCRs are natural allosteric proteins led to chapter “Allosteric
Modulation of Chemokine Receptors”, written by Arthur Christopoulos, Terry
Kenakin, and myself, which discusses complex allosteric mechanisms by which
the functions of chemokines and their receptors are fine-tuned and presents their
impact on preclinical drug discovery. The opportunities and challenges of bench-to-
clinic approaches are elucidated. Although allosteric modulation of chemokine
receptors adds a level of complexity to analyses and approaches to drug discovery,
it also introduces a tremendous capacity for pharmacologic control of this physio-
logical system for therapeutic advantage. Chapter “Exploring the CXCR3 Chemo-
kine Receptor with Small-Molecule Antagonists and Agonists”, written by Rob
Leurs and colleagues, illustrates on the example of the chemokine receptor CXCR3
nicely, how the combination of chemical, computational, and pharmacological
tools and techniques increases our understanding of the molecular mechanisms by
which small-molecule antagonists and agonists bind to the chemokine receptors
compared to the relatively large chemokines. This knowledge potentially opens up
novel therapeutic opportunities in the area of inflammation. In the last chapter
Selective and Dual Targeting of CCR2 and CCRS5 Receptors: A Current Overview”
Bernhard Wiinsch and his colleagues present classical approaches in medicinal
chemistry that fueled the development of antagonists for the chemokine receptors
CCR2 and CCRS. These efforts led to the discovery of the CCRS targeting drug that
is used for the treatment of HIV-1 (maraviroc, Selzentry®, Pfizer). The reasons of
failure of other promising clinical candidates are critically discussed.

I thank the authors for their valuable contributions to this volume. With their
assistance this book provides profound insights into the failure-rich past, exciting
present developments and promising future opportunities and challenges in the field
of drug discovery dedicated to the manipulations of chemokine receptor network.

Erlangen, Germany Nuska Tschammer
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Chemokine Receptors in Allergy,
Inflammation, and Infectious Disease

James E. Pease and Richard Horuk

Abstract Chemokines play an important role in disease by virtue of their effects
on immune cells. They mediate their biological effects by acting on G-protein-
coupled receptors, which represent one of the most druggable classes of proteins.
In this review we will examine the role of chemokines in autoimmunity and
inflammation by concentrating on the part they play in the pathophysiology of
several diseases including asthma, multiple sclerosis, and rheumatoid arthritis. We
will describe the various strategies that pharmaceutical companies have come up
with to block the effect of chemokines in driving these disease processes and how
they have fared in the clinic. We will also briefly discuss the repurposing of
chemokine receptor antagonists in new indications.

Keywords Allergy, Antagonists, Chemokine receptors, Chemokines, Infection,
Inflammation
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1 Introduction

Chemokines belong to a small family of chemoattractant proteins that orchestrate
the directed trafficking of immune cells; thus, they play an important role in host
defense. Inappropriate activation of the immune response by chemokines can also
lead to autoimmunity, giving rise to a number of devastating diseases that include
asthma, multiple sclerosis, and rheumatoid arthritis. These and other autoimmune
diseases pose an ever-increasing health burden on our society and affect millions
of individuals each year. Consequently, pharmaceutical companies have poured
billions of dollars into research and development to identify safe and effective drugs
to treat these diseases. The chemokines, because of their central role in coordinating
the immune system have provided an enticing target for pharmacological interven-
tion. In this chapter we will describe some of the key chemokines that are believed
to be responsible for the leukocyte recruitment and underlying pathology in asthma,
multiple sclerosis, and rheumatoid arthritis. In addition, we will describe strategies
directed at inhibiting specific chemokine receptors that have been identified as
being important in driving disease processes. Finally, we will discuss the progress
that chemokine receptor antagonists have made in the clinic and we will conclude
by looking at potential new therapeutic uses for them.

2 The Role of Chemokines in Asthma

Asthma is a complex, multifactorial, heterogeneous disease, which has reached
epidemic levels in the Western world, with over 5 million people in the UK alone
receiving some type of asthma treatment. Asthma broadly describes a variety of
patients with hyperactive airways, which when trigged by antigen results in
compromised lung function. This so-called early phase asthmatic reaction is trig-
gered by antigen crosslinking the high affinity IgE receptor on mast cells and results
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in their degranulation and the release of preformed mediators such as histamine and
newly synthesized lipid mediators such as the leukotriene LTB, and the prosta-
glandin PGD,. These molecules exert a variety of actions on the airways including
bronchoconstriction, increased microvascular permeability and increased mucus
production, all of which contribute to the asthmatic phenotype of breathlessness
[1]. The mediators also influence the recruitment of leukocytes to the allergic lung,
either by directly serving as leukocyte chemoattractants themselves (LTB,4 and
PGD,) or directing the structural cells of the lung to produce chemokines. This
chemokine production is highly dependent upon the interplay of structural and
immune cells, notably dendritic cells and Ty2 cells and results in the late-phase
reaction. This typically occurs several hours after the early phase reaction and is
notable for the recruitment of a variety of leukocytes to the lung. Originally thought
of as a chiefly eosinophilic disease, the identification of different subgroups or
asthma phenotypes over recent years suggests that novel strategies to target the
trafficking of disparate cell types may provide additional therapeutic benefit [2].

3 Chemokine-Driven Eosinophil Recruitment in Asthma

The recruitment of eosinophils to the respiratory system is considered a characteristic
hallmark of asthma. As long ago as the late 1800s, Paul Ehrlich, who is credited with
the discovery of the eosinophil, postulated that eosinophil recruitment to specific
tissue sites required a stimulus that induced their “chemotactic irritability” [3]. A little
over a century later, the group of Tim Williams at Imperial College London proved
this hypothesis, with the discovery of a CC chemokine that was produced in the
guinea pig lung following allergen challenge [4]. They named this chemokine
“eotaxin,” and the identification of the mouse orthologue and the eotaxin receptor,
CCR3, quickly followed [5]. Subsequent identification of the additional CCR3
ligands, Eotaxin-2/CCL24, and Eotaxin-3/CCL26 suggested further means by
which eosinophils could be recruited. In mouse models of allergic airways disease,
CCL11 expression is induced following allergen challenge [6]. In humans, both
CCL11 mRNA and CCLI11 protein levels have been observed indirectly in the
allergic lung tissue of both atopic asthmatics (individuals suffering from allergic
conditions, e.g., hay fever or allergic dermatitis) and also that of non-atopic asth-
matics [7]. Similarly, CCL11 levels have been reported to be elevated in the plasma
of acute asthmatics compared with stable asthmatic patients [8]. Histamine release
from degranulating mast cells can trigger the localized production of CCL11 by
endothelial cells [9], as can the action of TNF-a and IL-4 on lung fibroblasts and
human airway epithelial cells [10].

More recently, the role of the type 2 innate lymphoid cell in eosinophil homeo-
stasis has begun to be appreciated. These are long-lived tissue resident cells and
co-express IL-13 at sites of allergic inflammation, resulting in the expression of
CCLI11 and the recruitment of eosinophils [11]. At present, little is known about
how these cells traffic to the lungs, but targeting this process may provide an
alternative angle for intervention in asthma. Likewise, the specific roles of the
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other two eotaxins, CCL24 and CCL26, in asthma pathogenesis are not fully
appreciated. Mice differ from humans in lacking a functional orthologue of
CCL26, although CCL11 and CCL24 both seem to be important for eosinophil
recruitment to the allergic lung, with deletion of both chemokines needed for
ablation recruitment in an ovalbumin sensitization model [12]. A recent study by
Provost and coworkers suggested that CCL26 was a particularly potent in vitro
recruiter of eosinophils from asthmatic individuals and that complete blockade was
not achieved with a CCR3-specific antibody leading to the notion that an additional
receptor for CCL26 may exist in humans [13]. Further work is needed to test this
intriguing finding.

4 Targeting Eosinophil Chemokine Receptors

CCR3 is the principal chemokine receptor expressed by human eosinophil and was
therefore an obvious target for eosinophil-directed drug development. Blockade of
CCR3 by a specific monoclonal antibody by Heath and colleagues showed that the
majority of eosinophil responses to CC chemokines could be inhibited by targeting
of CCR3, establishing it as a key therapeutic target for the treatment of asthma
[14]. A mouse CCR3-specific antibody was also developed by scientists at DNAX
to validate CCR3 in vivo. The antibody, which was functional, had the unexpected
property of depleting eosinophils from the circulation [15]. Other protein-based
therapeutics aimed at the blockade of CCR3 on eosinophils were chemokine based
such as Met-RANTES, a modified version of CCL5/RANTES with an N-terminal
methionine extension which can bind but not activate CCR3 [16]. Likewise, a
modified version of the chemokine CCL18 similarly extended at the N-terminus
by a single methionine residue was shown to act as an antagonist [17].

The first description of a small-molecule antagonist of CCR3 came from one of
our own groups, with the compound UCB 35625 shown to block CCR3 at low
nanomolar concentrations (Table 1 and 1 Fig. 1) [25]. Intriguingly, despite blocking
CCR3 in a number of different assays, UCB 35625 did not displace radiolabeled
CCL11 from CCR3-transfectants in contrast to small-molecule antagonists of other
chemokine receptors described at the time. This led to what was then a controversial
hypothesis; that is, these compounds did not antagonize the chemokine-binding site
directly, but instead altered the receptor conformation such that signaling could not
take place. Since the compound also had significant activity at CCR1 (which shares
excellent homology with CCR3 in the transmembrane helices), we postulated that the
compound resided in the intrahelical bundle of either receptor, which was formally
proven in subsequent studies [26, 27].

Since these initial studies, several different CCR3 antagonists have been described
in the literature with typically low nanomolar affinity despite quite diverse chemical
structures [18-20, 22-24, 28-30]. Some notable examples and their effects in vitro
and in vivo are summarized in Table 1. However despite often demonstrating quite
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Fig. 1 CCR3 antagonists in asthma and allergic disease (unless otherwise noted all kinetic data
are inhibition of receptor binding)

convincing in vitro and in vivo data, none have so far progressed beyond phase 11
clinical trials (Table 2).

GlaxoSmithKline (GSK) have been active in the search for CCR3 antagonists
and have identified several clinical candidates (Table 2). Although very little
published data on the potency of these compounds is available, the company has
published a number of patents claiming various acyl and urea derivatives of
2-aminomethyl-4-benzylmorpholine [21]. One of the compounds GSK766994
(Table 2 and 2 Fig. 1) demonstrated excellent pharmacokinetics in preclinical
studies [31] and also showed efficacy in a mouse model of age-related macular
degeneration [32]. Although the drug showed no safety concerns, it failed to show
efficacy in a phase II clinical trial for the treatment of allergic rhinitis [31]. Despite
this setback the development of the antagonist was continued and it was tested in a
phase II clinical trial for asthma in 53 patients [33]. Unfortunately, the compound
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failed to meet its clinical end points ([34], and so its future development is
uncertain.

Bristol-Myers Squibb (BMS) took a lead compound from DuPont-Merck,
DPC168 (Table 2 and 3 Fig. 1), which was a potent CCR3 antagonist, but had
cytochrome P450 and cardiovascular liabilities [30], as their starting point for the
development of CCR3 antagonists. Extensive structural modifications allowed
them to overcome the cytochrome P450 and cardiovascular liabilities with
BMS-570520 (4 Fig. 1) [35] which after further optimization gave rise to their
clinical development compound BMS-639623 that was reported to be in phase I
clinical development for asthma (Table 2 and 5 Fig. 1) [36].

AZD3778 is a novel low molecular weight dual CCR3 and histamine H; receptor
antagonist developed by AstraZeneca. The compound has an ICsq of 8.1 nM for the
inhibition of eotaxin binding to CCR3 and an ICsq of 40 nM for the inhibition of
binding to the H; histamine receptor (Table 2 and 6 Fig. 1) [37]. A phase II clinical
trial in patients with allergic rhinitis revealed that AZD3778 exerted moderately anti-
eosinophilic and symptom-reducing effects thought to be through inhibition of CCR3
rather than through its effects on the histaminergic receptor [37]. Since the effects of
the compound were only modest, no further development of has been reported.

Novartis had a CCR3 antagonist program and identified the compound QAP
642 (structure not disclosed) as the clinical lead, but have not disclosed any
structural or potency data. A human clinical pharmacodynamic study reporting
the effects of QAP642 on cutaneous eosinophil migration in the skin following
subcutaneous injection of eotaxin in human volunteers has been reported
[38]. At the highest dose the compound caused a modest increase in the QTc
prolongation. The compound was able to inhibit eosinophil migration in this
human pharmacodynamic study; however, it subsequently failed in clinical trials
for asthma, and its development was discontinued [39].

A novel approach to inhibiting CCR3, ASMS, has been recently described by
scientists at Pharmaxis (Table 2) [40]. ASMS8 contains two modified phosphor-
othioate antisense oligonucleotides designed to inhibit allergic inflammation by
downregulating human CCR3 and the common beta chain of the IL-3, IL-5, and
GMCSF receptors. In a small clinical study with patients with mild asthma, the drug
was safe and well tolerated. It attenuated the allergen-induced increase in target
gene mRNA, allergen-induced sputum eosinophils, and the early and late asthmatic
responses [40, 41]. It also reduced the number of CD34(+) CCR3(+) cells and CD34
(+) IL-5Ra(+) cells and the proportion of CD34(+) cells expressing IL-5Ra.
Currently ASMS is being evaluated in larger phase II clinical trials for asthma.

S Chemokine-Driven Lymphocyte Recruitment in Asthma

As mentioned previously, the recruitment of the Ty2 type lymphocyte in asthma is
thought to be pivotal to asthma pathogenesis and strategies to block Ty2 cell
recruitment are of great interest in asthma. Ty2 cells are notable for their expression
of a number of chemokine receptors including CCR3, CCR4, and CCRS
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[42-44]. CCR4 is activated by the chemokines CCL22 and CCL17 [45] which are
produced by dendritic cells in response to allergen [46, 47].

Several studies have identified CCR4 as being preferentially expressed by Ty2
cells [42, 44], regulatory T cells [48], and mast cells [49] suggestive of a role in
allergic disease. High levels of CCR4 expression on specific subpopulations of T
cells, including skin-homing cutaneous lymphocyte antigen (CLA)* T cells [50],
implicate the receptor in the pathology of atopic dermatitis (AD) [51]. In vivo
studies suggest that CCR4 is expressed by the majority of murine T2 lymphocytes
and facilitates CCL17- and CCL22-mediated chemotaxis [52]. While deletion
of CCR4 has no effect on either T2 lymphocyte differentiation in vitro or on a
Ty2-dependent model of allergic airway inflammation [53], the CCR4/CCL17/
CCL22 axes have been shown to play a pivotal role in the late phase of allergic
airway inflammation, in studies employing treatment with blocking antibodies
specific for the murine orthologues of CCL22 and CCL17 [6, 54]. Moreover, in
clinical studies of allergen-challenged atopic asthmatics and rhinitis, the majority of
T lymphocytes present in bronchial biopsies were found to be CCR4 positive
[55]. Consequently, CCR4 arouses much interest as a potential therapeutic target
for the treatment of allergic disease [1].

As stated earlier, CCRS is also expressed on lymphocytes of the Ty2 lineage and
is therefore perceived to play a role in adaptive immunity. CCR8 is best known as
the sole receptor for the chemokine CCL1 [56, 57] that has been reported to be
upregulated in the allergic lung [55, 58, 59]. The level of infiltrating CCR8-
expressing Ty2 cells has been shown to correlate with the severity of asthmatic
responses following allergen challenge [55]. More recently, CCL18 has been
identified as an additional CCRS ligand [60]. CCL18 is highly expressed in the
human lung [61] and has been reported to be upregulated in the BAL of allergic
asthmatics [62] and to be chemotactic for Ty2 cells [60]. Interestingly, no direct
equivalent of CCL18 exists in the mouse; instead, CCL8 acts as a functional
orthologue of CCL18, activating mouse CCR8 despite sharing little identity with
CCL18 [63].

6 Targeting Lymphocyte Chemokine Receptors in Asthma

The role of CCR4 in T-cell trafficking to the allergic lung was initially supported by
studies in mice in which the CCR4 ligands CCL22 and CCL17 were neutralized by
antibody [54, 64] and also adoptive studies in which Ty?2 cells from CCR4-deficient
were introduced into wild-type allergic mice [65]. In each case, perturbation of
CCR4 signaling resulted in reduced Ty2 recruitment and associated inflammation.
Likewise, blockade of human CCR4 by a monoclonal antibody was reported to
abolish many of the features of inflammation in a mouse model in which human
peripheral blood mononuclear cells were used to reconstitute a SCID mouse
[66]. Consequently, many pharmaceutical companies pursued small-molecule
antagonists of CCR4.
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Table 3 Preclinical CCR4 antagonists in allergic disease

Compound In vitro activity In vivo activity References
22 (Bristol-Myers  Inhibition of CCL22- A 30 mg/kg dose effective in [67]
Squibb) induced chemotaxis reducing eosinophil numbers
(ICs9 = 3 nM) into murine BALF
8c (Astellas Inhibition of CCL22- A 30 mg/kg dose resulted in [69]
Pharma Inc) induced chemotaxis inhibition of ear swelling in a
(ICs0 = 23 nM) murine contact hypersensi-
tivity model
Compound Inhibition of CCL22- [70]
1 (AstraZeneca) induced Ca** influx
(Ki = 10 nM)
RS-1154 (Daiichi  Inhibition of CCL17- Effective at reducing ovalbumin- [76]
Sankyo Co.) induced chemotaxis induced ear swelling at
(IC5p = 5.5nM) 30 mg/kg in mice
RS-1748 (Daiichi  ICsg of 60nM in CCL17 Effective at ovalbumin lung [73]
Sankyo Co.) binding assay and inflammation at 10 mg/kg in
3S-GTPyS a guinea pigs
K327 (Kyowa Inhibition of CCL17 binding Inhibited the of CCR4* CD4* [77]
Hakko Kirin (ICs9 = 72 nM) T-cell recruitment to the
Co.) murine lung in an ovalbumin-
challenge model (44 mg/kg,
twice daily)
K777 (Kyowa Inhibition of CCL17 binding [72]

Hakko Kirin
Co.)

(ICs0: 57 nM) and
CCL17-induced chemo-
taxis (9 nM)

The high level of conservation between human and rodent CCR4 species has
meant that many of the compounds developed against human CCR4 generally
possess good potency at the murine counterpart. Table 3 lists some published
data regarding the in vitro and in vivo activities of preclinical CCR4 antagonists
[67, 69, 70, 72, 73, 76, 77]. AstraZeneca has been active in the CCR4 antagonist
area and has identified N-pyrazin-2-yl-arylsulphonamides as potent CCR4 antago-
nists [70]. One of these molecules is AstraZeneca compound 1 (Table 3 and
7 Fig. 2) which appears to have a different mode of action compared to other
chemokine receptor antagonists. Instead of binding to an intrahelical site composed
of the transmembrane regions, compound 1 appears to require access to an intra-
cellular site within the CCR4 C-terminus to exert its antagonistic effects
[70]. Another CCR4 antagonist (Table 3 and 8 Fig. 2) from this series was able to
dose-responsively inhibit CCR4 ligand-induced actin polymerization in T lympho-
cytes, which is a measure of T-cell function [68].

To date, only one small-molecule CCR4 antagonist, the GSK compound
GSK2239633, has been reported in clinical trials (Table 2 and 9 Fig. 2). Although
generally well tolerated, less than 80% receptor occupancy was achieved at doses of
1,500 mg 1 h following administration, which dropped to 50% occupancy by 4 h
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Fig. 2 CCR4 antagonists in asthma and allergic disease (unless otherwise noted all kinetic data
are inhibition of receptor binding)

post-dose. As a consequence, GSK2239633 is not being developed further at this
time [71]. The antibody Mogamulizumab (KW-0761; AMG-761) a defucosylated
humanized IgG1 mAb specific for CCR4 is being developed by Kyowa Hakko
Kirin and Amgen for the intravenous treatment of T-cell lymphoma. At the time of
writing, Mogamulizumab has been approved in Japan for the treatment of relapsed
or refractory adult T-cell leukemia-lymphoma, while Amgen is currently
conducting a phase I asthma trial for the use of Mogamulizumab in asthma
(Table 2) [78].

In terms of targeting CCR8, supportive data have been slow in emerging, with
the reporting of small-molecule CCRS8 antagonists slower still (Table 4). An initial
study of allergen-challenged CCR8-deficient mice [85] appeared to support a role
in allergic airway disease, although proved controversial, with subsequent
in vivo studies failing to support such a role [86, 87]. In humans, the lack of reliable
CCRS8-specifc antibodies has been one obstacle [88] although the generation of the
433 H mAb, by ICOS scientists, provided a work-around [89]. Using this antibody,
Mutalithas and colleagues were able to show that greater percentages of CCR8* T
cells were found in PBMC:s isolated from the venous blood of asthmatics compared
with those of control subjects (4.7% c.f. 3.0%), suggesting a role for CCRS8 in
asthma and the use of CCR8 as a biomarker of disease progression. A handful
of small-molecule CCRS8 antagonists have subsequently been described in the
literature (Table 4) with both in vitro and in vivo efficacy.

Against this backdrop, scientists from Medlmmune recently reported the results
of a study using the CCRS8 antagonist ML604086 (Table 4 and 10 Fig. 3), in an
Ascaris suum airway challenge model in cynomolgus monkeys [83]. Despite almost
complete occupancy of CCR8 with the drug during the study, no significant effects
on any marker of airway inflammation were observed, leading the authors to
conclude that CCR8 plays a dispensable role in asthma, certainly in the primate
model employed. One potential caveat of targeting both CCR4 and CCRS is their
expression on regulatory T cells [48], which may have undesired proinflammatory
effects.
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Table 4 Preclinical CCR8 antagonists in allergic disease

Compound In vitro activity In vivo activity References
AZ6 Inhibition of CCL1- [80]
(AstraZeneca) induced chemotaxis

(ICso = 300 nM) and
Ca** (ICso = 630 nM)

AZ084 Inhibition of CCL1- Well tolerated in rats and dogs [82]
AstraZeneca) induced chemotaxis exposed for 7 consecutive
(IC50 = 1.3 nM) days at doses up to 650 mg/
kg/day and 8.7 mg/kg/day,
respectively
ML604086 Inhibition of CCL1- In a primate model of asthma, [83]
(Medlmmune) induced chemotaxis no significant effect on
(ICsp = 1.3 pM) and Ag-induced BAL eosino-
Ca** ICso = 1 pM) philia, mucus production, or

Ty2 cytokine production,
despite >98% coverage on
T cells
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Fig. 3 CCRS antagonists in asthma and allergic disease (unless otherwise noted all kinetic data
are inhibition of receptor binding)

7 Multiple Sclerosis

Multiple sclerosis is a chronic autoimmune disease in which the immune system
attacks and destroys the myelin sheath that surrounds nerve cells. Although
the cause of the disease is unknown, it is thought to involve a combination of
toxicological, viral, bacterial, and genetic factors. Multiple sclerosis affects close to
half a million individuals in the USA alone and is the most common form of
paralysis in young adults in the developed world. A conservative annual cost for
patients with multiple sclerosis in the USA has recently been estimated at anywhere
from 3 to 8 billion dollars [90] and this has attracted massive investment from
the pharmaceutical industry in the development of new therapeutic approaches.
Chemokine receptors have been considered an attractive target for the treatment of
multiple sclerosis. The major rationale for targeting these proteins has been based
both on the pathophysiology of the disease and also from animal models of disease.

Multiple sclerosis appears to be induced when T Helper 1 cells (Ty1) recognize
components of the myelin sheath. Activated, autoreactive T cells within the lesions
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are believed to drive the chronic inflammatory process and activate local or
hematogenous macrophages that destroy myelin. This inflammatory cascade leads
to large focal lesions of primary demyelination with relative axonal preservation.
Recent research suggests that the pathogenetic scheme described above is
oversimplified and cannot explain lesion formation. It is known that T-cell
populations like Ty17 cells can also contribute to inflammation in multiple sclerosis
[81] and that amplification of demyelination in a chronic inflammatory reaction in
the brain requires additional factors. Furthermore, the patterns of demyelination are
different between different subgroups of multiple sclerosis patients, which suggests
that the disease is heterogeneous [79, 84].

Evidence from a variety of studies has implicated chemokines in the pathophys-
iology of multiple sclerosis. Early studies by Godiska demonstrated that mRNAs
encoding a variety of chemokines including CCL3 and CCLS5 were induced in the
spinal cord 1-2 days before the clinical signs of disease were apparent [91]. This was
followed by studies that showed that a neutralizing antibody to CCL3 ameliorated
disease in an animal model of multiple sclerosis in the mouse [92]. The link to the
human disease was soon established from studies in which demyelinating plaques
from the brains of multiple sclerosis patients were shown to express a variety
of inflammatory chemokines and their receptors [93]. Microglial activation is
thought to contribute directly to myelin destruction in multiple sclerosis through
mechanisms that include the production of proinflammatory cytokines and
chemokines [94]. In chronic active human multiple sclerosis lesions, the chemokine
receptors CCR2, CCR3, and CCRS5 have been shown to be present on infiltrating
macrophages and activated microglia, while CCR2 and CCRS were also present on
large numbers of infiltrating lymphocytes [95]. In addition, macrophages derived
from blood-borne monocytes and microglia have been shown to express CCR1 and
its ligand CCL3 [79]. T cells expressing the chemokine receptors CCRS and
CXCR3 and their ligands CCL3 and CXCL10 are expressed in demyelinating
brain lesions [96]. Interestingly the cytokine interferon beta which is used to treat
multiple sclerosis reduced the expression of CXCR3 on CD4" and CD8* T cells
[97]. The authors concluded that since CXCR3 cells are enriched in cerebrospinal
fluid and are detected in lesion material in multiple sclerosis, this might represent
one important means of interferon-beta action in treating multiple sclerosis.

As outlined above animal models of disease, particularly the experimental
autoimmune encephalomyelitis (EAE) models carried out in rodents, have provided
valuable insight into the role of chemokines in the human disease [98]. However,
although these models have led to an understanding of the pathogenesis of the
human disease, they need to be interpreted with some caution especially because
they do not recapitulate the complex spectrum of the human disease. A prime
example is the animal studies that showed that blocking the TNF receptor was
effective in decreasing disease in a rodent model [99]. In contrast, when this
approach was translated to human clinical trials in patients suffering from multiple
sclerosis, the trials had to be halted because the TNF receptor blockers actually
made the disease worse [100]. Also it is clear that many aspects of the human
disease, in particular, the contributions of B lymphocytes and CD8” cells in disease
pathology, are not captured by these models. Finally, selection of the appropriate
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EAE model is important in determining the validity of a disease target. For
example, the acute EAE model in rats is driven by a cell type, neutrophils, that
does not really figure in the human disease [101].

8 Targeting Chemokine Receptors in Multiple Sclerosis

CCR1 and CCR2 are the major chemokine receptors that have been targeted
pharmacologically in human clinical trials for the treatment of multiple sclerosis
(Table 2). These include two CCR1 receptor antagonists BX 471 and MLN 3701
and four CCR2 antagonists MLN1202, INCB8696, CCX915, and MK-0812.

The evidence for a role of CCR1 in the pathophysiology of multiple sclerosis
was based on a number of studies. First, neutralizing antibodies to one of the CCR1
ligands, CCL3, prevented the development of both acute and relapsing paralytic
disease as well as infiltration of mononuclear cells into the CNS initiated by the
transfer of activated T cells [102]. Second, deletion of CCR1 was protective in a
myelin oligodendrocyte glycoprotein (MOG) model of multiple sclerosis in mice
decreasing the disease score by around half compared to their wild-type littermates
[103]. Finally, CCR1 is expressed in human multiple sclerosis lesions associated
with hematogenous macrophages usually coexpressed with CCRS5 [79].

Based on these data Berlex initiated a CCR1 antagonist program and identified
BX 471 (Table 2 and 11 Fig. 4), a potent diacyl piperazine, as its clinical candidate.
The antagonist had a reported Kp of 1.0 nM for human CCR1 and was more than
1,000-fold selective for CCR1 [104]. Although the antagonist was poorly cross-
reactive with rat and mouse, CCR1, it had sufficient affinity to be tested in animal
models and it was efficacious in an acute rat EAE model of multiple sclerosis
[104]. Based on these data the antagonist entered human clinical trials. The drug
was well tolerated and had no safety issues in phase I; however, its development
was stopped after the phase II study failed to demonstrate a positive clinical end
point, a reduction in the number of new inflammatory CNS lesions [105].

Millennium has reported a CCR1 antagonist MLN3701 in phase II clinical trials
for multiple sclerosis. This compound was being codeveloped with its partner
Sanofi-Aventis (AVE9897), but no structures or data were ever published [106].

The evidence for a role of CCR2 in the pathophysiology of multiple sclerosis
was based on a number of studies.

First, CCL2 is one of the major chemokines responsible for the recruitment and
activation of monocytes in the blood and macrophages in the tissues [107]. These
cells play a central role in the disease pathology involved in multiple sclerosis and
thus their modulation might be of benefit in treating multiple sclerosis.

Second, Karpus [92] demonstrated that the production of the CCR2 ligand CCL2
correlated with the relapse induced in an EAE model of multiple sclerosis in the
mouse. Furthermore, neutralizing antibodies to CCL2 significantly reduced the
severity of relapsing EAE and significantly inhibited the adoptive transfer of EAE
when included in in vitro activation cultures, suggesting a regulatory anti-
inflammatory property.
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Finally, animals genetically deficient in the receptor for CCL2 (CCR2) were
found to be resistant to disease induction in an EAE model of disease [108]. These
animals failed to develop mononuclear cell inflammatory infiltrates in the CNS and
failed to increase CNS levels of the chemokines CCL5, CCL2, and CXCL10 as well
as the chemokine receptors CCR1, CCR2, and CCRS.

Based on these studies a number of companies felt encouraged to pursue CCR2
antagonists as therapeutics for treating multiple sclerosis. One of the first to be
described was Merck’s MK-0812, a pyridine-substituted piperidine (Table 2 and 12
Fig. 4) [109]. MK-812 is a potent CCR2 antagonist, ICsq of 5.0 nM, and was tested
in phase II clinical trials for multiple sclerosis and rheumatoid arthritis (see later)
[105]. The multiple sclerosis trial was a randomized, double-blind, placebo-
controlled study with a 12-week protocol and 120 patients. The primary end point
was for the compound to decrease the presence of new gadolinium-enhancing
lesions as measured by MRI [110]. Unfortunately, the compound increased rather
than decreased the presence of gadolinium-enhancing lesions and the development
of the compound for multiple sclerosis was terminated by Merck [111].

Millennium has also described the development of MLN 1202, which is a
blocking antibody to CCR2, as a potential therapeutic for multiple sclerosis and
rheumatoid arthritis (see later). The antibody was reported to have positive results
in a phase II trial for multiple sclerosis [112]. Millennium announced at the
American Neurological Association meeting in 2007 that MLN1202 reduced
gadolinium-enhancing lesions on magnetic resonance images of the brain in a
multicenter phase II clinical trial involving 50 patients with relapsing-remitting
multiple sclerosis [111, 112]. However beyond these data there have been no
further reports of activity in multiple sclerosis and currently this molecule is
reported to be in a phase II clinical trial for the treatment of bone metastases [113].

Incyte had reported that INCB3344 a tool compound that they developed for
target validation was efficacious in a mouse model of multiple sclerosis
[114]. Based on these studies they developed a clinical CCR2 receptor antagonist
INCB8696 (structure not known) that they reported was in phase I clinical trial for
multiple sclerosis [115]. However beyond this initial communication by the
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company in 2007 there have been no further reports of any activity of this molecule
in multiple sclerosis and we are left to conclude that the program was discontinued.

ChemoCentryx identified a CCR2 antagonist CCX915 (structure not disclosed)
as a clinical candidate for the treatment of multiple sclerosis [116, 117]. Unfortu-
nately the development of CCX915 was terminated due to its poor pharmacokinetic
properties in phase I clinical trials.

9 Reasons for the Clinical Failure of Chemokine Receptor
Antagonists in Multiple Sclerosis

The data from the chemokine receptor antagonists in the various clinical trials
for multiple sclerosis has been hugely disappointing. None of the compounds
have advanced further than phase II clinical trials and the failures have cost the
pharmaceutical companies developing these compounds multiple millions of
dollars. It is difficult to determine the reasons for the failures of these drugs as
therapeutics for multiple sclerosis, because in the majority of cases the companies
developing these compounds have chosen not to reveal any clinical data. One can
guess that the primary reason for companies to take such a negative approach is that
by doing this they will not provide any potential advantage to their competitors.
However, this approach certainly does a major disservice to patients suffering from
multiple sclerosis, since valuable insights into the potential mechanisms of the
disease that could provide new approaches for the development of potentially
useful novel drugs are lost.

Although there has been very little clinical data published to help explain
the failures of chemokine receptor antagonists in treating multiple sclerosis, one
obvious reason that comes to mind is that simply blocking one receptor to treat such
a heterogeneous disease is way too simplistic an approach. Recall that multiple
sclerosis is a complex disease; not only are there four clinical subtypes — relapsing
remitting, secondary progressive, primary progressive, and progressive relapsing
(of which relapsing remitting is the most common form of the disease) — but also
recent work by several groups have revealed a further level of complexity based on
the patterns of demyelination that exists between patients [84]. These data suggest
that the disease is even more heterogeneous than simply classifying it according to
clinical subtypes [79].

Since we do not yet have specific clinical markers to be able to stratify patients
into chemokine receptor-specific subpopulations, then the selection of specific
responders in a clinical trial is exceedingly difficult and could account for some
of the observed clinical failures. In support of this idea is that the mechanism of
action of most of the clinically approved multiple sclerosis treatments is relatively
broad mechanistically. For example, the antibody Natiluzumab targets adhesion
molecules that block the migration of all activated T cells [118], while the small-
molecule SIP-1 receptor agonist Fingolomid causes the retention of activated



18 J.E. Pease and R. Horuk

T cells in the lymph nodes where they accumulate, thus strongly intervening in the
pathophysiology of the disease [119]. In contrast, blocking individual chemokine
receptors on cells that can respond to more than one receptor will clearly not be as
effective as either of these two therapies. Thus, the clinical failure of chemokine
receptor antagonists to treat multiple sclerosis may be partly ascribed to the issues
discussed above.

In line with this argument is a recent study with the cytokine interferon beta
[120]. This study could help to provide an explanation why, although the cytokine
is widely prescribed for the treatment of relapsing-remitting multiple sclerosis, only
about 50% of patients respond to treatment with interferon beta and that in some
individuals the cytokine can actually make the disease worse. In this study the
investigators initiated disease in an animal model of multiple sclerosis either with
Tyl or Ty17 cells [120]. Then they compared the treatment of the disease in control
versus interferon-beta-treated animals. They found that the Tyl-induced disease
was reduced by interferon beta, but the Ty17-induced disease was made worse by
interferon beta. Furthermore patients with high IL-17 in which the disease is Ty17
driven do not respond to treatment with interferon beta and their symptoms are
exacerbated. In contrast patients in whom the disease is Ty 1 driven respond well to
treatment with interferon beta. Thus in this case it may be possible to predict
therapeutic success in multiple sclerosis by determining a patient’s cytokine profile
and if this approach is successful, then it could be an important step forward in
designing a personalized therapy for multiple sclerosis. Extrapolating from
these studies, if it were possible to classify patients with multiple sclerosis into
chemokine receptor responsive subgroups, we might have a more rationalized
approach to successfully treat the disease with chemokine receptor antagonists.

10 Rheumatoid Arthritis

Rheumatoid arthritis is a chronic autoimmune disease in which the immune system
targets the destruction of the cells that line the joints of the body. The disease is
initiated by the migration of immune cells from the vasculature into the synovial
tissue, notably monocytes and Tyl cells, where they initiate an autoimmune
reaction leading to destruction of the cartilage. There is currently no cure for
rheumatoid arthritis and consequently, there has been much interest in the
chemokines and receptors responsible for leukocyte trafficking to the synovium
as potential drug targets. The evidence for a role of chemokines in the pathophys-
iology of rheumatoid arthritis is provided from a variety of sources both in animal
studies and from the human disease.

The presence of chemokines in the inflamed joints and tissues of patients with
rheumatoid arthritis has been well described and although both CC and CXC
chemokines appear to be present, the former are thought to be more involved in
driving the disease than the latter. For example, the CC chemokines, CCL3 and
CCLS5, are readily detectable in synovial fluid of rheumatoid arthritis patients with
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increased levels correlating with disease severity [121, 122]. Furthermore, studies
of material from rheumatoid arthritis patients suggest that CD68" macrophages
which express CCR1, CCR2, and CCRS5 are recruited to the synovium by these
chemokines [123]. These clinical data have been supported by studies in murine
models of rheumatoid arthritis. For example, in the collagen-induced arthritis (CIA)
model [124] and in a rat adjuvant-induced arthritis model CCL3 levels are elevated
[125]. Moreover, disease severity was significantly reduced by neutralizing
anti-CCL3 and anti-CCL5 antibodies establishing a proof of principle for
antagonism of CCR1 signaling in rtheumatoid arthritis [126].

Based on the studies described above, the major effort in targeting chemokine
receptors in rheumatoid arthritis has centered on the receptors CCR1, CCR2, and
CCRS, and antagonists to these three receptors have all undergone human clinical
trials (Table 2).

Several lines of evidence implicate CCR1 in the pathophysiology of rheumatoid
arthritis. First, CCR1 is expressed in macrophages in rodent models of rheumatoid
arthritis [127]. Second, CCR1 and its ligands showed significant expression in
peripheral mononuclear cells obtained from biopsied synovial tissue from patients
with rheumatoid arthritis [128]. Finally, a nonpeptide antagonist of murine CCR1
was efficacious in a collagen-induced arthritis model in the mouse [129].

Based on these data, several pharmaceutical companies focused on CCR1 as a
target for rheumatoid arthritis and five different CCR1 antagonists have been
reported in human clinical trials (Table 2). One of the first was a substituted
pyridylbenzoxepine from Millennium, MLN3897 (Table 2 and 13 Fig. 5), which
was a potent CCR1 antagonist with a Kp of 2.3 nM [130]. The compound was
effective in vivo and inhibited CCL3-induced immune cell recruitment in a guinea
pig skin sensitization model [130]. In 2004 Millennium announced that they were
in phase I clinical trials with MLN3897 and the major indications appeared to
be rheumatoid arthritis and multiple myeloma. However, in November 2007
Millennium announced that they were terminating the development of the
antagonist for rheumatoid arthritis because it had failed to reach its clinical end
point in a phase II trial [131].

Pfizer identified CP-481715 a quinoxaline-2-carboxylic acid derivative as a
potent CCR1 inhibitor, Kp 64 nM (Table 2 and 14 Fig. 5). The compound is a
competitive and reversible antagonist and is more than 100-fold selective for CCR1
[132]. Unfortunately, the antagonist is species specific for human CCR1 precluding
its evaluation in classical animal models of disease. To circumvent this problem,
Pfizer researchers generated transgenic mice expressing human CCR1 and demon-
strated efficacy in models of inflammation in these animals [133]. The molecule
successfully completed phase I safety studies and demonstrated efficacy in a
16-patient phase Ib clinical trial [132]. Based on these data CP-481715 entered
phase II studies but the trial was stopped after 6 weeks because the compound did
not demonstrate any efficacy [132].

GSK is currently in phase II clinical trials with a compound acquired from
ChemoCentryx, CCX354 (Table 2) [134]; although the structure of this compound
has not been formally disclosed, it is possible that it belongs to a series of
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Fig. 5 Chemokine receptor antagonists in rheumatoid arthritis (unless otherwise noted all kinetic
data are inhibition of receptor binding)

azaindazoles which the company has been actively pursuing [135] and a general-
ized structure is shown (15 Fig. 5). The compound was potent, K; of 1.5 nM, and
was specific for CCR1 [134]. In addition, the compound blocked the chemotaxis of
THP-1 cells that were induced with synovial fluid from rheumatoid arthritis
patients. The antagonist was active in two animal models, blocking leukocyte
trafficking in a thioglycollate-induced peritonitis model in rats and an
LPS-induced synovitis model in rabbits. Based on these favorable animal data,
the compound was evaluated in a human phase I clinical trial and found to be well
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tolerated with no serious adverse events. Phase II clinical trial data recently
reported at the American College of Rheumatology meetings showed that at a
once daily dose of 200 mg, the antagonist was safe and well tolerated by patients
with rheumatoid arthritis. Furthermore the compound reached its clinical end points
in the study (reduction in disease score and in the levels of proinflammatory
markers) [136].

BMS has long had an interest in CCR1 antagonists for treating rheumatoid
arthritis [137] and recently described their efforts in identifying potent CCRI1
inhibitors [138, 139]. The preclinical candidate identified from these studies
BMS-457 had excellent potency (K; 0.8 nM) and was specific for CCR1 but
exhibited significant QT prolongation in both rabbits and dogs during advanced
safety studies; thus, further development of the antagonist was halted [139]. Despite
these setbacks the company is currently in phase II clinical trials with another
CCR1 antagonist BMS-817399 (Table 2) [140]. Although the structure of
BMS-817399 is not reported the company had previously filed a number of patents
claiming a series of hydroxy-piperidine derivatives that are strikingly similar to
Millennium’s CCR1 antagonists, for example, MLN3897 [130].

A number of studies have suggested a role of CCR2 in the pathophysiology of
rheumatoid arthritis. First, CCL2 the ligand for CCR2 is highly expressed in the
synovial fluid and in macrophages from synovial fluid of patients with rheumatoid
arthritis [141]. Second, neutralizing antibodies to CCL2 were beneficial in reducing
inflammation in a collagen arthritis model of rheumatoid arthritis [142]. Third, an
N-terminal truncated CCL2 antagonist, CCL2 [9-76], prevented the onset of arthritis
as monitored by measuring joint swelling and by histopathological evaluation of the
joints [143]. Finally, INCB3344 a small-molecule antagonist of CCR2 blocked
disease in an adjuvant-induced arthritis model of rheumatoid arthritis [114].

Based on these and a number of other studies several pharmaceutical companies
initiated programs to identify CCR2 antagonists for the treatment of rheumatoid
arthritis. Foremost amongst these was Millenium, which developed a blocking
antibody to CCR2 as a potential therapeutic for multiple sclerosis (see earlier)
and rheumatoid arthritis. Although as discussed above MLN1202 showed benefit in
phase II studies with multiple sclerosis and atherosclerosis it disappointed in a
phase Ila trial in patients with active rheumatoid arthritis [131, 144]. Thirty-two
patients received three infusions, over a period of 6 weeks, with either placebo or
MLN1202 at three doses. Treatment with MLN1202 reduced the levels of free
CCR2 on CD14" monocytes demonstrating the biological activity of the compound.
However, there was no reduction in the levels or expression of any of the synovial
biomarkers and no clinical improvement was observed. These findings were in line
with recent phase II clinical trials with a neutralizing antibody to the CCR2
chemokine CCL2 [145]. In this study in which 33 patients received the inhibitor,
there was no detectable clinical benefit of ABN912 compared with placebo, nor
did treatment with the study drug result in a significant change in the levels of
biomarkers in synovial tissue and peripheral blood.

Incyte had reported that INCB3344, a potent 3-aminopyrrolidine derivative,
reduced inflammation in a rat adjuvant-induced model of arthritis [114]. SAR of
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this molecule resulted in the identification of INCB3284, a potent, 3.7 nM, CCR2
antagonist (Table 2 and 16 Fig. 5) [146]. This molecule showed minimal inhibition
of the hERG potassium current, high selectivity over other G-protein-coupled
receptors, and acceptable oral bioavailability in rodents and primates and was
reported to have a pharmacokinetic profile suitable for once-a-day dosing
[146]. The company stated in 2005 that “We recently initiated a one-month
double-blind, placebo-controlled Phase Ila trial of INCB3284 in patients with
rheumatoid arthritis. The primary goal of this first Phase Ila trial is to determine
the safety and pharmacokinetics of INCB3284 in approximately 48 patients with
active disease who are also receiving methotrexate” [147]. However, since
INCB3284 is now commercially available from chemical suppliers and it is no
longer mentioned in the company’s pipeline, this either suggests that the clinical
trials were not successful or that the company is no longer pursuing these projects
for business reasons.

As described earlier Merck identified a series of pyridine-substituted piperidines
as potent CCR2 inhibitors. The clinical candidate was MK-0812 (Table 2 and 12
Fig. 4) [109, 148]. This compound was reported to be in a phase II clinical trial for
rheumatoid arthritis [149]. However, MK-0812 failed to show any significant
improvement compared to placebo for any of the end points studied and the
program was discontinued [149].

Although there is limited evidence suggesting a potential role of the chemokine
receptor CCRS5 in the pathophysiology of rheumatoid arthritis, three companies
nevertheless pursued CCRS antagonists as potential therapeutics for this indication
(Table 2). Interestingly two of these CCRS programs, those from Pfizer and
Schering-Plough, were initially developed as therapeutics to treat AIDS since
CCRS5 is one of the major co-receptors for HIV invasion (more of this later under
chemokine receptors as vehicles of entry for HIV).

In the first program, AstraZeneca had identified AZD5672 (Table 2) as a potent
CCRS antagonist, K; = 0.17 nM (Table 2 and 17 Fig. 5). The molecule exhibited
excellent pharmacokinetic properties that merited its further development as a
clinical compound. AZD5672 was tested in a phase IIb study in methotrexate-
refractory rheumatoid arthritis patients [150]. Although the compound had
excellent, once daily oral pharmacokinetic properties and exhibited high levels of
receptor occupancy and maximal inhibition of CCRS5 as confirmed by an ex vivo
pharmacodynamic assay, it had no efficacy [150].

The second approach was initiated by Pfizer, which tested its potent CCRS5
antagonist maraviroc (Table 2 and 18 Fig. 5), which is a registered drug in the
treatment of AIDS (see later under chemokine receptors as vehicles of entry for
HIV), in a phase II trial in patients with rheumatoid arthritis [151]. Although
maraviroc had an acceptable safety profile and was well tolerated, it was not
clinically efficacious in patients with active rheumatoid arthritis who had shown
inadequate responses to methotrexate [151].

The third approach was initiated by Schering-Plough who tested their CCRS5
inhibitor SCH-C (Table 2 and 19 Fig. 5), which was originally developed for the
treatment of AIDS (see later under chemokine receptors as vehicles of entry for HIV),
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in rheumatoid arthritis patients [152]. The rheumatoid arthritis phase II study
involved 32 patients; 20 received SCH-C and 12 placebo. Three patients who
received SCH-C did not complete the study due to adverse events; none of these
were serious. No improvement was observed in the active treatment group
compared to placebo and this proof of concept study does not support the use of
CCRS5 blockade as a therapeutic strategy in patients with active rheumatoid
arthritis [152].

11 Reasons for the Clinical Failure of Chemokine Receptor
Antagonists in Rheumatoid Arthritis

As with the chemokine receptor antagonist programs for the treatment of multiple
sclerosis described above the results for the clinical trials in rheumatoid arthritis
have been largely unsuccessful. Of the 11 programs described in the literature, only
two are still active. What could account for the failures described above? It will be
largely instructive at this point to use the CCRS programs, all three of which failed
(one with a registered CCRS antagonist, maraviroc) as examples.

The evidence for a role of CCRS in rheumatoid arthritis was based on the
following data. First, synovial tissue from patients with rheumatoid arthritis
shows abundant expression of CCRS5 and its ligands [121, 122]. Second, a protein
antagonist of CCL5 known as Met-RANTES, which blocks both CCR1 and CCRS,
decreased disease in an adjuvant-induced arthritis model in the rat [153]. Third, two
small-molecule CCRS5 inhibitors SCH-X and SCH-C were efficacious in collagen-
induced arthritis models of disease [154, 155]. Finally, individuals who have a
32-base pair deletion in the gene for CCR5 (CCR5-A32 allele), which abolishes
receptor expression in homozygotes, appear to be protected from developing
rheumatoid arthritis since this gene mutation was significantly lower in rheumatoid
arthritis patients than in healthy individuals [156].

Clearly based on the studies presented above it would appear that there was
sufficient evidence for targeting CCRS5 in rheumatoid arthritis. However, the
following points need to be considered. First, the expression of CCRS5 on inflamed
synovial tissue is not by itself evidence for a role of the protein in the disease
process; these data are merely guilt by association. Furthermore an equally
convincing case could also be made for other chemokine receptors such as
CCR1, CCR2, and CXCR3, which have all been shown to be expressed in
rheumatoid tissue. Second, the therapeutic effect of the antagonist Met-RANTES
in the adjuvant-induced arthritis model of rheumatoid arthritis could equally well
have been due to the inhibition of CCR1 which is also antagonized by this protein.
Third, the collagen-induced arthritis studies with the CCRS inhibitors SCH-X and
SCH-C involved small numbers of animals, 5 in the monkey study and 10 in the
mouse study, and the antagonists were given prophylactically not therapeutically.
In addition the induction of arthritis in the mouse collagen-induced arthritis model
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resulted in a massive leukocyte infiltration into the joints consisting mainly
of neutrophils, which is clearly not consistent with the pathophysiology of the
human disease. Finally, part of the rationale for treating rheumatoid arthritis
patients with a CCRS5 inhibitor is based on the finding that individuals expressing
the A32 mutation of CCRS5 appear to be protected from the disease. However, it is
possible that the genetic deletion of CCRS5 has quite different effects on the immune
response than that induced by simply blocking the receptor with a small-molecule
inhibitor and this may account for the failure of the antagonist in treating rheuma-
toid arthritis patients.

These points aside there has recently been a quite considerable discussion on
what constitutes sufficient receptor blockade for a chemokine receptor antagonist to
be effective therapeutically. It has been argued that to be effective a chemokine
receptor antagonist would have to be present at levels to result in the blockade of
more than 95% of receptors [157]. This is a tall order and if true, could well account
for some of the clinical failures discussed above. For example, a recent study
determined that at the doses used in the clinical studies with the CCR1 antagonist
MLN3897, only around 74—83% receptor blockade was achieved; in contrast, the
CCRI1 antagonist CCX354 that was effective in a phase II study for rheumatoid
arthritis showed greater than 95% CCRI1 blockade [134]. These data suggest that
almost complete antagonism is required for 24 h a day for clinical efficacy. Thus
successful agents will necessarily require excellent human pharmacokinetics and/or
a very slow receptor off rate to achieve complete pharmacodynamic blockade of the
receptor system being antagonized.

12 Chemokine Receptors as Vehicles of Entry for HIV

As a primary means of recruiting leukocytes to sites of infection, it is perhaps
unsurprising that the chemokine system has been a major target for microbial
subversion [158, 159]. There are numerous examples of microbial products aimed
at disrupting host defense including poxvirus-encoded chemokine scavenging
proteins and viral orthologues of chemokines and their receptors. Perhaps one of
the more notable examples is the exploitation of chemokine receptors such as CCRS
and CXCR4 by human immunodeficiency virus type 1 (HIV-1). The virus uses
these receptors to gain cellular entry, a process, which has fuelled the hunt for
small-molecule antagonists which block viral entry.

The first link made between chemokines and HIV-1 pathogenesis was the
discovery by Cocchi and colleagues that the chemokines CCL3, CCL4, and
CCLS5 had a profound antiviral effect [160]. Around the same time, several groups
in independent laboratories identified CCRS as a receptor for CCL3, CCL4, and
CCLS5 [161-163] leading to the notion that CCRS might be utilized by HIV-1 to
gain cellular entry. Before this was formally proven, the group of Edward Berger
utilized an ingenious reporter system to identify an elusive leukocyte co-receptor
that was needed in conjunction with CD4 to allow recognition of the HIV-1 viral
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envelope protein gp120 and permit fusion with the host cell membrane [164]. This
co-receptor turned out to be another chemokine receptor, CXCR4, which binds the
ligand CXCL12 [165]. Occupation of CXCR4 by CXCL12 was shown to block
viral entry [166] and CCR5 was subsequently shown by several groups to also
function as a portal for HIV-1 [167—170] with the process again being blocked by
occupation of CCRS5 by chemokine [171].

The expression of CCRS5 by monocytes/macrophages and dendritic cells
suggested a primary route by which macrophage-tropic strains of HIV-1
gained entry into the host. The critical importance of CCRS in this process was
emphatically shown with the discovery that approximately 1% of Northern
European Caucasians are homozygous carriers of an allele encoding a 32-base
pair deletion in the CCRS gene (CCRS5 A32), which results in premature truncation
of the CCRS protein and an absence of CCRS upon the cell surface [172, 173]. Such
individuals are greatly protected from HIV-1 infection, despite often being exposed
multiple times to the virus [172, 174, 175].

CXCR4 is typically utilized by the virus to enter T cells during later stages of
infection, following evolution of the gpl20 protein to become T cell tropic
and recognize CXCR4. The resulting infection of CD4" T cells via CXCR4 is
responsible for the ensuing loss in host T-cell count associated with AIDS and
opportunistic infections associated with the condition. In addition to CCRS5 and
CXCR4, additional chemokine receptors including CCR3 [168, 176] and CXCR6
[177] and the human cytomegalovirus-encoded receptor US28 [178] can function
with CD4 as HIV-1 as co-receptors, although their importance in disease progres-
sion is not fully understood. Several examples of CCR5-deficient people becoming
HIV positive have been described in the literature, suggesting that in certain
circumstances, additional co-receptors may be a route of viral entry [179-181].

13 Inhibiting Viral Entry via CCRS and CXCR4

Initial strategies aimed at blocking viral entry via the receptors came in the form of
chemokine derivatives. AOP-RANTES an N-terminally modified form of the
chemokine CCL5/RANTES was shown to inhibit the entry of macrophage-tropic
HIV-1 strains at nanomolar concentrations [182]. Similar modification of the
chemokine CCL3L1 produced another CCRS5-blocking molecule with around
10 times more activity than AOP-RANTES with respect to the inhibition of HIV-1
entry [183]. The mechanism of action of these molecules appears to revolve around
their ability to induce the rapid endocytosis of CCRS5 [184]. Likewise, CXCL12 was
shown to inhibit HIV-1 entry by inducing CXCR4 internalization [185].

The first specific small-molecule antagonist of CCRS5 to be described was the
Takeda compound TAK-779, which at low nanomolar concentrations potently
blocked both the binding of CCLS5 to CCRS5 transfectants and the entry of
M-tropic HIV-1 strains [186]. Subsequent mutagenesis studies showed that
TAK-779 bound to a hydrophobic binding pocket composed of the transmembrane
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Fig. 6 CCRS5 antagonists in AIDS (unless otherwise noted all kinetic data are inhibition of
receptor binding)

helices [187]. Further studies by Takeda scientists led to the discovery of the
piperidine-4-carboxamide TAK-220 (20 Fig. 6), which had nanomolar affinity for
CCRS and was a potent inhibitor of the replication of clinical isolates of HIV-1
[188]. Subsequent development of TAK-220 leads to the derivative TAK-652
(21 Fig. 6) with improved pharmacokinetics and subnanomolar inhibitory activity
in HIV-1 entry assays [189]. Renamed cenicriviroc, TAK-652 is currently being
developed by Tobira Therapeutics Inc and encouraging efficacy results have been
reported from phase II clinical trials in patients with CCRS5-tropic HIV-1 [190].
Many promising CCRS5-specific antagonists emerged from in vitro studies only
to fail in phase I trials due to off-target activity at the human ether-a-go-go related
gene (hERG) and subsequent undesirable cardiac effects. Novartis scientists
discovered a lead CCRS5-specific compound via a ligand-binding screen, which
upon SAR was optimized to give a compound with low nanomolar affinity.
However, the modifications resulted in unwanted activity for hERG, despite good
pharmacokinetic (PK) properties [191]. Similarly, scientists at Schering-Plough
also identified CCRS antagonists via ligand-binding assays and then tested
promising candidates in viral entry assays. The most promising compound
identified thus inhibited the replication of a primary HIV-1 with an ICsq of 8§ nM
[192]. Subsequent SAR optimization led to the development of SCH-350634,
which exhibited subnanomolar activity in cell-based viral entry assays [193]. Side
by side, SCH-351125 (also known as SCH-C,19 Fig. 5) was developed and, since it
had more favorable pharmacokinetics, was advanced as Schering’s lead compound.
Unfortunately, phase I studies were suspended, due chiefly to hERG, resulting in
QTec prolongation in patients [194]. Consequently, an earlier lead compound was
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chosen for SAR studies, resulting in the discovery of SCH-D also known as
vicriviroc (22 Fig. 6). This had improved receptor selectivity and notably a reduced
affinity for hERG [195]. Vicriviroc entered clinical trials for the treatment of AIDS
but unfortunately experienced several problems, including increased incidence of
liver malignancies [196].

Prominent amongst the CCR5-selective compounds without hERG activity were
the GSK compound aplaviroc (23 Fig. 6) [197] and the Pfizer compound maraviroc
(18 Fig. 5) [198], both with subnanomolar inhibitory activity in HIV-1 entry assays.
Unfortunately aplaviroc fell by the wayside due to serious liver toxicity issues
[199], leaving maraviroc as the front-runner. Happily, maraviroc cleared the many
obstacles for clinical licensing and to date is the major success story in the
development of chemokine receptor antagonists [200]. As a clinically validated
compound, it is also receiving attention in additional disease areas where CCRS5
may play a role in associated inflammation, for example, in atherosclerosis. Since
an increased burden of cardiovascular disease has been reported in HIV-infected
individuals, often associated with the use of antiretroviral therapies, it may
merit usage amongst these individuals. Supportive of this, in a murine model of
atherosclerosis exacerbated by the protease inhibitor ritonavir, maraviroc was seen
to attenuate plaque progression [201]. A recent crystal structure of CCRS with
maraviroc bound has been published [202]. Within the structure, maraviroc lies in a
deep hydrophobic pocket formed by several helices. A salt bridge between the
protonated nitrogen of the tropane group and Glu-283 of helix 7 was observed as
predicted by previous mutagenesis studies [203].

The first small-molecule antagonist of CXCR4 to be described was the bicyclam
AMD3100, developed by scientists at AnorMED [204]. The identification
of AMD3100 followed on from an earlier program in which bicyclams were
discovered to inhibit HIV-1 entry by what was then described as an unknown
viral uncoating event [205]. AMD3100 caries an overall positive charge
(24 Fig. 7) and is dependent upon a cluster of transmembrane glutamate residues
for its binding to CXCR4 [206]. Mutation of these residues impairs both the
co-receptor activity of CXCR4 and also the antagonistic activity of the compound.
This suggests that AMD3100 inhibits HIV-1 entry by directly competing with the
gp120 protein of HIV-1 for binding to key regions of CXCR4 [207]. Starting with
the pharmacophore of AMD3100, other groups have identified the compound
WZ811 with subnanomolar potency at CXCR4 in ligand-binding assays, but no
disclosure of activity in viral entry assays [208].

Although possessing excellent in vitro potency, AMD3100 suffers from a
marked lack of oral bioavailability, limiting its use as an HIV-1 therapeutic
[209]. However, the compound has happily found another clinical application,
namely, the mobilization of hematopoietic stem cells (HSCs) from the bone marrow
in the treatment of lymphoma and multiple myeloma. The mechanism of action lies
with its ability to interrupt the CXCR4:CXCL12 axis within the bone marrow,
which is involved in the retention of bone marrow progenitors. Known in the clinic
as plerixafor, AMD3100 received FDA approval in 2008 for use in combination
with granulocyte colony-stimulating factor (G-CSF) for HSC mobilization into the
peripheral blood for collection and subsequent autologous transplantation.
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Current clinical studies are employing plerixafor in the treatment of WHIM
syndrome (warts, hypogammaglobulinemia, infections, and myelokathexis), a rare
immunodeficiency syndrome. Mutations in the C-terminus of CXCR4 are responsible
for increased CXCR4 signaling and the resultant myelokathexis [210] and in vitro
studies showed that this signaling could be blocked by plerixafor [211]. Recently
published studies of WHIM syndrome patients treated with plerixafor showed
increased peripheral blood leukocyte counts, suggesting that the panleukopenia can
be successfully treated via CXCR4 antagonism [212, 213].

Several other CXCR4 antagonists with pharmacophores distinct from
AMD3100 and its relatives have been described in the literature, notably the
18-mer peptide T22 an analogue of polyphemusin II, a protein made by the
American horseshoe crab, Limulus polyphemus, with an 1Csy of 8 ng/ml with
respect to inhibition of viral entry [214, 215]. CVX15, a 16-residue cyclic peptide
analogue of T22, was recently co-crystallized with a thermostable variant of
CXCR4 and shown to occupy the bulk of the intrahelical binding pocket [216].
Residues Aspl71 and Aspl87 (helix 4) and Asp262 (helix 6) were all shown to
contact CVX15, these latter two residues also important for the interaction of
AMD3100 with CXCR4 [206]. Thus, quite dissimilar antagonists can possess
similar modes of binding.

14 New Tricks for Old Drugs?

As covered in the previous section, many chemokine receptor antagonists have
failed at the final hurdle, that is to say showing efficacy in a clinical inflammatory
setting. The reasons for this are likely to be complex. In many cases it has been
presumed that the target chemokine receptor did not have the presumed importance
in the disease process and neutralization of the chemokine:receptor axis was
therefore ineffective. Alternatively, the receptor coverage afforded by either a
suboptimal compound or the dosing regimen used may have been insufficient to
achieve efficacy. Examples of both scenarios come from failed trials of chemokine
receptor antagonists in the treatment of RA.

Antagonists of CCR1 from Millennium Pharmaceuticals and Pfizer both failed to
show efficacy in trials [131, 132]. However, subsequent in vitro analysis of the
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compound’s ability to inhibit the monocyte recruitment activity of synovial fluid
from arthritic patients suggested that CCR1 was a valid target and that receptor
coverage was the main issue [217]. In the case of the Millennium compound, more
optimal dosing may provide an efficacious treatment. In contrast, in the same study,
inhibition of the chemokine receptors CCR2 and CCRS5 was found to be without
effect, suggesting that these targets, although validated in in vivo RA studies, do not
translate to bona fide roles in monocyte recruitment in the human setting [217].

As we have journeyed deeper into our understanding of chemokine biology, the
discovery of unexpected roles for chemokine receptors in disease may provide
additional avenues for antagonists that had been assigned to the laboratory shelf.
One such example is the role of the chemokine receptor CCR3 in the pathogenesis
of age-related macular degeneration (AMD). In a landmark paper, Takeda and
colleagues observed expression of CCR3 and the eotaxins CCL11, CCL24, and
CCL26 in human AMD tissue [218]. Intriguingly, there were no evidence of
infiltrating leukocytes such as eosinophils or mast cell, suggesting the process is
not driven by typical inflammatory pathways. In vitro assays showed that the
eotaxins could drive the migration of human choroidal epithelial cells (CECs)
leading to the hypothesis that this migration process drove the choroidal neovascu-
larization (CNV) of the retina and subsequent macular degeneration. A combina-
tion of CCR3-deficient and CCL11/CCL22 double knockout mice supported this
hypothesis in a murine model of laser-induced retinal injury. Again this took place
in the absence of inflammatory cells such as eosinophils and mast cells,
and notably, blockade of CCR3 via the CCR3 antagonist SB328437 was more
efficacious than a blocking antibody directed against vascular endothelial growth
factor A (VEGF-A), the current gold standard for treatment. The initial induction
of CCR3 in AMD is thought to be due to the oxidative stresses associated with
aging [219]. In rat CECs, blockade of the canonical Notch signaling pathway
following laser-induced retinal injury resulted in the upregulation of the CCR3
gene and increased CNV lesions severity, suggesting a role for notch signaling in
maintaining ocular homeostasis [220].

A recent follow-up study by and coworkers used an identical mouse model of
AMD and the CCR3 antagonist YM-344031 [221]. Oral administration (50 mg/kg
before and after laser treatment) or intravitreous injection of YM-344031
(0.1-10.0 pg dose immediately after injury) resulted in a significant reduction in
the lesion volume. Similarly, in a model of alkali-induced CNV, topical application
of SB328437 at a concentration of 500 pg/ml was found to have efficacy in terms
of reduced CNV lesion size. In contrast, use of the same compound in a matrigel-
induced model of AMD was without effect [222], which raises the question as to
which animal models of AMD are relevant for study of the human condition.

A potential role for CCR3 in the mechanisms underlying cognitive dysfunction
during the aging process has also been recently proposed [223]. In the search for
soluble factors associated with this process, Villeda and coworkers employed a
classical heterochronic parabiosis system coupling the circulation of old and young
mice [223]. Proteomic analysis of the plasma from the mice identified 17 proteins
whose levels increased during aging and whose expression correlated with
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decreased neurogenesis. Most prominent of these was the CCR3 ligand CCL11.
Plasma levels of CCL11 were shown to increase during normal aging and also in
the younger mice during the heterochronic parabiosis. Intravenous injection of
recombinant CCL11 was shown to inhibit neurogenesis and impair the learning
and memory functions of young mice. The authors suggest that this process is
conserved across species since an age-related increase in CCL11 in both plasma and
cerebrospinal fluid of healthy humans was also observed. A recent study also
suggested that regular cannabis use can increase plasma levels of CCL11 which
may suggest a potential mechanism for the deleterious effect of cannabis on brain
function [224]. It should be pointed out that at present it remains to be proven that
these deleterious functions of CCL11 are directly attributable to CCR3 activation,
although the eotaxins are generally thought of as signaling only via CCR3. If this is
indeed the case, then blockade of CCR3 might find a niche in a disease far removed
from the original sphere of action envisaged for these drugs.

15 Summary

In conclusion, since their discovery a little more than two decades ago, chemokines
and their receptors have been the subject of intensive study. Indeed, at the time
of writing, a PubMed search will uncover over 70,000 articles referring to
chemokines. There have been notable successes in translating this knowledge to
the clinic. Targeting of CCR5 and CXCR4 is currently achievable with the licensed
small molecules maraviroc and plerixafor. However, in the treatment of allergy and
inflammation, no chemokine receptor antagonist has been successful, despite
exhaustive efforts. As we glean more knowledge about the requirements for success
in this area, for example, the validity of the target and the coverage required from a
drug, then perhaps we can move forward with optimism. Moreover, the discovery
of a role for chemokines in aging-associated diseases such as AMD and
neurodegeneration, suggests that additional therapeutic avenues may be available
to both old and new drugs alike. All in all, there is cause for increased optimism.
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Role of 3D Structures in Understanding,
Predicting, and Designing Molecular
Interactions in the Chemokine Receptor
Family

Irina Kufareva, Ruben Abagyan, and Tracy M. Handel

Abstract The recently solved crystallographic structures of two chemokine recep-
tors, CXCR4 and CCRS5, provided valuable insights into the molecular mechanisms
of chemokine receptor function and interaction with various ligands. However, they
did not answer all of the questions. It remains an important role of the computa-
tional community to complement and expand the structural insights into areas
where experimental structure determination efforts have not yet succeeded, such
as studying receptor functional states or their complexes with small molecule and
protein ligands of different classes. In this chapter, we provide an overview of pre-
and post-structure efforts in understanding, predicting, and designing chemokine
receptor interactions with small molecules and peptides, chemokines, and HIV
gp120 proteins, as well as structure-guided insights regarding chemokine receptor
dimerization and the impact of structures on rational molecular design initiatives.
As an inherently challenging family of GPCRs, chemokine receptors may only
reveal their secrets when tackled by the efficient symbiosis of computational
approaches with experimental structure determination.

Keywords Chemokine binding, Chemokine receptor, Docking, G-protein-coupled
receptor, HIV entry, Homology modeling, Molecular design, Virtual screening
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1 Introduction

The need for high-resolution structures of proteins, especially as therapeutically
important as G-protein-coupled receptors (GPCRs), is appreciated by most scien-
tists and rarely questioned. It has been proved by numerous examples that an
accurate structure of a protein is invaluable for understanding the principles of its
interaction with various molecular partners and may ultimately lead to discovery of
new ligands, often with better affinity, selectivity, or safety profiles [1, 2]. Such
advances have been made possible by joint efforts of biologists, biochemists,
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biophysicists, structural biologists, and computational chemists, and as of 2014,
these advances continue to be on a steep rise, with additional structures of GPCRs
solved every year and more structure-based drug discovery initiatives undertaken
[3]. “Give us more structures like this,” — computational chemists plead — “and we
will overturn drug discovery.” “Give us appropriate funding,” — the structural
biology community echoes — “and we will saturate the field with the best structures
of the most important and challenging proteins.” But is it really so straightforward?
Do emerging structures really answer all of the questions? Is it always true that
structures are more valuable than 3D models built by homology? Finally, how do
the structure determination and molecular modeling efforts change the field? In this
chapter, we attempt to answer these questions in the context of the chemokine
receptors.

Chemokine receptors are a subfamily of GPCRs that play a major role in
controlling cell migration in the context of immune system function and develop-
ment [4] and in the pathology of many diseases including asthma, rheumatoid
arthritis, multiple sclerosis, heart disease, and cancer [5-7]. Several chemokine
receptors (most famously CCRS5 and CXCR4) are also known for their ability to
serve as portals for HIV entry into host immune cells [8—10]. Similarly, the most
common malarial parasite, Plasmodium vivax, uses the chemokine receptor DARC
to enter red blood cells [11].

Chemokine receptors are challenging targets for structural studies as well as
computational modeling. First, as all GPCRs, they are integral membrane proteins
that are highly unstable and prone to aggregation in detergent solutions — properties
that make crystallization extremely challenging. Second, they have evolved to
optimally interact with chemokines, which are approximately 70-120 amino
acid secreted proteins. As many other protein-protein interaction interfaces, the
receptor:chemokine interface is large, polar, and difficult to target with small
molecules (i.e., poorly druggable). Many of the available small-molecule modula-
tors, while strong binders, are larger than an average orally available drug, very
flexible, and either highly lipophilic or excessively polar, being unfavorable both in
experimental settings and in modeling applications. Despite these difficulties, and
thanks to the breakthrough advances in GPCR crystallography [12, 13], the first
structure of a chemokine receptor, that of CXCR4, was solved in 2010 [14] and the
structure of CCRS was solved more recently in 2013 [15]. These advances boosted
structure-based insights into chemokine receptor interactions with their cognate,
pathological, and synthetic ligands as well as mechanisms of receptor activation
and dimerization, as reviewed below.

2 Chemokine Receptor Structures and Complexes to Date

The first structure of a chemokine receptor was solved by Wu and coworkers [14] in
2010 as a part of the GPCR Network initiative [16]. Their target receptor, CXCR4,
was crystallized in several symmetry groups and in complexes with two distinct
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antagonists: a small molecule of isothiourea class, IT1t [17], and a cyclic 16-residue
peptide, CVX15 [18]. These structures had several unusual features that distin-
guished them from other GPCR structures solved by that time. First, a B-hairpin
conformation of the extracellular loop 2 (ECL2) did not resemble any other
non-rhodopsin ECL2 structures observed thus far and was different from the
similarly shaped rhodopsin ECL2 by much higher placement with respect to the
transmembrane (TM) bundle, thus allowing access to a wide and open polar binding
pocket. Since that time, p-hairpins were demonstrated to be a preferred ECL2
conformation for a number of peptide-binding GPCRs such as opioid receptors
[19-23], neurotensin receptor 1 [24], and protease-activated receptor 1 [25]. Second,
all CXCR4 structures have a 13-residue long stretch of residues in their TM4,
spanning residues Leu150*° through 1162*°" that adopts a loose n-helical confor-
mation instead of a canonical a-helix, resulting in a helical bend that brings the
intracellular end of TM4 closer to that of TM3. Quite remarkably, the TM4 residue
that is most conserved in class A GPCRs, Trp1614'50, is a part of this n-helix, with
its backbone amide forming a hydrogen bond with the carbonyl oxygen of
Vall56** instead of the more traditional residue 4.46 observed in other class A
receptors. This is potentially due to a unique Pro residue at Ballesteros position 4.52
(Pro163*°?) that breaks TM4 helicity in CXCR4, the functional consequences of
which are yet to be understood. Third, in all CXCR4 structures, residues following
TM7 are either disordered or unfolded, whereas in other GPCRs, they form the
so-called helix 8 running parallel to the membrane plane. Several unusual residues
in CXCR4 may provide a potential explanation for this observation, including
Arg772'43, Ala313%* and Ala316%%7, all three of which are found as medium to
large hydrophobic amino acids in 94%, 87%, and 76% of class A GPCRs, respec-
tively. Finally, in all five CXCR4 structures by Wu et al., the receptors formed
consistent parallel dimers with twofold rotational symmetry stabilized by an inter-
face spanning TM helices 5 and 6. This dimer geometry was somewhat similar to
the previously observed crystallographic dimers of squid rhodopsin [26] and was
(and still is) among the few X-ray dimer geometries that pass minimal filters of
potentially being biologically relevant.

More recently, Tan et al. [15] presented the first X-ray structure of the chemo-
kine receptor CCRS. The receptor was crystallized in the presence of the small-
molecule antagonist, maraviroc, which is an approved anti-HIV therapeutic [27,
28]. While highly similar to CXCR4 in its CVX15 peptide bound state, including
the conformation of ECL2, the CCRS structure has the canonical conformation of
TM4 and helix 8. Although parallel, its crystallographic dimer has only transla-
tional (i.e., not twofold rotational) symmetry and is therefore an artifact of crystal-
lization rather than a biologically significant phenomenon. This is despite the fact
that CCRS has been shown to form dimers in live cells under physiological
conditions [29-31].

Both chemokine receptors crystallized thus far represent inactive state struc-
tures, consistent with the antagonist nature of their co-crystallized ligands. The
inactive state of CCR5 was additionally stabilized by a rationally designed point
mutation that improved its stability and homogeneity in detergent, but also severely
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compromised its functional response to chemokine stimulation, as determined from
intracellular Ca®* mobilization experiments [15].

3 Structural Basis of Receptor Interactions with Small
Molecules

3.1 CXCR4 Interactions with Small Molecules and Peptides

From the CXCR4:ligand complex structures, it appears that the binding site is a
large, solvent-exposed cavity lined by multiple polar residues. Its volume
(~2,000 A% far exceeds the size of typical druggable pockets in other proteins
(300-1,000 A%). The pocket involves residues from all seven TM helices and
resembles a wide cognac glass (the analogy by R.C. Stevens, personal communi-
cation) whose outer edges are formed by the polar stretch of the N-terminus on one
side and the no less polar ECL2 on the other side (Fig. 1a,b). The co-crystallized
CVX15 peptide (16 residues, 150 non-hydrogen atoms, total molecular volume of
2,200 A%) occupies a major part of this cavity and makes extensive van der Waals
and polar contacts with the surrounding receptor residues. On the contrary, the
co-crystallized small molecule, IT1t (27 non-hydrogen atoms, molecular volume of
430 A%, occupies only a small fraction of the available volume and loses as little as
450 A? of its solvent-accessible area in complex as compared to the unbound state.
A large part of its binding energy is contributed by electrostatic interactions with
the acidic side chains of Glu288”*° and Asp97>%. However, the anatomy of the
pocket is such that in the absence of ligand, these side chains are favorably exposed
to solvent, thus diminishing the net contribution of these interactions to the calcu-
lated binding energies. As such, the CXCR4:IT 1t complex represents an extremely
difficult case for docking and screening programs that are trained to recognize
shape complementarity and favorable buried polar interactions. It is thus not
surprising that even when docking IT1t to its cognate structure, most docking
programs analyzed by Planesas et al. [35] had difficulties discriminating the near-
native pose from incorrect conformations. On the other hand, the CXCR4:CVX15
complex is not an easy target either, because of the large size and flexibility of the
peptide. Peptide pose prediction frequently fails [35] not only because of pose
scoring and ranking errors but also because of insufficient conformational
sampling.
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Fig.1 Cut-and-open view of CXCR4 in complex with IT1t (a), CVX15 peptide (b), and CCRS in
complex with maraviroc (c). Molecular surfaces are colored by the electrostatic potential (red —
negative, blue — positive) calculated in the ICM molecular modeling program [32, 33]. The
number of non-hydrogen atoms and the approximate molecular volume are given for each ligand.
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3.2 CCRS Interaction with Maraviroc and Structural Basis
Jor Allostery

The overall architecture of CCRS in complex with maraviroc is highly similar to
CXCRA4, especially in its CVX15-bound form. As for CXCR4, CCRS has a widely
open polar binding pocket formed by the TM helices and bounded by the p-hairpin-
shaped ECL2 and part of the N-terminus between the conserved cysteine and TM1
(Fig. 1c). Yet on closer inspection, a number of important conformational differ-
ences between CCRS5 and CXCR4 are observed. At this time, the maraviroc-bound
structure is the only structure of CCRSY; therefore, one can only hypothesize which
differences are due to the inherent properties of CCRS as opposed to conforma-
tional peculiarities induced by maraviroc binding; however, these differences
reconcile well the experimentally observed complex allosteric behavior of
maraviroc [36].

First, TM4 in CCRS5 is shifted by about 1.5 A towards the center of the helical
bundle as compared to its respective conformation in CXCR4. This may be an
inherent property of CCRS and possibly other CC chemokine receptors, which do
not have the unique proline-containing n-helix observed in CXCRA4. It may also be
an artifact of the rationally designed stabilizing mutation Gly163Asn in TM4 of
CCRS. Second, the tip of the ECL2 B-hairpin in CCRS is pointing up and out
(towards the extracellular space) as compared to down and in (towards the binding
pocket) in CXCR4. This region is highly flexible, as evidenced by comparison of
the multiple CXCR4 structures, and the conformation observed in CCRS:maraviroc
complex is probably one of multiple possibilities, additionally stabilized by the
specific amino acids in ECL2. Third, CCR5 TMI1 is moved outwards by 2.2 A,
allowing space for the favorable placement of the maraviroc substituted triazole
group and its interaction with Tyr37'>°. However, the movement of the extracel-
lular end of TMI is restricted by its connection through the N-terminus and a
disulfide bond to ECL3; therefore, the observed outward movement of TM1 in
CCR5:maraviroc complex is coupled to a strong kink in the first helical turn of
TMI, a shift of ECL3 and the extracellular ends of TM6 and 7, as if they were
pulled towards TM1, and a kink in the last (extracellular) helical turn of TM6
(Fig. 2a). These coupled conformational changes translate the binding of
maraviroc, which occurs deep in the TM bundle, into rather dramatic conforma-
tional rearrangements in the extracellular parts of the receptor, probably making
them incompatible with the binding of selected HIV gpl120 variants and
chemokines. Additionally, the movement of Tyr1083'32 and Glu2837'39, as well as
a rotamer flip in Trp86>°, result in opening of two subpockets at the bottom of the
CCR5 TM pocket that are not present in CXCR4 and consequent binding of

<
«<

Fig. 1 (continued) Molecular volume was calculated as the volume of the Connolly surface of the
ligand [34], i.e., a smooth envelope touching the van der Waals surface of atoms as the solvent
probe of radius 1.4 A size rolls over the molecule
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Fig. 2 Crystallographic conformations of CXCR4 and CCRS5 and possible structural basis for
allosteric inhibition of CCRS5 by Maraviroc. (a) View from the extracellular side across the
membrane plane. TM movements observed in Maraviroc-bound CCRS but not in CXCR4 are
shown by arrows. (b) Lateral view along the plane of the membrane, with Maraviroc binding
deeper in the TM pocket without engaging the extracellular domains

maraviroc deep in the pocket without engaging the extracellular loops (Fig. 2b).
The latter observation may explain the noncompetitive nature of inhibition of
chemokine signaling by maraviroc and related molecules [36]. The lack of inter-
action of maraviroc with the ECLs is also corroborated by biochemical studies
which show that substituting the extracellular loops in CCRS with those of the
homologous receptor, CCR2, produces a chimera that is perfectly capable of
recognizing maraviroc but not the CCR5-specific chemokines [37].

Along with biochemical evidence, these structural observations hint at the
remarkable plasticity of CCRS and provide insights into its possible conformational
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heterogeneity. While enabling CCRS5 to bind a variety of molecular partners and to
mediate multiple signaling pathways, such heterogeneity also provides a route for
HIV to escape inhibition by CCRS5-targeting therapeutics, which in turn may
dramatically impact the future of CCR5 as HIV therapeutic target [38].

3.3 Before the CXCR4 Structure: Computational Elucidation
of the Structural Basis of CXCR4 Antagonist Binding

CXCR4 presents an attractive drug target not only for HIV entry inhibitors but also
in tumor metastasis and autoimmune and inflammatory diseases [39]. Numerous
chemotypes of small-molecule CXCR4 antagonist have been developed by
structure-guided as well as structure-independent approaches [18, 40, 41]; however,
only one of them, AMD3100 (also known under its generic name of plerixafor or
the trade name of mozobil), has reached the clinic so far and only for the
non-chronic indication of stem cell mobilization in hematopoietic stem cell trans-
plant patients [42, 43]. Many other CXCR4-targeting candidate compounds failed
in clinical trials owing to their toxicity or poor pharmacokinetic profiles.

A common feature of all CXCR4 antagonists known to date is the excessive
number of positive charges and rotatable bonds. The best binding affinities were
achieved with highly basic peptides obtained by SAR optimization and size reduc-
tion of polyphemusin, an antimicrobial peptide from horseshoe crab, for example,
T140 (H-Arg-Arg-Nal-Cys-Tyr-Arg-Lys-dLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH)
[18], CVX15 (H-Arg-Arg-Nal-Cys-Tyr-Gln-Lys-dPro-Pro-Tyr-Arg-Cit-Cys-Arg-
Gly-dPro-OH), and FC131 (cyclo-Arg-Arg-Nal-Gly-Tyr) [44].

Numerous studies used homology modeling and molecular docking to elucidate
the structural basis of the interaction of diverse antagonists with CXCR4. Extensive
site-directed mutagenesis provided insights into the roles that the individual
CXCR4 pocket residues played in the interaction with mono- and bicyclams [45,
46], non-cyclam antagonists [47, 48], or peptides [47]. In 2006, using the muta-
genesis data and conformational optimization of a series of FC131 analogs, Vabeng
et al. came up with a 3D pharmacophore that efficiently explained the existing SAR
[49] and generated predictions for potential binding poses of several cyclopenta-
peptides by docking them into a bovine rhodopsin (bRho)-based CXCR4 model
[50]. In 2011, Kawatkar et al. also used a bRho-based homology model to analyze
the structural mechanisms of CXCR4 inhibition by small-molecule antagonists [51]
and came up with antagonist pose hypotheses that were also consistent with site-
directed mutagenesis.

Unfortunately, it is rarely possible to unambiguously interpret the results of a
mutagenesis study as the observed effects of a mutation may be due to the mutation-
induced allosteric effects or destabilization of receptor structure rather than alter-
ations of direct interactions with the ligand. While one can often distinguish these
causes in the context of soluble proteins by appropriate biophysical
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characterization, it is more difficult with membrane proteins. Additionally, with
bRho being the closest available homology modeling template until 2007 (and with
bRho, 3,AR, and AA, 4R being the only available and rather distant templates until
2010), the accuracy of modeling the TM bundle and especially the extracellular
loops was rather low. For example, the binding location or pose of T140 predicted
by MD simulations in conjunction with alanine scanning mutagenesis [47] have
very little in common with the crystallographically observed pose of the structurally
related CVX15. A marginally better accuracy was achieved by Boulais et al. who
studied T140-CXCR4 interaction using molecular modeling and photoaffinity
labeling [52]; while correctly identifying TM4 as a part of the T140 interaction
site, they docked the peptide upside down. Similarly, the poses predicted by
docking IT1t in B,AR-based models of CXCR4 [53] are rather distant from the
crystallographic pose of IT1t in the crystal structure [14].

In order to objectively evaluate the extent to which homology modeling and
compound docking may replace or complement the experimental structure deter-
mination, the GPCR Network [16] established a series of community-wide model-
ing and docking assessments called GPCR Dock. In 2010, prior to the release of the
experimental coordinates of CXCR4 complexes, 35 groups used their best practices
to generate receptor-ligand complex structure predictions that were later compared
to the experimental structures [54]. This evaluation was conducted side by side with
the dopamine D3 complex structure prediction assessment, which allowed the
comparison of the prediction challenges between the aminergic and chemokine
receptor families. The assessment results indicated that using best practices, rela-
tively accurate predictions could be made for the dopamine D3 receptor complex
with an orthosteric antagonist; however, the CXCR4 predictions were below the
acceptable accuracy level. The two best predictions for the CXCR4:IT1t complex
featured (1) a 4.88 A RMSD for the ligand pose with 36% of correctly predicted
ligand-receptor contacts and (2) a 2.47 A RMSD with only 18% of correctly
predicted contacts. A ligand RMSD of 8.88 A and contact recall of 6% was the
best result achieved for the CVX15 peptide complex [54]. These results reflect the
challenges associated with modeling by distant homology (the closest modeling
template available at the time of the assessment was only 25% identical to CXCR4
in the TM domain) and the inherent poor druggability of the chemokine receptors.

3.4 Drug Discovery Efforts by Virtual Ligand Screening
Against Models and Structures of CXCR4

Structure-based drug discovery efforts against CXCR4 had been undertaken long
before the X-ray structure was solved in 2010 [55-57]. Virtual screening was
performed against homology models of CXCR4 that, with rare exceptions, were
built using the bRho structure as a template. Comparison of these models to the
experimental CXCR4 structures [54] showed that these models were largely
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CXCR4 X-ray vs bRho-based model

Fig. 3 Bovine rhodopsin (bRho) as a template for chemokine receptor modeling. (a) The major
distinctions between bRho and CXCR4 are observed in the lateral shift of TM3 and in position of
the ECL2. (b) Lateral view along the plane of the membrane. (c¢) After ECL2 is removed, a bRho-
based model provides a reasonable approximation for the main TM pocket residues involved in
ligand binding. The model was built in the ICM molecular modeling package [32, 33] using the
X-ray structure of bRho in trigonal crystal form [58] as a template. CXCR4 sequence was threaded
through the template coordinates in all regions except N-terminus and ECL3; the latter two were
modeled ab initio by extending TM6 and TM7 helices as far towards the extracellular space as
possible and by introducing the disulfide bond between the N-terminus and ECL3. Following
exhaustive sampling of residue side chain conformation, the model was subjected to full-atom
gradient minimization in internal coordinates with the objective function including steric, elec-
trostatic, and hydrogen binding terms as well as intra- and inter-helical distance restraints for
preservation of the model topology

structurally inaccurate — partly because the arrangement of TM helices in CXCR4 is
substantially different from that in bRho and partly because bRho ECL2 is placed
so much deeper in the binding pocket (Fig. 3a, b). However, with an exception of
the ECL2-related issues, these models position the important ligand-interacting
residues in reasonable proximity to their crystallographically observed positions
(Fig. 3c) and, after proper refinement, can be instrumental in CXCR4 antagonist
virtual screening campaigns. Part of their success can be summarized by the
statement that “a structure or a model is only good to the extent that it agrees
with experimental data” (C. de Graaf, personal communication). Specifically, the
ability of a model to recognize known high-affinity modulators among inactives or
decoys of similar size and atomic composition in virtual screening, also called VLS
(virtual ligand screening) enrichment, has been recognized as a robust criterion of
the quality and accuracy of atomic-level predictions of ligand-receptor interactions
[59-65]. It represents a way of evaluating model compliance with existing exper-
imental data in the form of small-molecule chemical activity against the modeled
protein.

Model selection by VLS enrichment has led to the most accurate predictions in
all three GPCR Dock assessments [54, 66, 67]. For quantitative evaluation of VLS
enrichment, the docked active and inactive/decoy compounds are ranked by their
predicted binding scores, and a receiver operating characteristic (ROC) curve is
built by plotting the fraction of true positives vs. false positives in the top scoring
part of the ranked list for each value of the score cutoff. The VLS performance of
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the model is reported in terms of the area under the ROC curve (ROC AUC), which
ranges from 100% (for models with ideal recognition) to 50% (for models with
random recognition) to 0% for models that selectively score all inactive compounds
better than actives. The commonly used variations of this measure include logAUC
(logarithmic, [68, 69]) and nsAUC (normalized square root, [62, 70]) which are
both normalized to give 100% for ideal and 0% for random recognition and
emphasize, to a different degree, the early enrichment of the active compounds.
Neves et al. performed VLS enrichment-based evaluation and refinement of the
CXCR4 binding pocket models based on the f,AR template, using all heavy-atom
elastic network normal mode analysis (EN-NMA [71-75]) for generation of addi-
tional pocket conformations. Their best model recognized 55 known actives of
6 diverse chemotypes among 1,000 random CXCR4-inert compounds from the
GLIDA database [76] with ROC AUC of 88.3% (compared to 50% for random and
100% for ideal). Moreover, the authors showed that early enrichment of the actives
can be improved when using an ensemble of pocket models, each tailored for
recognition of its individual CXCR4 antagonist chemotype [53]. Although the
predicted binding poses for isothiourea compounds were later proved incorrect,
this study hints at the great plasticity of the CXCR4 binding pocket that may play
role in its ability to recognize diverse small-molecule peptide and protein ligands.
In 2008, Perez-Nueno et al. performed a comprehensive analysis of VLS enrich-
ment performance by bRho-based models of CXCR4 and CCR5 antagonist activity
[77]. They compared pocket docking-based and shape matching-based approaches
and benchmarked the models against a library of 602 known chemically diverse
CXCR4 and CCR5 antagonists and ~4,700 decoys. The composition of the
benchmarking set was such that CXCR4 actives could be discriminated from
decoys by trivial ligand-based functions such as total positive charge (almost
ideal discrimination) and logP (nonrandom discrimination with high initial enrich-
ment) but not by other functions [35]. When evaluated using this set, the perfor-
mance of different docking programs and scoring functions varied greatly. Among
conventional approaches, the best CCRS retrospective screening performance was
achieved by AutoDock [78, 79], which retrieved ~12%, 42%, and 58% of the
known actives in the top 1%, 5%, and 10% of the hit list, respectively. However,
the same approach retrieved only 4%, 18%, and 29% of actives in the top 1%, 5%,
and 10% of the hit list for CXCR4. The OpenEye FRED [80] docking program was
more robust achieving 7%, 25%, and 40% active retrieval for CCRS and 7%, 30%,
45% for CXCR4. Although far from perfect, this level of initial enrichment makes
homology models useful for prospective screening. Surprisingly, a consensus
scoring approach incorporating several FRED functions was able to retrieve all
actives for both receptors in the top 10% of their respective hit lists, although it did
poorly in the initial (1% and 5%) recognition. Finally, for both targets, shape
matching of the library chemicals against the docked pose of a single ligand for
each receptor far outperformed the tested pocket docking algorithms, supporting
the hypothesis of only limited contribution of the model pocket features
(as compared to the shape) to the recognition performance. In a follow-up study
[81], using their previously developed models and a set of highly conservative
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consensus selection criteria, the authors identified 5 antagonists inhibiting CXCR4-
mediated HIV entry with ECsq values of 11.5 pM, 1.55 pM, 1 pM, 46 nM, and
125 nM. Unfortunately, higher affinity in these hits was achieved at the cost of
chemical diversity; for example, the two most active compounds represent a hybrid
of the monocyclam-amine (such as AMD3465) and amine-amine compounds used
in model construction.

When the five CXCR4 structures were solved, the authors repeated their study
[35] using the same compound set as in the 2008 publication [77]. Due to changes in
either the docking protocol (possibly switching to newer versions of the software),
the bRho-based model described in [77] performed dramatically better in 2012 than
in the earlier 2008 publication, e.g., retrieving 15.5%, 45%, and 57% of the actives
in the top 1%, 5%, and 10% of the hit list ordered by GoldScore [82] (compared
with the 2008 result of 2.5%, 11.5%, and 23%). Using a different scoring function
(LigandFit Jain), results improved to the point where 19.3%, 48.5%, and 66% of the
actives were retrieved in the corresponding fractions of the hit list. This level of
screening performance puts the bRho-based homology model on par with the
crystal structures. Among the crystal structures, 18.9%, 62%, and 76% actives
were retrieved in the top 1%, 5%, and 10% of the hit list by Schrodinger Glide
[83] and 19.3% 77.5%, and 94% by Discovery Studio LigandFit DockScore [84],
both using PDB 30e0. LigandFit LigScore2 which was specifically designed for
better screening discrimination between different compounds [84] performed
slightly worse, retrieving 15.5%, 57.5%, and 80% of the actives when screening
against the highest resolution structure, PDB 3odu. Of note, because of the afore-
mentioned unusual nature of the binding pocket, the LigandFit docking module
(which is based primarily on shape matching) was not able to find any poses at all in
the default setup for the majority of the known CXCR4 antagonists; to alleviate the
problem, the binding site had to be separated into three distinct sub-sites. Finally,
all docking approaches were surpassed by a simple 5-point 3D pharmacophore
model derived from the co-crystallized pose of IT1t in PDB 30e6 [85]. Despite
being derived from a single compound, this pharmacophore successfully retrieved
all antagonist scaffolds starting with amine-amines, phenanthrolines, and
tetrahydroquinolines, followed by bicyclams and macrocycles and then finally by
isothiourea series compounds between 2% and 5% of the hit list. Again, the
benchmarking set used in this study is not entirely unbiased as the logP and charge
distribution differ significantly between actives and decoys [35]. Nevertheless it is
clear that for CXCR4, ligand-based 3D models outperform ligand-independent
pocket-based models, possibly due to the challenging nature of its binding pocket.
The utility of the described pharmacophore for prospective screening remains to be
studied, as does its ability to discriminate between heavily charged active and
inactive compounds.

Prior to the release of the experimental CXCR4 structure coordinates, and as a
part of their targeted modeling effort for the GPCR Dock 2010 assessment [54],
Mysinger et al. analyzed VLS enrichment in more than 2000 models of CXCR4
based on the templates of f;AR, B,AR, AA,;,R, and bRho and enriched by
conformers generated by elastic normal mode analysis [65]. They used their best



54 1. Kufareva et al.

performing model (which had normalized logAUC of 21%, compared to 0% for a
random and a 100% for an ideal model) for prospective screening of a virtual library
containing 3.3 million compounds. 1,800 top-ranking molecules, which represented
0.05% of the screened library, were manually inspected, and of them, 24 molecules
were selected for experimental testing. Of this subset, the compound that ranked
1,725th in the initial hit list was found to be a weak inhibitor of SDF-1-induced Ca®*
mobilization (ICsy of 107 pM). Once the experimental CXCR4 coordinates were
released, the authors repeated this exercise: the IT1t-bound structure was shown to
have the normalized logAUC of 28% on the retrospective screening set (compared
to 21% of the best screening model) and was used for prospective screening of the
updated version of the same chemical library. Similarly, 23 molecules were man-
ually selected from the top ~1,500 for testing. Of them, four compounds inhibited
SDF-1-induced Ca** mobilization with ICs, values ranging from 55 pM to 77 pM.
Moreover, two compounds disrupted SDF-1 binding to CXCR4 with ICs, values of
306 nM and 14 pM, respectively.

To the best of our knowledge, and as of March 2014, this study by Mysinger
et al. [65] is the only report of a partially successful structure-based lead discovery
effort using CXCR4 structures. It also highlights weaknesses of the structure-based
chemical library screening approach and the critical obstacles in its application to
CXCR4 and possibly other chemokine receptors. First, binding site preparation,
docking, and solution scoring algorithms had to be customized for CXCR4 in order
to guide the procedure towards sampling more orientations at the bottom of the
widely open polar active site. Second, the subsequent compound selection was also
performed with heavy human intervention and over a far larger part of the auto-
matically ranked compound list than is typically done in the field [65]. The human
expert input was used to eliminate potential false positives resulting from incorrect
3D conformations or ionization states of the docked compounds, to avoid bias
towards large hydrophobic (and thus insoluble) compounds that are abundant in the
chemical databases and typically score best in screening, and to ensure engagement
of proper expected interactions in the receptor binding site (namely, compound
shape complementarity to the binding site and formation of the key salt bridge to
G1u2887° and at least one other anionic residue of CXCR4). Finally, the identified
antagonists (even those obtained by screening against the X-ray structure) are rather
weak, with functional ICs, values exceeding 50 pM [65]. In a similar initiative of
our own, all 40 compounds selected from the virtual screening hit list were found
inactive at a single concentration of 5 pM and were not pursued any further
(unpublished data). The CXCR4 hits by Mysinger et al. are far weaker than the
best hits obtained by the same and other groups in their virtual screening campaigns
against the structures of 3, adrenergic (9 nM [86], 150-500 nM [87]), adenosine
Ao (150 nM [88], 32 nM [89]), dopamine D3 (200-300 nM [59], 7 nM [90]), or
muscarinic M2 and M3 (150-300 nM [91]) receptors. In other words, it appears that
the CXCR4 structure has not yet led to therapeutic breakthroughs through structure-
based virtual screening approaches, at least not to the level comparable with the
structures of other GPCRs, either in terms of hit rates or the affinity of the identified
modulators.
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This issue raises the question of whether computational scientists can do better
in terms of structure-based discovery of diverse, high-affinity chemokine receptor
ligands with favorable pharmacokinetic profiles. And if not, what are the barriers?
The answer seems to involve several issues:

» Deficiencies of the available compound libraries (which are biased towards poor
pharmacokinetic profiles, large size, low solubility)

» Deficiencies of the 2D to 3D structural conversion for the chemicals and
conformational sampling algorithms that result in unrealistic conformations of
the docked ligands, especially for nontrivial fused ring systems and chiral
compounds

¢ The approximate nature and incompleteness of the compound scoring functions

¢ The need for target-specific adjustment of the docking algorithms and compound
scoring functions so that they give greater weight to expert-prioritized
interactions.

The latter aspect is probably the most important as it provides a way to alleviate
the inherent difficulties associated with the poorly druggable pockets in the che-
mokine receptors. As our analysis shows, models and scoring functions can be
trained to recognize and predict binders to even challenging pockets. This can be
achieved by assigning weight to important interactions, either manually or by
incorporating them in the scoring function, and by using the consensus compound
scoring approaches. When designing such customized scoring schemes, there is
always the danger of overtraining; therefore, using diverse and objectively chal-
lenging compound benchmarks becomes extremely important.

Four years after publication of the CXCR4 structure, numerous VLS campaigns
continue to be based on models rather than the experimental structures. For
example, in 2013, Vinader et al. reported the results of their virtual screening
against a bRho-based model of CXCR4 which led to identification of a weak
(3.8 pM ICs for inhibition of SDF-1-induced Ca®* mobilization) antagonist of
CXCR4; subsequent model-guided SAR and optimization yielded a 120 nM deriv-
ative, albeit with lower solubility [92]. Similarly, a 2012 publication by Kim
et al. reports the discovery of the potential of an antimalarial drug in inhibiting
CXCR4 by virtual screening of an antimalarial library against an ab initio CXCR4
model [93]. Although one of the top predictions in the GPCR Dock 2010 assess-
ment [54], the model bears only limited resemblance to the X-ray structure,
especially in the ligand binding region; however, the success of the aforementioned
VLS study [93] proves its utility for drug discovery.



56 1. Kufareva et al.

3.5 Molecular Design and Optimization Studies Assisted by
the Structures of CXCR4

All the above taken into account, lead discovery efforts against CXCR4 still benefit
from the 2010 X-ray structures. By means of molecular docking and structure-
guided optimization, they help rationalize molecular design in retrospective and
prospective manner. For example, by chemical synthesis and SAR studies on
known scaffolds, a group from Emory University identified a potent CXCR4
p-xylyl-enediamine-based antagonist, MSX-122 [94, 95], that did not block the
binding of radiolabeled SDF-1 to the receptor but efficiently inhibited SDF-1-induced
cAMP response as well as SDF-1-mediated cell migration and invasion. Docking of
the antagonist to the structure helped explain its noncompetitive inhibition mecha-
nism, as the compound docked at the bottom of the transmembrane pocket of CXCR4
without engaging the extracellular loops, similar to maraviroc in the structure of
CCRS [15]. A different tetrahydroisoquinoline-based antagonist developed by the
same group [96] was also studied from the ligand-receptor docking perspective and
shown to engage the same residues as IT1t, thus resulting in competitive inhibition.

Cyclopentapeptide antagonists of CXCR4 have also been studied by the
structure-based approaches. Because the CVXI15 peptide co-crystallized with
CXCR4 bears substantial similarity with FC131 and its active analogs, the
CXCR4:CVX15 complex structure represented an excellent starting point for 3D
modeling of cyclopentapeptide binding to CXCR4. The models helped rationalize
the existing SAR [97] and guided the design of isosteric substitutions to the
cyclopeptide scaffold [98, 99], as well as conformationally constrained [100] and
dimeric [101] cyclopentapeptides variants.

Finally, an interesting structure-based approach was undertaken by Aboye
et al. who developed a novel potent CXCR4 antagonist (ICsq of 20 nM and 2 nM
in SDF-1 activation and HIV-1 entry assays, respectively) by grafting a CVX15-
based sequence onto the scaffold of a cyclotide, a small globular protein with a
cyclized backbone and three intramolecular disulfide bonds [102]. This represents
an example of a protein design project directly inspired by the 2010 CXCR4:
CVX15 peptide complex structure.

3.6 Computational Prediction of Small-Molecule Antagonist
Binding to CCR5

Before the structure of CCRS5 in complex with Maraviroc was solved, multiple
efforts were undertaken to build this complex, as well as other CCR5:antagonist
complexes, by computational methods. As in the case of CXCR4, some of the
earlier studies used bRho-based models of the receptor. More recent attempts were
based on the CXCR4 structure or, in some cases, ab initio modeling of the receptor
TM bundle. The consensus and variable parts of the binding site for several small-
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molecule CCRS5 antagonists were mapped by site-directed mutagenesis [103—
106]. These studies correctly identified Trp86>°°, Tyr108**% Tyr251%!, and
Glu28372? as making direct contacts with the antagonists in the binding site, but
they also proposed other residues that, in light of the now available crystal structure,
are quite distant from the ligand. The observed effect of mutations at these other
positions does not originate from the loss of direct contacts with the ligand but is
allosteric in nature and involves destabilization of distant parts of the receptor.

Labrecque et al. used molecular modeling informed by site-directed mutagene-
sis, binding, and functional studies [104] to elucidate the molecular basis of CCRS
interactions with aplaviroc, maraviroc, vicriviroc, TAK-779, SCH-C, and a
benzyloxycarbonyl-aminopiperidin-1-yl-butane derivative 3bb [107]. The receptor
model was built using bRho as the template. Although the interaction fingerprint
derived from the docked poses of the ligands was consistent with mutagenesis
studies, none of the complex models successfully reproduced the maraviroc binding
pose as revealed later by crystallography. The uncertainty in compound placement
originated from the fact that while the salt bridge between the primary amine of the
compound and Glu2837-* of the receptor is established and unambiguous, the
compound may be rotated in at least two ways with respect to this pivotal point,
each way providing favorable interactions for the remaining polar groups of the
compound.

Berro et al. studied conformational heterogeneity of CCRS and its effects on
binding to the anti-HIV antagonist vicriviroc [108]. They demonstrated that Go;
binding on the intracellular side of CCRS decreases the potency of the compound
against vicriviroc-sensitive viruses and is favorable for the entry of vicriviroc-
resistant strains. As a part of this study, the authors performed docking of maraviroc
and other CCRS5 antagonists into an ab initio model of CCRS5 obtained by the
GEnSeMBLE method [109]. While capturing the general orientation and the
mutagenesis-validated interaction fingerprint of maraviroc, their prediction placed
it entirely in the major pocket formed by TM helices 3, 4, 5, 6, and 7 and rotated it
around the major principal axis of the compound by approximately 120°, as
compared to its experimental pose [15].

More recent maraviroc docking attempts made use of the CXCR4 structure as
the closest available homology template for CCR5 modeling. For example,
Kothandan et al. built models of CCR2 and CCRS5 based on CXCR4 and used
them for studying maraviroc binding using docking and molecular dynamics
[110]. Their model correctly predicted interaction of maraviroc with Tyr37'>°
but missed Glu2837°. Garcia-Perez et al. [61, 111] modeled the CCRS5:maraviroc
complex using a series of homology models that were first evaluated for their VLS
enrichment properties. The model based on the peptide-bound CXCR4 performed
best and was used for docking. The predicted pose of maraviroc correctly captures
its overall orientation and interactions with Glu283"’, Trp86>°, and Tyr251°"
but misses the rotamer flip in Trp86>°° and the functionally important interaction of
the ligand with the side chains of Tyr37'°. Nevertheless, it is among the most
accurate pre-structure predictions of the CCR5-maraviroc complex. This achieve-
ment stresses the importance of a closely related experimentally determined
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structure (in this case, CXCR4) for generation of an accurate and predictive
homology model, as well as the role of the conformational variations in the
template (in this case, CVX15-bound CXCR4).

As these examples show, even in view of the available structure of the close
homolog, CXCR4, modeling of CCR5:antagonist complexes remains a challenging
task. Both chemokine receptors exhibit remarkable conformational plasticity that
allows for accommodation of diverse ligands not only through pocket side chain
rearrangements but also through lateral, axial, and rotational movements of the
helices, all of which are virtually impossible to predict exclusively by computa-
tional methods. It is therefore expected to be no less challenging to predict CCRS5
complex structures with small-molecule antagonists from other chemical classes,
such as TAK-779, SCH-C [112], SCH-D/vicriviroc, or aplaviroc. All of these
antagonists inhibit CCR5-mediated Ca®* mobilization responses to all tested
chemokines [113] in a dose-dependent and insurmountable fashion, i.e., in the
presence of antagonist, the maximum response cannot be restored, even at very
high chemokine concentrations. Most small-molecule CCRS5 antagonists also insur-
mountably inhibit CCL3/MIP-1a and CCL4/MIP-1p binding [113]. On the con-
trary, increasing concentrations of the antagonists can fully displace CCL3/MIP-1a
and CCL4/MIP-1p at multiple chemokine concentrations. TAK779 also fully
displaces CCL5/RANTES, whereas maraviroc and Sch-D/vicriviroc allow for
some residual CCL5/RANTES binding and aplaviroc causes almost no CCL5/
RANTES displacement [113]. Taken together, this behavior is interpreted as an
evidence of mixed competitive-noncompetitive and/or allosteric inhibition of
chemokine binding by the antagonists, possibly based on the conformational
heterogeneity of the receptor population with different preexisting conformations
preferentially targeted by each of the ligands. Furthermore, these observations
demonstrate that the binding determinants of CCL5/RANTES to CCRS are differ-
ent from those for CCL3/MIPla and CCL4/MIP1f and also that binding of the
small molecules is driven by different hot spots inside the CCR5 binding pocket.

Multiple studies indicate, for example, that in contrast to other small-molecule
antagonists of CCRSY, the binding of aplaviroc to CCRS may directly involve ECL2.
Aplaviroc inhibits binding of a monoclonal antibody directed against the
C-terminal end of ECL2 that faces the binding pocket, whereas TAK-779 and
SCH-C cause only partial inhibition [114]. Mutations in ECL2 and its interface
with TM4 (Gly163) or TMS (Lys191) have a substantial impact on binding of
aplaviroc but not TAK-779 or SCH-C. The disruption of the ECL2-TM3 disulfide
bridge by a C178 A mutation abrogates binding of aplaviroc but not TAK-779 or
SCH-C [105]. Finally, a chimeric receptor built from the TM domain of CCRS5 and
the extracellular loops of CCR2 cannot bind aplaviroc [37] although it efficiently
interacts with maraviroc and related compounds; however, aplaviroc binding is
restored in a chimera that, in addition to the TM domain, possesses the native
sequence for the C-terminal part of the ECL2.

In summary, elucidation of the structural basis of conformational heterogeneity
of CCRS5 (and, in fact, many other chemokine receptors) and its role in ligand
recognition remains an unsolved problem that is extremely important to address by
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both the computational and experimental methods. The emerging homologous
X-ray structures in their multiple functional states may stimulate computational
method development and enable more accurate and reliable predictions.

3.7 Drug Discovery Efforts by Virtual Ligand Screening
Against Models and Structures of CCR5

At the time when the present chapter was written, we were not aware of any virtual
screening campaigns against the crystallographic structure of CCRS5 [15], probably
due to the short time that has passed since its publication in 2013. Moreover, to the
best of our knowledge, no prospective VLS studies have yet been published against
CXCR4-based models of CCRS. As it stands, the existing structures of the two
receptors may provide modeling templates for each other in distinct biologically
relevant conformations and hopefully enable and inspire such screening efforts in
the future.

Nonetheless, as in case of CXCR4, CCRS5 VLS campaigns have been conducted
using the bRho-based models. For example, Kellenberger et al. used in silico
compound screening against a bRho-based CCRS model as a part of a pipeline
for identification of novel small-molecule modulators of CCRS5 [115]. The models
were first evaluated for VLS enrichment using 7 known CCRS5 antagonists and
993 random drug-like decoys and shown to retrieve about half of the antagonists in
the top 5% of the hit lists. The prospective structure-based screening of the
chemical library was preceded by a filtering step on the basis of drug-likeness
and agreement with a simple 2D pharmacophore shared by all known CCRS
antagonists and followed up by clustering and manual selection of the experimental
candidates from the top-ranking hits. Two compounds with 2-3 pM ICs, in the
CCL4/MIP1p competition-binding assay were identified in this screen; an addi-
tional 1 pM compound was found by a subsequent chemical similarity search. Upon
experimental evaluation, all compounds appeared to be agonists of CCRS. This
result may seem counterintuitive given the inactive state of the receptor model used
for compound identification; however, in reality, it is expected that the approximate
nature of the model does not allow reliable discrimination of agonists from
antagonists.

VLS enrichment properties of multiple CCRS models built from different
templates were studied by Garcia-Perez et al. [61, 111]. In their hands, opsin-,
B2AR-, and AA,,R-based homology models of CCR5 were unsatisfactory in
retrospective screening of 26 known CCRS5 antagonists against a library of 154 inac-
tive and decoy compounds (less than 10% recall at less than 20% precision).
Interestingly, the model based on the ITIt-complexed CXCR4 also performed
poorly. A bRho-based model performed only slightly better (35% recall at 33%
precision). The best recognition of actives was achieved by a hybrid model includ-
ing ab initio built TM2 and TM3 in the context of the bRho-based model (73%
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recall at 34% precision) and a model built using the CVX15 peptide-complexed
form of CXCR4 (46% recall at 71% precision). This result is understandable from
the point of view of the now possible comparison of the CCRS structure to the
previously available templates. CCR5 indeed appeared to be most similar to
CXCR4 in its CVX15-bound form. However, as described above, even with this
closely homologous template, a number of conformational features of CCRS could
not be captured by homology modeling. Crystallographic elucidation of each
receptor in complexes with multiple ligands and in multiple conformational states
is therefore a worthy (but hard-to-achieve) goal.

3.8 Model-Assisted Molecular Design and Optimization
Jor CCRS

Despite their relative structural inaccuracy, CCRS5 proved instrumental in rational-
izing existing SAR or prospective optimization of small-molecule antagonist can-
didates. Numerous 3D QSAR and fragment assembly studies were informed by
compound poses predicted by docking to bRho-based CCR5 models [116-
119]. More recently, by compound docking to a CXCR4-based CCRS5 model,
Gadhe et al. built and evaluated a comprehensive 3D QSAR model which provided
good agreement with the experimental compound affinity data [120]. An example
of successful prospective molecular design is given by the work of Metz et al. who
docked previously discovered high-affinity CCRS antagonists into the bRho-based
model developed earlier by Labrecque et al. [104] as well as a newly generated
CXCR4-based model [121] and used the predicted poses for prospective molecular
optimization. Because the authors could not resolve the uncertainty in the com-
pound placement in either of the models, they came up with several equally
plausible hypotheses using Glu2837>° as a single anchor and a pivotal point for
the ligand interactions. Despite this uncertainty, and possibly due to their use of
multiple complex models, they successfully identified compound analogs with
improved potency, specificity, and reduced hERG binding.

4 Structure-Guided Understanding of Receptor
Interactions with Chemokines

Chemokine receptors mediate cell migration in response to binding and activation
by their endogenous chemokine ligands. Chemokines are small (~70-120 amino
acids) secreted proteins that share a conserved topology consisting of an unstruc-
tured N-terminus and a folded globular core. The latter contains a three-strand
B-sheet and a C-terminal a-helix. The N-terminus is stapled to the folded globular
core by two disulfide bonds, one to the loop connecting ; and B, strands and
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another to the f; strand. The sequence segment between the N-terminal disulfides
and the B, strand is referred to as the N-loop. Although many chemokines
oligomerize, it is well established that monomers are responsible for activating
cell migration [122, 123].

The prevalent model of receptor-chemokine interaction involves two distinct
sites [124—127], one formed by binding of the receptor N-terminus to the globular
core of the chemokine (the so-called chemokine recognition site 1 or CRS1 [9]) and
another by binding of the chemokine N-terminus in the TM domain pocket of the
receptor (chemokine recognition site 2 or CRS2). The CRS1 interaction is believed
to mainly provide the binding affinity, whereas the CRS2 interaction is important
for both affinity and receptor activation. Consistent with this model, for multiple
chemokines, as little as a single residue truncation or modification in the chemokine
N-terminus (CRS2) can have a dramatic effect on the chemokine pharmacology,
such as changing the chemokine from an agonist to an antagonist [128—132]. On the
other hand, mutations in the receptor N-terminal residues, including the Tyr
residues whose sulfation is important for chemokine recognition and is assumed
to promote CRS1 interactions [127, 133—-136], have only a mild impact on the
signaling capacity of the chemokine, affecting its ECso but not the maximal
response [137, 138]. A guided molecular dynamics simulation of the CXCR4
N-terminus in the context of the entire receptor [127] suggested that the sulfate
groups promote an extended conformation of the N-terminus making it more
accessible for chemokine binding, which may partially explain the experimentally
observed affinity changes of the sulfotyrosine mutants; however, the role of the
sulfotyrosines in direct interaction with the chemokines has been established as
well [135, 139].

Attempts to detach the N-terminus and the associated CRS2 functionality from
the rest of the chemokine typically result in extremely weak (often undetectable)
binders. However, this can be partially rescued by a longer peptide including the
chemokine N-terminus and a part of or a complete N-loop which is universally
recognized as one on the determinants of receptor interaction [128, 135, 140-
144]. For example, a 17-residue N-terminal peptide of SDF-1 has been shown to
bind CXCR4 with the K of ~850 nM and to activate CXCR4-mediated chemotaxis
with an ECsq of ~2.2 uM [145]. Dimerization of an N-terminal 9-residue peptide of
SDF-1a produces a more potent agonist with a binding Ky of ~730 nM and
chemotactic ECsy of ~500 nM [145]. Although ineffective against CCRS, an
isolated 21-residue N-terminal peptide of the viral chemokine, vMIP-II, inhibited
CXCR4 binding to SDF-1a and the 12G5 antibody with an ICsg of 190 nM and
640 nM, respectively [146, 147]. CTCE-9908, a covalently dimerized N-terminal
peptide (residues 1-8) of the SDF-1(P2G) variant by Chemokine Therapeutics, has
been described as a potent antagonist of CXCR4 [148]. Finally, Lefrangois
et al. were able to develop a high-affinity partial agonist by linking the SDF-1
N-terminus to a T140 antagonist scaffold [149]. Along with chimeric chemokine
studies [128], such experiments support the two-site model and the independent
signaling role of the chemokine N-terminus.
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Apart from the N-loop, the role of specific regions within the chemokine
globular core is unclear. It was demonstrated that the SDF-1 N-terminus/N-loop
(residues 1-14) connected by a 4-Gly linker to the C-terminal helix (residues
55-67) retains most of the binding affinity (ICsy of 225-250 nM compared to
39 nM for WT SDF-1 in the same assay) as well as the biological activity of WT
SDF-1, as long as the helical conformation in the C-terminal residues is stabilized
by a lactam ring [150]. This study thus suggests the relatively minor role of the
three-strand f-sheet of SDF-1 that has been postulated important in other studies
[135, 140, 141, 151]. The p-sheet was also shown important in other chemokines
[142, 144]. Similarly, the role of receptor extracellular domains is not clear and is
not consistent between different receptors. For example, CXCR4 ECL2 is believed
to be important for HIV gp120 binding but not for SDF-1 binding [152], whereas in
CCR1, ECL2 was described as the point of interaction with the N-terminus of the
MIP-1a chemokine [153].

Based on these and other biochemical insights, attempts to elucidate the struc-
ture of the receptor-chemokine complex using molecular modeling were under-
taken as early as 2001 [138, 154]. The pivotal publication of the CXCR4 structure
in 2010 [14], unfortunately, did not provide a direct and immediate answer for the
structural basis of chemokine recognition by the receptor, partly because the entire
N-terminus of the receptor (residues 1-26) is disordered in the crystallographic
density and partly because of the notorious plasticity of the TM domain as well as
the extracellular loops that may be present in SDF-1-incompatible conformations in
these antagonist-bound structures.

However, in conjunction with the 2008 NMR structure of the CXCR4
N-terminus (residues 1-38) with a disulfide-locked SDF-1 dimer [135], the
CXCR4 X-ray structure informed a series of molecular modeling studies aimed at
elucidating the geometry of the complex. Unfortunately, the hybrid model resulting
from spatial superposition of the highly rigid part of the receptor present in both
structures (CXCR4 residues 27-29) is inconsistent with the two-site interaction
hypothesis described above and supported by substantial biochemical evidence
(Fig. 4b). Among the possible reasons for this discrepancy is the small 3-residue
overlap between the two structures as well as the fact that the NMR structure
was that of an SDF-1 dimer. Furthermore, at this time, the stoichiometry of the
receptor:chemokine interaction is not clear [14, 127] apart from the fact that
chemokine monomers are involved [122, 123]. Chemokine receptors are known
to homo- and heterodimerize, and simultaneous interaction of a single monomeric
chemokine with two protomers within the receptor dimer, with possibly decoupled
CRSI1 and CRS2, remains a plausible hypothesis; moreover, unlike the one-to-one
interaction model, such two-to-one interaction models can reconcile the available
pieces of structural information from the NMR and the X-ray structures (Fig. 4a).
The two-to-one receptor:chemokine stoichiometry provides a feasible explanation
for the experimentally observed negative chemokine binding cooperativity and
transinhibition across chemokine receptor heterodimers [155, 156] and the pro-
posed triggering effect of chemokine on receptor dimer formation [135, 157].
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Fig.4 Chemokine binding geometry and stoichiometry hypotheses. (a) A 1:2 model, with a single
chemokine molecule simultaneously interacting with the N-terminus of one receptor molecule and
the TM pocket of its dimer partner, reconciles both the mutagenesis-derived insights and the
relative orientation of the CXCR4 N-term to SDF-1 observed in the NMR complex structures.
(b—c) A 1:1 model contradicts either mutagenesis data (b) or the receptor-chemokine contacts
observed in the NMR [135] (¢). The models were built in the ICM molecular modeling package
[32, 33] by docking of the full-atom chemokine molecule into the binding pocket of a monomer or
a dimer of the receptor represented as potential grid maps. The backbone variables of the
chemokine N-terminus (residue 1-10) and all side chain variables were kept fully flexible through
the simulation. Interactions observed in the NMR structure [135] between the chemokine and the
receptor residues 25-30 were imposed as restraints in docking for (a) and (b) but not (c)

Other studies remain faithful to the one-to-one stoichiometry hypothesis and
thus have to disregard some of the constraints of the NMR structure of SDF-1 and
the CXCR4 N-terminal peptide (Fig. 4c). For example, Xu et al. performed docking
and a molecular dynamics simulation of SDF-1 in a hybrid model of CXCR4 built
from the 2010 X-ray structure of the TM domain [14] with the N-terminus extracted
from the 2008 NMR structure [135]. The resulting one-to-one complex [158]
reconciled much of the mutagenesis data but not the residue chemical shifts and
NMR distance restraints from the NMR structure [135]. On the contrary, a series of
1:1 models of interaction of CXCL8 chemokine with CXCR1, obtained via molec-
ular docking and molecular dynamics simulations [159], never places the chemo-
kine N-terminus in the receptor TM binding pocket.

In 2010, Saini et al. demonstrated that in addition to SDF-1, CXCR4 is a
receptor for extracellular ubiquitin [160]. Chemokines and ubiquitin share distant
fold similarity (Figure 5) although the distinct connectivity of their secondary
structure elements does not allow detection or quantification of their similarity by
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sequence-based methods. In a follow-up study, however, the authors showed that
ubiquitin and SDF-1 bind CXCR4 through distinct molecular determinants [163,
164] and built a CXCR4:ubiquitin complex model using automated and manual
docking of ubiquitin to the CXCR4 structure [163].

Despite these advances, a complete understanding of the structural principles
underlying the interaction of chemokine receptors with chemokines is still lacking
and most likely will not be reached until the structure of a complex is solved. The
incompleteness (lacking N-terminus) and the inactive conformation of the receptor
structures available to date make it impossible to predict receptor interactions with
chemokines with certainty. Moreover, some chemokine antagonist variants have
been shown to bind CXCR4 without inhibiting SDF-1a-induced signaling [165], a
seemingly paradoxical observation that hints at conformational heterogeneity of the
receptor with distinct subpopulations preferentially binding SDF-1a versus the
antagonist variants. Elucidation of such heterogeneity by means of X-ray crystal-
lography will enable more reliable computational studies of receptor-chemokine
complexes in different functional states.

5 Structure-Guided Understanding of Receptor
Interactions with HIV gp120

Both CCR5 and CXCR4 are known for their role as co-receptors for HIV entry into
host immune cells. Viral entry is a complicated molecular process initiated by
binding of the HIV envelope glycoprotein (gp120) trimer to the CD4 glycoprotein
on the surface of the host cells, which induces a conformational change in gp120
and exposes the previously buried variable loop 3 (V3). Using this loop and
probably other surface residues, the CD4-bound gp120 then binds to one of the
co-receptors (CCRS, CXCR4, or other chemokine receptors) which promotes more
stable attachment, further conformational changes, and ultimately penetration of
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Fig. 6 Chemokine receptor interaction with HIV gp120 protein. (a) A hypothetical depiction of
the overall architecture of molecular complexes involved in the initial stages of HIV entry. This
approximate model was built in the ICM molecular modeling package [32, 33] by first
superimposing the globular core of gpl20 from the crystallographic structure of gp120/CD4
complex (PDB 2qad [133]) onto the electron microscopy (EM) structure of a CD4-bound gp120
trimer (PDB 3dno [166]) and then by superimposing the crown of the V3 loop from our model of
V3 binding to the crystal structure of CCRS (PDB 4mbs [15]) onto the corresponding region of
gp120. The protomers in the gp120 trimer are colored white, grey, and black. (b) Comparison of
sequence profiles of gp120 V3 loops from M-tropic and T-tropic isolates indicates that coreceptor
switching from CCRS to CXCR4 involves accumulation of basic residues at multiple positions of
the V3 loop. To generate this image, alignments were built separately for 1307 unique M-tropic
and 495 unique T-tropic or dual-tropic V3 sequences from Los Alamos HIV database (http://www.
hiv.lanl.gov/). (c—d) Structural models of V3 loop interaction with CCRS5 (¢) and CXCR4 (d)
receptors

the target cell membrane by the N-terminal fusion peptide gp41 (Fig. 6a). For entry,
the primary HIV-1 isolates almost exclusively use CCRS, which is expressed on the
surface of macrophages and activated and memory T-cells. These isolates, referred
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to as RS, appear critical in establishing the persistent infection [167]. In the course
of disease progression, the virus evolves to use CXCR4 as a co-receptor, thus
expanding its target cell repertoire to include resting and naive T-cells [168]. Iso-
lates using exclusively CXCR4 or both CCRS5 and CXCR4 for entry are called X4
and R5X4, respectively, and typically develop at the advanced stages of the disease.

The structural determinants of HIV tropism and co-receptor switching are not
entirely understood. It is clear that co-receptor switching involves accumulation of
the basic residues in the stem of the V3 loop [169] (Fig. 6b), in accordance with the
more acidic composition of the CXCR4 binding pocket as compared to that of
CCRS5. Knowledge-based and statistical potential-based methods [169-172] have
been developed that predict co-receptor usage from sequence or structural models.
However, the specific molecular contacts between the V3 loop residues and the
binding site of the two co-receptors have not yet been elucidated. Moreover, it also
may be true that such specific contacts can only be identified in the context of each
individual HIV gp120 strain and that no universal interaction determinants exist.

Due to the structural and sequence homology between the CVX15 peptide and
the V3 loop of some T-tropic strains, the CXCR4:CVX15 complex structure may
provide insights into the possible mode of interaction and guide molecular model-
ing. In their CCRS5 structure paper [15], Tan et al. used molecular docking guided
by the CVX15-derived chemical fields [173] to build the model of the HIV gp120
V3 loop (T-tropic strain HXBc2) interacting with the CXCR4 binding pocket
(Fig. 6d) and homology modeling followed by local refinement to build an analo-
gous model of CCRS with a gp120 V3 loop of an M-tropic strain YU2 (Fig. 6c).
While the models agreed well with the receptor mutagenesis and HIV strain tropism
data, they may only represent one of multiple possible modes of V3 interaction with
the co-receptors. They also did not explain the mechanisms of CCRS interaction
with maraviroc-resistant gpl20 strains, which frequently emerge in treated
individuals.

The emergence of drug resistance raised serious concerns about the future of
co-receptor antagonists as HIV therapeutics [38]. Two mechanisms have been
proposed for this. The first mechanism involves the remarkable conformational
heterogeneity of CCR5. While the small-molecule antagonists, chemokines, and
most anti-CCRS antibodies seem to explore selected conformations rather than the
entire conformational spectrum, the HIV gp120 protein strains have been shown to
not only efficiently utilize multiple co-receptor conformations [174] but also evolve
towards conformations incompatible with either chemokine or small-molecule
antagonist binding [175]. An alternative resistance mechanism involves develop-
ment of the ability to enter cells via small-molecule-occupied CCRS, thus forming
ternary complexes [176]. The direction of resistant strain evolution is dependent on
the antagonist; for example, maraviroc and vicriviroc resistance has been mapped
to different amino acid changes in the gp120 V3 loop [177]. Resistance to CCRS5
inhibition by chemokines can be acquired by switching to alternative (i.e.,
chemokine-incompatible) conformations or by co-receptor switching [175]. The
phenomenon of noncompetitive resistance of T-tropic isolates to CXCR4
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antagonists has also been described [178], indicating that the resistance-forming
mechanisms may be common across the co-receptors.

The importance of conformational ensembles in GPCRs is being increasingly
recognized by the modelers and structural chemists. For example, Berro et al. used
ab initio prediction of the preferred functional conformers of CCRS5 and its signal-
ing dead or constitutively active mutants in complexes with maraviroc or vicriviroc
to derive plausible hypotheses about TM helix movements associated with these
mutations and/or binding events and possibly relevant to the HIV strain resistance
mechanisms [108]. However, our understanding of chemokine receptor conforma-
tional equilibrium, its role in ligand and HIV interactions, and the computational
tools needed for elucidating receptor conformational heterogeneity are still in their
infancy. Additional successes in the determination of chemokine receptor structures
in different functional and conformational states will be helpful in promoting such
understanding.

6 Structure-Guided Understanding of Receptor Dimers

The persistently dimeric behavior of chemokine receptors [179-181] has been
characterized by multiple experimental methods including
co-immunoprecipitation, fluorescence and bioluminescence resonance energy
transfer (FRET and BRET, respectively), and biomolecular fluorescence comple-
mentation (BiFC) [179]. The functional consequences of dimers have yet to be fully
understood but are already known to include changes in trafficking, G-protein
coupling, and positive or negative cooperativity in ligand binding and activation
(reviewed in [179, 181-183]).

However, there is no consensus about the structural basis for dimerization.
Crystallographic studies of the detergent-solubilized G-protein-coupled receptors
provide only limited information about their dimerization geometry in native
membranes. For most GPCR crystal structures, the inter-receptor packing interfaces
can be immediately discarded for reasons of insufficient size, lack of specific
interactions, or geometric incompatibility with the parallel orientation and twofold
rotational symmetry of the expected biological dimers. For other GPCR structures,
the observed crystallographic dimers pass these filters but are still lacking bio-
chemical evidence required for their unambiguous designation as biological dimers.
Among them, there is the dimer interface involving helices 5 and 6 and consistently
observed in all five crystal structures of CXCR4, despite the structures being solved
in different space groups and in different complex compositions [14]. A similar
interface is also observed in the structure of the p-opioid receptor [21] and in
several structures of squid rhodopsin [26]. Because the GPCR activation process
involves a rather dramatic conformational change in these TM segments [184], it is
not clear whether such geometry is compatible with activation. Other GPCR dimer
interfaces observed in crystallography involve TM segments 1 and 2 along with the
C-terminal helix 8 [23, 185] or TM helices 4 and 5 [183, 184].
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Several attempts have been made to reveal the biological dimerization interfaces
by designing point mutations that would disrupt the dimer formation and render the
receptor monomeric [29, 186, 187]. Importantly, the monomeric character of the
mutants has to be probed in live cells and preferably at the physiological levels of
receptor expression. However, the dimers proved to be exceptionally stable, possi-
bly due to scaffolding effects from other cellular proteins (e.g., G-proteins [188]) or
due to the existence of higher-order oligomers which make separation of dimer
subunits problematic [189]. The dimers also appear important for receptor folding
and trafficking, frequently resulting in modified expression profiles of the mutants
and effectively making it impossible to design and characterize a fully monomeric
but functional GPCR in live cells. Moreover, live cell studies using BRET, FRET,
and other proximity-based techniques invariably run into the caveat of altered
mutant expression and distribution between the cellular compartments thus not
being able to quantitatively distinguish strongly and weakly dimerizing constructs
[187]. Even experiments with fluorescent labeling of receptors exclusively at the
cell surface [29, 186] lack sufficient resolution for characterization of subtle
changes in dimerization brought about by single point mutations.

For example, Hernanz-Falcon et al. reported the identification of 152'->*V and
V150*7A as residues directly involved in CCRS dimerization using FRET [29];
however, this finding could not be reproduced with co-immunoprecipitation or
BRET [190]. Similarly, Kufareva et al. probed the relevance of the crystallographic
dimer of CXCR4 by introducing computationally designed mutations at the inter-
face and characterizing their effects with BRET [187]. Although changes were
observed in the donor-acceptor saturation BRET experiments with mutants com-
pared to wild-type CXCR4, they could not be unambiguously interpreted as
changes in the dimerization affinity due to limitations in the quantification of the
BRET data when comparing different transfectants.

An alternative approach for identifying dimer interfaces involves competition
with small exogenously introduced peptides mimicking the selected transmem-
brane domains [191]. Using FRET between surface-labeled CCRS, Hernanz-Falcon
et al. discovered that 7-residue peptides mimicking TM domains 2 and 4 of the
wild-type CCRS5 disrupted the preformed dimer, while those containing mutations
did not [29]. For CXCRA4, peptides mimicking TM domains 2 and 4 had no effect on
preformed dimers but inhibited agonist-induced changes in the dimer geometry, as
shown by BRET [192]. A similar effect was observed with peptides mimicking
TM6 and 7, albeit to a lower extent. It is hard to say, however, whether such
peptides inhibit dimerization by directly binding at the dimer interface or by an
allosteric mechanism that disrupts TM bundle packing at a site distant from the
interface.

In some GPCRs (but to the best of our knowledge, not in chemokine receptors),
the dimerization interfaces have also been studied using computational approaches.
By rigid-body docking of homology models of neurotensin receptors, Casciari
et al. concluded that the dimer interface involves helices TM1, 2, and
4 [193]. Using coarse-grained biased molecular dynamics simulations in POPC
lipid bilayers [194], Periole et al. identified TM1/H8 and TM4/3 as alternative
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dimerization interfaces in bovine rhodopsin dimers [195]. With a similar simula-
tion, Johnston and colleagues evaluated the relative stability of the TM1/H8 and
TM4/3 dimers in Bl1- and P2-adrenergic receptors [196], concluding that the
TM1/H8 interface is more stable. Finally, by exploring the concept of residual
hydrophobic mismatch between the GPCR TM helices and the surrounding lipids in
the context of a coarse-grain molecular dynamics simulation, Mondal et al. were
able to rationalize the distinct oligomerization behaviors of f1- and p2-adrenergic
receptors [197]. These and similar computational studies may provide interesting
dimerization geometry hypotheses, although in view of the above experimental
challenges, their validation may not be straightforward.

7 Structure-Based Design of Crystallographic Constructs
for Chemokine Receptors

G-protein-coupled receptors represent challenging targets for structural and bio-
physical studies because of their notorious instability outside of their native mem-
brane environment. Except for bovine rhodopsin, all crystallized GPCRs to date
have been artificially stabilized to improve their behavior in detergent. The three
stabilization approaches that proved successful thus far are point mutations,
N-terminal or internal fusions with soluble proteins, and stabilizing antibodies. In
particular, the multiple structures of PBi-adrenergic [198-201] and adenosine Aja
[202-205] receptors were obtained using engineered constructs containing, in some
cases, as many as nine simultaneous point mutations. Molecular dynamics simula-
tions provided a rational explanation for the observed improvements in the stability
of these crystallized mutant receptors [206, 207]. It is worth noting, however, that
the stabilizing mutations were identified by comprehensive alanine scanning muta-
genesis, which is an expensive and time-consuming process. In view of this, there is
a considerable interest in rational methods that can help design crystallizable GPCR
constructs with minimal experimental trial and error.

Methods for predicting stabilizing substitutions have been successfully devel-
oped in the context of soluble proteins and include both force field-based and
knowledge-based approaches [208, 209]. However, they are not ideally suited for
prediction of GPCR stability in detergents. To address this challenge, we developed
a method for rational structure- or model-guided design of stabilizing mutations in
GPCRs and benchmarked it on the available GPCR stabilizing mutations [66]. The
method was applied to the design of stabilizing mutations in CCRS5 using an
ensemble of CXCR4-based and bRho-based homology models of the receptor. Of
the 24 proposed mutations, 4 have been shown to improve the stability and
homogeneity of detergent-solubilized CCRS. In combination with a rubredoxin
fusion in ICL3, these mutations enabled the crystallization of the receptor in
complex with maraviroc [15]. Retrospective analysis of the mutations in the context
of the structure showed that three of them (C581'60Y, A2336'33D, and K3O38'49E, all
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located at the intracellular termini of TM helices) stabilize the receptor by forming
a ring of alternating acids and bases and thus a favorable network of hydrogen
bonds (Fig. 7). Of note, the A233%%3D mutation, but not other mutations, selec-
tively stabilized the inactive state and rendered the receptor signaling dead. The
G163*° N mutation in the extracellular half of TM4 improves the helix rigidity
and residue packing in this region.

Similarly, by a combination of bioinformatics and structural analysis of the
[{-adrenergic receptor, Chen et al. identified regions of local instability in its TM
domain, namely, six nonconserved polar residues that were not significantly stabi-
lized by hydrogen bonds. These nonconserved unsatisfied polar residue positions,
as well as poorly packed hydrophobic regions, were used to prospectively design
stabilizing residue substitutions using the Rosetta Membrane software. After strin-
gent filtering of solutions, the authors arrived at nine single- and multiple-point
mutants, all of which were found to have higher melting temperatures (improve-
ments ranging from 0.3°C to 8.7°C) than the crystallized construct that was used to
design them. Moreover, the designs could be combined to achieve as much as 11°C
in stability increase [210].

These successes illustrate that structure-based design of stabilizing mutations is
an attainable goal, although the success rates heavily depend on the accuracy of the
structure or, in the case of CCRS, of the model used for mutant design. Because the
main application of such methods is for receptors for which structures do not exist,
higher success rates are expected for close homologs of already crystallized recep-
tors. Moreover, selective stabilization of different functional states requires predic-
tion of such states in the model, which, at the present state of the art, is not
achievable in the absence of the relevant templates.

8 Modeling of Other Chemokine Receptors by Homology
with Existing Structures

GPCR Dock 2010 illustrated how challenging receptor modeling is in the absence
of closely related homology templates [54, 211]. In 2010, the CXCR4 structures
provided the first atomic-resolution glimpse of the organization of chemokine
receptors, which was enriched in 2013 by the CCRS structure. These advances
now enable modeling of other chemokine receptors with previously unattainable
degree of prediction reliability [212]. Figure 8 summarizes the levels of homology
observed between the solved structures and other receptors in the chemokine
family.

As such, the available chemokine receptor structures have already informed and
empowered studies of CXCR2 [214], CXCR3 [215], CXCR7 [216], and other
chemokine receptors. For example, De Kruijf et al. used a CXCR4-based model
of CXCR2, comparative structure analysis, and in silico-guided mutagenesis stud-
ies to locate a novel allosteric binding site for imidazolylpyrimidine compounds
between TM helices 3, 5, and 6 [214]. Similarly, using site-directed mutagenesis
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Fig. 8 Per-residue sequence similarity of CCRS5 (black) and CXCR4 (blue) with all chemokine
and chemokine-like receptors was iteratively window-averaged along the sequence. Similarity was
quantitated using normalized Gonnet matrix [213]. The location of TM domains is marked with
grey stripes. Residues tentatively predicted to interact with chemokines in CXCR4 are projected
through the sequence alignment and shown as red bars

and in silico CXCR4-based modeling of CXCR3, Scholten and colleagues eluci-
dated the binding modes of distinct chemotypes of CXCR3 antagonists [215]. A
virtual screening protocol using the consensus of pharmacophore-based and model-
based approaches was proposed for the identification of CXCR3 antagonists, using
the CXCR4 structure for the CXCR3 modeling [217]. Finally, using CXCR4-based
conformational ensemble homology modeling, docking, and virtual screening,
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Yoshikawa et al. were able to identify novel chemotypes of CXCR7 antagonists
[216]. While the accuracy of compound binding pose predictions can only be
confirmed (or disproved) by future X-ray crystallography efforts, these studies
support the role of the structures in the chemokine receptor research and discovery.

Conclusion

The recently solved crystallographic structure of two chemokine receptors,
CXCR4 and CCRS, provided valuable insights into the molecular mecha-
nisms of chemokine receptor function and interaction with various ligands.
However, they did not answer all the questions and have not led to molecular
discovery breakthroughs to the extent comparable with the structures of other
GPCRs. A possible reason for this shortfall is the inherently challenging
nature of chemokine receptors that evolved to efficiently interact with
chemokines via their conformationally variable, polar, and poorly druggable
interfaces. Along with the experimentally determined structures, important
molecular discoveries could be and were made using computational models
of the receptors built from distantly homologous templates that were subse-
quently refined and trained to be predictive via application of modern com-
putational refinement methodologies. Ligand- and pharmacophore-based
techniques that are independent of receptor pocket models also proved
productive.

In view of challenges posed by this family of receptors, only the efficient
symbiosis of computational modeling with experimental determination of
chemokine receptor structures with multiple ligands and in multiple func-
tional states has the potential of answering all the questions.
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Allosteric Modulation of Chemokine
Receptors

Nuska Tschammer, Arthur Christopoulos, and Terry Kenakin

Abstract A central role of chemokines and their receptors in inflammatory pro-
cesses has spurred numerous screening campaigns dedicated to the search for
chemokine-receptor antagonists, which largely failed to deliver drugs for the
treatment of inflammatory diseases. The quest for effective chemokine-receptor
drug candidates thus continues, and the concept of allosteric targeting of the
receptors may be the way forward. In this review, the complex allosteric mecha-
nisms by which the functions of chemokines and their receptors are fine-tuned will
be discussed and their impact on preclinical drug discovery presented. The oppor-
tunities and challenges of bench-to-clinic approaches are elucidated. We propose
that while allosteric modulation of chemokine receptors adds a level of complexity
to analyses and approaches to drug discovery, it also introduces a tremendous
capacity for pharmacologic control of this physiological system for therapeutic
advantage.
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1 Introduction

The chemokine-receptor system is a delicately woven network of more than
50 chemokines, which exert their action by interactions with over 20 classical
and atypical chemokine receptors, and orchestrates functions of various immune
cells in health and disease. Their central role in the inflammatory processes has led
to the initiation of programs for the development of chemokine-receptor antagonists
by several major pharmaceutical companies. The development of orthosteric
ligands as antagonists and agonists of chemokine receptors has proven to be a
challenge because of a fairly large natural ligands chemokines (soluble proteins
with the size up to 10 kDa) [1]. However, allosteric ligands, known to produce
global changes in receptor protein conformation [2], fill the void, and a number of
allosteric chemokine agonists and antagonists have been reported [3]. Approxi-
mately 40 candidates have progressed into human clinical trials, but these have
largely failed to deliver drugs for the treatment of inflammatory and/or autoimmune
diseases [1, 4, 5]. The only two drugs that inhibit chemokine receptors are approved
for the noninflammatory indications: the treatment of HIV infection (maraviroc,
allosteric inhibitor of the CCRS5 receptor) and stem cell mobilization (plerixafor
(AMD3100), inhibitor of the CXCR4 receptor). Inappropriate target selection,
ineffective dosing, off-target effects, and poor drug-like properties of the small
molecule antagonists were suggested as the most likely culprit for the lack of
efficacy in clinical trials.

The quest for effective chemokine-receptor drug candidates continues. Most
efforts are focused on the development of allosteric ligands, which can have three
basic phenotypic effects on the receptor: (1) modulate or reduce endogenous
agonist activity; (2) potentiate endogenous agonist activity; and/or (3) directly
activate receptors (in this latter category, depression of constitutive activity to
produce inverse agonism is also included). The complex properties of allosteric
ligands, which include probe dependence and biased signaling, can present both
challenges and opportunities for preclinical drug discovery [6]. In this review we



Allosteric Modulation of Chemokine Receptors 89

discuss the mechanism of chemokine-receptor interactions and their role in health
and disease. The mechanisms of allostery are also discussed in detail and their
therapeutic benefits illustrated. Finally the opportunities and challenges in the
development of therapeutics targeting chemokine receptors are presented.

2 Mechanism of Chemokine-Receptor Interactions

Despite many years of research, the precise mechanisms underlying the interaction
of chemokines with their receptors and the subsequent activation processes remain
incompletely understood. It is known that both CC and CXC family chemokines
have the potential to interact with the receptors as monomers or dimers [7]. How-
ever, only monomeric CC chemokines have the ability to activate their cognate
receptors, whereas monomeric or dimeric CXC family chemokines can activate
their receptors [8—11]. A general model that has been proposed to describe
the chemokine-receptor interaction is the so-called “two-site” or “two-step”
model [3, 7]. As illustrated schematically in Fig. 1, the first step of the interaction
involves the binding of the globular core region of the chemokine to the receptor’s
N terminus and extracellular loops, often referred to as “site 1.” This is governed
largely by ionic interactions and includes an important role of sulfated tyrosines
in the receptor’s N-terminal region, not only in terms of affecting chemokine
affinity but also selectivity [12—14]. The second step of the interaction involves a
conformational rearrangement of the N-terminal portion of the chemokine to
engage “site 2,” which is comprised of transmembrane and extracellular loop
domains (Fig. 1). The chemokine N terminus is considered the “triggering domain,”
since it is this second step that results in receptor activation [3].

Fig. 1 The “two-step”
binding mechanism
proposed for chemokine-
receptor interactions. Step
1 involves interaction
between the globular core
domain of the chemokine
with the receptor N
terminus and extracellular
regions prior to
conformational
rearrangement that occurs
in step 2, leading to
engagement by the
chemokine N-terminal
region of receptor

transmembrane regions and STEP 1 STEP 2

subsequent activation
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Although there is consensus for the two-step model as a general descriptor of the
chemokine-receptor engagement process, the specific details underlying the rele-
vant interactions can vary between receptors, as well as between different
chemokines interacting at the same receptor. This has important implications
given that chemokine receptors are highly promiscuous with regard to both their
cognate ligands and associated intracellular signaling pathways and suggests that
even subtly different networks of interactions at the level of the receptor can play a
substantial role in governing functional outcomes.

3 Promiscuity of Chemokines and Their Receptors
in Health and Disease

A common misinterpretation of the crossover activity of endogenous chemokines
and their receptors is that the promiscuity of the chemokine system indicates
redundancy (several chemokines or chemokine receptor can carry the same func-
tion in vivo [4]). This notion also promotes the concept that it will be impossible to
derive therapeutic benefit by inhibiting a single chemokine receptor, as a separate
chemokine receptor (or even many other chemokine receptors) will merely com-
pensate for the role of the inhibited receptor, and the pathology will remain.
However, a closer analysis shows that discrete chemokines are under differential
temporal (Fig. 2a) and spatial (Fig. 2b) control in vivo and that the multiple binding
events, for example, the binding of different chemokines to a given chemokine
receptor, do not necessarily result in the same biological response [4, 5, 7, 15,

CXCR4 CCR4
CCR7 CCRT
Naive Tcell af Tcell
CCR1 [CXCR3 CCR4
CCR2 ce
CCRS CCR3
Type1 helper Tcell Type2 helper Tcell

Fig. 2 Differential temporal and spatial distribution of chemokines. (a) Chemokine receptors can
be grouped (with some exceptions) as homeostatic or constitutive (developmentally regulated) or
inducible (inflammatory). (b) T-cell polarization results in selective expression of chemokine
receptors [15, 16]
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16]. The chemokine receptor CXCR3 is one of the examples of this phenomenon.
CXCR3 is rapidly induced on naive T cells following activation and preferentially
remains highly expressed on typel helper (Th1)-type CD4" T cells, effector CD8"
T cells, and innate-type lymphocytes, such as natural killer (NK) and natural killer
T cells (NKT) [17]. CXCR3 is activated by three chemokine ligands: CXCLD9,
CXCL10, and CXCL11. Differential regulation of the three ligands at specific times
in defined anatomically restricted locations in vivo likely participates in the fine
control of T-cell trafficking over the course of an immune response. For example,
CXCL10 is induced by a variety of innate stimuli that induce IFN-o/IFN-f as well
as the adaptive immune cell cytokine IFN-y [18, 19], whereas CXCL9 induction is
restricted to IFN-y [18, 20], the induction of CXCL11 is limited to IFN-y and IFN-f§
but not by IFN-a [21]. Also there is a hierarchy of affinity for CXCR3 with
CXCLI11 having the highest affinity followed by CXCL10 with moderate affinity
and with CXCL9 having the lowest affinity [22-25]. Also, while CXCLI11 is
reported to completely displace CXCL10 from CXCR3, a substantial amount of
bound CXCLI11 is not displaced by CXCL10 [23, 26]. As alluded to in the
preceding section, the receptor regions required for activation upon the chemokine
binding can differ between chemokine ligands. For example, the proximal 16 amino
acid residues of the N terminus are required for CXCL10 and CXCL11 binding and
activation of CXCR3, but not for activation by CXCL9 [27]. Also CXCR3 inter-
nalization is governed by two different domains distinctly used by its ligands. The
C-terminus is predominantly required for CXCL9- and CXCL10-mediated inter-
nalization, whereas the third intracellular loop is required by CXCL11 [28]. The
differences in the interactions between the three CXCR3 ligands with the receptor
result ultimately in dissimilar functional responses. The chemokines CXCLD9,
CXCLI10, and CXCL11 differentially stimulate G;-independent signaling and
actin response in human intestinal myofibroblasts [29]. The three CXCR3 ligands
share the ability to activate PI3K and MAPK and actin reorganization; however,
CXCLI11 is unique in its ability to elevate intracellular calcium [29]. In the case of
lymphocytic choriomeningitis virus-induced meningitis in mice, the results indi-
cated a central role for CXCL10 in regulating the accumulation of effector T cells at
sites of CNS inflammation, with no apparent compensatory effect of other CXCR3
ligands [30]. In a mouse tumor model, it has been shown that CXCR3-targeting
human CXC chemokines CXCL9 and CXCL10 have potent antitumor activity
through inhibition of angiogenesis, but not CXCL11 [31].

The CXCR3 chemokines do not regulate only the Th1 lymphocytes, but have a
striking role also in the regulation of Th2 lymphocytes that express CCR3. The
chemokines CXCL9, CXCL10, and CXCL11 act as antagonists for CCR3 and
compete for the binding of CCL11- to CCR3-bearing cells and inhibit their migra-
tion. These results suggest that chemokines that attract Thl cells via CXCR3 can
concomitantly block the migration of Th2 cells in response to CCR3 ligands, thus
enhancing the polarization of T-cell recruitment [32]. A further example of regu-
lation of different functions by the same chemokine ligand targeting different
receptors is the chemokine ligand CCLS5. CCLS5 is expressed and secreted by
many cell types including activated T lymphocytes, fibroblasts, and renal and
pulmonary epithelia [33, 34]. This CC chemokine is a chemoattractant for
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monocytes, T lymphocytes, NK cells, basophils, eosinophils, and dendritic cells
[35, 36]. CCLS5 binds to four different chemokine receptors: CCR1, CCR3, CCR4,
and CCRS. Not surprisingly it was shown that distinct but overlapping epitopes of
the N terminus of CCLS5 are responsible for the interactions and activation of CCR1,
CCR3, CCR4, and CCRS [36, 37]. The activation of the abovementioned receptors
by CCLS5 triggers chemotaxis toward this ligand and also receptor-specific
non-chemotactic responses [37, 38]. Monocytes and Thl-like T-cell clones arrest
under the CCL5-mediated activation of CCRI1; on the other hand the CCLS5-
mediated activation of CCRS5 contributes to the spreading of cells in shear flow
[38]. Probe-dependent allostery may serve to allow fine tuning of chemokine
response in the seemingly redundant arena of multiple chemokine agonists for
receptors. Thus, while CCL19 and CCL21 are both agonists for the CCR7 receptor,
their signaling effects are quite different. Specifically, both activate G proteins but
only CCL19 causes agonist-dependent phosphorylation of the receptor and recruit-
ment of p-arrestin to terminate response [39].

The differential activation and antagonism of these multiple chemokine systems
through conventional orthosteric mechanisms (interaction with the endogenous
chemokine binding site) cannot be achieved since the occupancy of the receptor
by a synthetic ligand will preclude binding of all other chemokines. However,
allosteric mechanisms can produce a very much more diverse effect by selectively
altering responses to some chemokines and not others.

4 Allostery and Chemokine Receptors

There are two essential characteristics of protein allostery that are relevant to
chemokine-receptor signaling. The first relates to the relative geography of binding
of the allosteric and endogenous ligand. The separation of allosteric and chemokine
binding sites has been shown structurally through mutation studies for many
chemokine receptors. For example, HIV-1 allosteric entry inhibitors have been
shown to bind to a site distant from the chemokine binding site for CCRS5 [40—
42]. Similarly, a growing list of allosteric ligands has been shown to access
chemokine receptors from the intracellular space [43—46]. The separation of bind-
ing sites has been suggested to be advantageous for finding selective ligands.
Specifically, the prominent cross-reactivity of chemokine receptors for different
chemokines ([4] — see Fig. 3) predicts difficulty in the design of orthosteric ligands
selective for a given chemokine receptor. However, as has been suggested for some
receptors, allosteric sites may be more diverse between subtypes of receptor [47—
51] thereby allowing the development of selective chemokine-receptor ligands
through allosteric means. On the other hand, there is no strict a priori reason that
a given allosteric site could not be found in more than one chemokine receptor, and
allosteric ligands for more than a single chemokine receptor are known (i.e.,
Sch527123 blocks both CXCR1 and CXCR?2 receptors [52]). This issue is discussed
in detail in the subchapter Challenges and opportunities faced in the design of
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Fig. 3 Cross-reactivity of
natural chemokines for Receptor Chemokine Receptor Chemokine
chemokine receptors.
Redrawn from Proudfoot CXCL8 CCL5
(2002) [4] CXCR1 CXCL6 CCR1 CCL3
CXCL7 CCL7
CXCR2 CXCL5 CCL2
CXCL1 CCR2 CCLS8
CXcL2 ccL13
CXCL3 CCR3 ccL11
CXCL10 cCL17
CXCR3 CXCL9 CCR4 cCL22
CXCLA11 CCR5 ccL4
CXCR4 —— CXCL12 CCR6 CCL20
CXCR5 —— CXCL13 CCR7 ccL19
CXCR6 —— CXCL16 ccL21
CCRS8 CCL1
CCR9 CcCL28
CCR10 ccL27
CCR11 — CCL25
CX,CR1 CX,CL1
XCR1 XCL1

allosteric ligands for chemokine receptors. Interestingly, as will be seen with other
allosteric modulators, there is no reliable way to predict the effects of modulation.

Since allosteric molecules bind to a site separate from that utilized by the
endogenous agonist, there are no rules for the relationship between the effects of
the allosteric modulator and the endogenous agonist. This is not true for orthosteric
effects where the ligand binds to the same site as the endogenous agonist. Under
these circumstances, there is an obligatory relationship between occupancy of the
receptor by the orthosteric ligand and the endogenous agonist. For example, if the
ligand does not have intrinsic efficacy for the receptor, then it will produce
surmountable (or in cases of temporal disequilibrium) insurmountable antagonism
with a strict relationship existing between the affinity of the ligand and its concen-
tration in the receptor compartment [53]. If the orthosteric ligand is a partial
agonist, then there will be a strict relationship between the direct agonism produced
by the ligand and the alteration of response to the endogenous ligand, i.e., the
effects to the endogenous ligand will be blocked. In contrast, allosteric effects are
permissive [54] in that the endogenous agonist may be free to interact with the
receptor even in the presence of the allosteric modulator. For example, reparixin
was found to inhibit different signaling pathways of CXCR1 and CXCR2 activated
by CXCLS but had no effect on CXCLS8 binding to the receptors [55]. Also, it was
also possible to gain selectivity between CCR1 and CCR8 vs CCRS and to
modulate the allosteric properties of this class of ligands from being
ago-allosteric modulators to being agonists without allosteric properties in CCR1
and simultaneously to being allosteric modulators with no intrinsic activity in
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Fig. 4 Two distinct pharmacological mechanisms for partial agonism. Orthosteric partial
agonism links agonist effect with antagonism of more efficacious agonists in a compulsory
manner. In contrast, allosteric partial agonists do not. Specifically, depending on the values of a
and f [see Eq. (1)], allosteric partial agonists may block, have effect on, or potentiate more
efficacious agonists

CCRS5 [56]. As will be seen from the current models of allosteric function, modu-
lators can separately alter the affinity and/or efficacy of the endogenous agonist and
thus produce a plethora of effects. Figure 4 shows the obligatory range of effects of
a partial agonist on endogenous agonism and the considerably different range of
effects of an allosteric partial agonist on endogenous agonism. It is this variety that
constitutes the therapeutic potential of allosteric modulators.

The fact that allosteric molecules bind to their own site on the receptor protein
also leads to the property of saturation of effect, i.e., whatever allosteric effect is
operative on the receptor and endogenous signaling, there will be a maximal
asymptote to that effect when the allosteric binding sites are fully occupied. This,
coupled with the permissive quality of allosterism, can lead to unique therapeutic
profiles whereby the receptor signaling system may be only modified, not
completely inhibited. For example, the allosteric modulator UCB35625 produces
only a 1.5-fold reduction in the affinity of the CCR1 receptor for CCL3 [57] — see
Fig. 5. This permissive quality opens the therapeutic pharmacological toolbox to
ligands that can have a range of activity from slight modulation of response to
potentiation of weak endogenous signaling (through the action of positive allosteric
modulators, PAMs).

The other unique feature of allosteric molecules is probe dependence. At this
point it is useful to define allosteric effects on chemokine receptors in terms of
changes in the activity of receptor “probes”; these are defined as the endogenous
chemokine or other synthetic agonists that co-bind to the receptor with the allosteric
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Fig. 5 Effect of the allosteric modulator UCB35625 on the binding of ['>°I]-CCL3. Translation of
the partial displacement curve shown in panel B into the effect on a saturation binding curve for
['%1]-CCL3 (panel A) shows a very mild modulation of affinity for the chemokine. Redrawn from
Sabroe et al. [57]

modulator. Allosteric molecules affect receptor signaling from other (endogenous)
molecules through changes in the conformation of the receptor, and there is no
reason that the change in conformation induced by a given allosteric molecule will
have identical effects on two receptor probes. In fact, it is well known that allosteric
modulators can have radically different effects on the interaction of two probes with
the same receptor. For example, the allosteric modulator alcuronium produces an
inhibition of the binding of the M2 receptor radioligand antagonist [*H]-methyl-
QNB but a potentiation of the binding of the M2 receptor antagonist radioligand
[3H]-atr0pine [58]. An example of a similar effect with chemokine receptors is
found in the allosteric CXCR4 receptor modulator which AMD-3100 blocks
CXCL12 binding but enhances the binding of CXCL12 to its other natural receptor
CXCRT7[59]. It will be seen that probe dependence can lead to major therapeutic
advantages in the pharmacological manipulation of chemokine systems. The vari-
ous effects of allosteric ligands on chemokine receptors will be described in terms
of these general characteristics of saturation of effect and probe dependence.

5 The Allosteric Vector

Allosteric effects can be described in terms of the cooperative effects of two bodies
with the receptor; the ternary complex defined by the two co-binding ligands and
receptor is defined as the allosteric vector [2]. The allosteric vector is comprised of
a modulator binding to a conduit (receptor) affecting the further interaction of this
complex with a guest — see Fig. 6. It should be noted that the definition of the terms
modulator and guest are essentially interchangeable in that the allosteric energy
generated by the complete interaction is bidirectional in flow, i.e., while a defined
modulator can be seen to affect the interaction of the receptor with a guest, the guest
will impart the same effect on the interaction of the receptor with the modulator.
Thus, the allosteric vector is relevant only to descriptions of overall outcome of the
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Fig. 6 All activities of seven transmembrane receptors are allosteric and can be described in terms
of a modulator that interacts with a conduit (the receptor) to cause a reciprocal effect on the
interaction of the modulator-conduit unit with a guest (which can be another ligand, receptor,
protein, signaling protein, etc). Thus, a complete description of the function of the receptor must
include information about the nature and concentration of the modulator and guest

interaction. Chemokine receptors, like all 7TMRs, are defined by their interactants
(modulators and guests). Thus, it is the ternary complex of modulator (i.e., agonist),
receptor (conduit), and guest (particular signaling protein, i.e., p-arrestin) that
defines the drug parameters efficacy (as defined by the Black and Leff’s operational
model [60]) as the term 7 and affinity (as defined by the reciprocal of the equilib-
rium dissociation constant of the modulator (agonist)-receptor complex). It will be
seen that some of the confusion surrounding chemokine function and chemokine-
receptor-targeted drugs is associated with making drug parameter measurements in
systems where the appropriate ternary complex is not present.

All activities of chemokine receptors are allosteric in nature, i.e., chemokine
receptors interact with chemokines to change their conformation and the resulting
complex interacts uniquely with another body (guest) to induce pharmacological
response. These interactions can be classified in terms of three types of allosteric
vector (see Fig. 7):

1. Allosterism along the plane of the cell membrane (oligomerization)
2. Guest allosterism — cooperativity between species binding to the receptor
3. Cell cytosol directed allosterism: (biased) agonism

The first to be considered is an allosteric vector oriented along the plane of the
cell membrane — see Fig. 7.
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Fig. 7 All allosteric functions can be described in terms of an allosteric vector which may have
different directions pharmacologically. The allosterism may be directed along the plane of the cell
membrane to mediate receptor oligomerization or interaction with membrane components such as
RAMPS, of through the receptor between ligands (guest allostery). Thus, allosteric modulators
(NAMs, PAMs) can affect the reactivity of the receptor toward natural chemokine ligands through
this mechanism. Finally, the vector may be directed toward the cytosol since all agonism is
allosteric in nature. Probe dependence at this level can lead to biased agonism

5.1 Allosterism Along the Plane of the Membrane

There is considerable evidence that chemokine receptors form functional dimers
[61-66]. Dimerization can be thought of in allosteric terms as having two functional
consequences. In one, the dimerizing receptor can be the allosteric modulator as is
seen with co-expression of the CXCR7 receptor in cells containing the CXCR4
receptor [67]. Specifically, while the chemokine CXCL12 produces a calcium
response through the CXCR4 receptor in HEK 293T cells, this ligand does not
produce a calcium response through the CXCR?7 receptor in the same cells. How-
ever, co-expression of the CXCR7 receptor in CXCR4-containing cells causes the
concentration-response curve to CXCL12 to shift to the right by a factor of 9, i.e.,
the CXCR?7 receptor functions as a negative allosteric modulator for CXCL12
acting on CXCR4 receptors [67]. Another example of membrane level allosteric
modulation is with membrane-bound single transmembrane receptor activity mod-
ifying proteins (RAMPs) [68, 69]. For example, the human calcitonin receptor is
less sensitive to the peptide amylin than it is to human calcitonin until the receptor
is co-expressed with RAMP3; the new complex forms a new phenotype whereby
amylin is more potent than human calcitonin and the potency of antagonists
selectively increases to amylin response (over human calcitonin response)
[68]. Receptor heterodimerization also can cause alteration of chemokine signaling.
For example, CCR2/CCR5 heterodimerization causes recruitment of dissimilar
signaling pathways, namely, Gy, association to cause a pertussis-insensitive
calcium response leading to cell adhesion instead of chemotaxis [70].
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In another scenario, receptor dimerization can form a new allosteric conduit
through which antagonists can cross-react, i.e., a previously inactive antagonist for
a receptor can attain activity at that receptor once heterodimerization has occurred.
For example, in binding studies with the CCR2 and CXCR4 receptor, cross
antagonist activity is seen with the formation of CCR2/CXCR4 heterodimers.
Specifically, the binding of the CXCR4 receptor radioligand '*’I-CXCL12/SDF-
la is blocked with the CXCR4 receptor antagonist AMD-3100 (K; =0.81 nM) but
not the CCR2 antagonist TAK-779 (K;>1 pM); when the CCR2 receptor is
co-expressed in the cell, then TAK-779 becomes a potent antagonist of '*°I-
CXCL12 binding (K; =0.08 nM) [61]. Such cross-receptor interaction can occur
with chemokine and non-chemokine heteromers. For example, CXCR2 receptor
antagonists can enhance the function of 8-opioid receptor (DOP) agonists through
the formation of a CXCR2/DOP heterodimer [71].

In some cases, this dimerization can have therapeutic consequences as in the
mediation of HIV-1 entry in AIDS. For example, it is known that homozygous
CCR5A32 individuals are resistant to AIDS by virtue of the fact that the CCRS
receptor cannot reach the cell surface to mediate HIV-1 infection. However, it also
is known that heterozygous CCR5A32 individuals (who still possess native CCRS
receptors capable of mediating HIV-1 entry) progress to AIDS more slowly than
usual when infected [42, 72]; this effect is attributed to the formation of CCRS/
CCR5A32 heterodimers in the endoplasmic reticulum leading to a reduced cell
surface level of CCR5 receptors [73].

5.2 Guest Allosterism

The most extensively studied allosteric vector describes the interaction of an
allosteric modulator on the effects of chemokines on chemokine receptors; this
will be referred to as “guest allostery” — see Fig. 5. An allosterically modulated
receptor should be considered a new receptor with possibly completely new prop-
erties of interaction with the endogenous agonist. Under these circumstances, both
the affinity and efficacy of the endogenous agonist may change [54, 74, 75]. The
factor quantifying the effect of the modulator on affinity is denoted a, and it is
defined as the ratio of the affinity of the endogenous agonist in the presence of the
modulator to the affinity in the absence of the modulator. Therefore, an a-value of
10 means that the modulator increased the affinity of the receptor for the endoge-
nous agonist by a factor of 10. An independent property of the endogenous agonist
is its efficacy for the receptor (ability to produce activation). Analogous to effects
on affinity, a factor f3 is defined as the ratio of the efficacy of the endogenous agonist
in the presence of the modulator to the efficacy in the absence of the modulator.
Thus, when = 10, the efficacy of the endogenous agonist is increased by a factor
of 10 in the presence of the modulator. Finally, the allosteric modulator may itself
activate the receptor upon binding; therefore, a term zg is defined as the intrinsic
efficacy of the modulator. A total of three parameters, along with the equilibrium
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dissociation constant of the modulator-receptor complex (Kg), define the effects of
an allosteric modulator on the receptor. In order to describe guest allostery, it is
useful to define allosteric effects in terms of a functional allosteric receptor model.
This model combines the allosteric receptor-binding model presented by Stockton
et al. [76] and Ehlert [77] with Black and Leff’s operational model for agonism.
With this model, the response to an agonist A in the presence of an allosteric
modulator B (with no direct allosteric agonism by the modulator) is given by [54,
78, 79]

TA[A]/KA(l + (lﬂ[B]/KB)
[A]/Ka(1 + a[B]/Ks) + 7a(1 + af[B]/Ks) + [B] /Kp + 1

Response =

(1)

where 74 is the endogenous agonist efficacy, K5 and Ky are the respective equilib-
rium dissociation constants for the agonist- and modulator-receptor complexes, a is
the effect of the modulator on agonist affinity, and $ is the effect of the modulator
on agonist A efficacy.

One feature of Eq. (1) is that it allows the nature of the agonist A to interact with
the cooperative properties of the allosteric ligand in the terms afto[A]/KA [B]Kp
and a[A]/K [B]/Kg; this allows the model to produce probe dependence, i.e.,
different agonists (75 and K, values) can produce different effects with the same
modulator through varying values of a and f. This is actually a prominent feature of
guest allostery and examples of these effects can be found in chemokine-receptor-
mediated responses. For example, the allosteric CXCR4 receptor modular
AMD?3100 blocks the effects of the natural CXCR4 agonist CXCL12 but does
not block the effects of CXCL12 peptide fragments RSVM and ASLW [80]. Sim-
ilarly, a series of metal-ion chelating compounds have been shown to have differ-
ential effects on the binding of two natural agonists for the CCR1 receptor.
Specifically, they negatively affect the binding of CCL5 but act as allosteric
enhancers of binding of CCL3 illustrating opposite a-values [see Eq. (1)] for
affinity on CCRS5 [81]. Similarly, enhancers of GLP-1 response produce differential
sensitization to natural agonists of the GLP-1 receptor. Thus, while the positive
allosteric modulator NOVO?2 produces virtually no sensitization to the agonist GLP
(1-37) (afp=1.14), it potentiates the effects of the agonist oxyntomodulin by a
factor of 25 (aff =2.5) [82].

Another consequence of the functional allosteric model is the potential for
modulators to independently affect co-binding ligand affinity and efficacy. Thus,
the CCR5 HIV-1 entry inhibitor modulator aplaviroc does not substantially block
the binding of the chemokine CCLS5 to the receptor but does completely block its
functional effect [83]. Similarly, the dual CXCR1 and CXCR?2 antagonist reparixin
blocks the effects of CXCLS8 but not its binding [55, 84]. Similarly, a series of
naphthalene-sulfonamide-based antagonists of CCR8 show potent inverse agonist
effects (from 1.7 to 23 nM ECsp) with antagonist values of 100-fold lower potency
[85]. A dischotomy in binding and function is also seen with the CCR1 antagonist
BX471 which blocks function but cannot be displaced in binding studies with
CCL3, CCLS, or CCL7 [86]. Differential effects on CCRS5 receptors also have
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Fig. 8 Reverse potencies of two allosteric ligands in the blockade of CCL3L1-induced internal-
ization of CCRS5 receptors (curves labeled INT) and inhibition of HIV-1 entry (labeled HIV). It can
be seen that, while TAK779 is more potent as an inhibitor of CCRS internalization (over HIV), the
reverse is true for TAK652. This reflects differing a-values for the ligands and guests [see Eq. (1)]
and can only be seen with allosteric ligands. Redrawn from Muniz-Medina et al. (2009) [102]

been found with maraviroc and TAK779; specifically while both displace radioac-
tive HIV-1 glycoprotein [*>S]gp120 with similar potency, maraviroc is 100-fold
more potent as an inhibitor of HIV infection [87].

Such probe dependence can have therapeutic ramifications. For instance, HIV-1
infection is mediated by utilization of the chemokine receptor CCRS by the virus;
allosteric HIV-1 entry inhibitors bind to CCRS to block infection [88-92]. There-
fore, allosteric blockade aimed at the CCRS receptor is an effective method of
preventing HIV-1 infection. However, it has also been shown that normal utiliza-
tion of the CCRS receptor by chemokines appears to be beneficial in AIDS and
delay disease progression [93-97]. In fact, it has been shown that multiple copies of
the gene that mediates CCL3L1 production, a natural chemokine agonist for CCRS,
confer a higher rate of survival to patients infected with HIV-1 [98] probably
through CCL3L1-mediated CCRS receptor internalization [99—101]. Therefore, a
probe-dependent allosteric antagonist of HIV-1 entry that otherwise allows
CCL3L1 to function normally would theoretically have an advantage in AIDS
therapy [102]. As shown in Fig. 8, there are allosteric antagonists with differential
potency against HIV-1 entry and inhibition of CCL3L1-mediated CCRS5 internal-
ization; thus while TAK 779 is more potent as an inhibitor of CCL3L1-mediated
CCRS internalization (than HIV-1 entry), the reverse is true for TAK 652. It would
be postulated that TAK 652 would have some sparing effect on chemokine function
during the process of HIV-1 entry inhibition that would be beneficial [102]; this
type of effect would only be possible with allosteric ligands.

Probe-dependent guest allosterism also can have deleterious effects therapeuti-
cally when HIV-1 virus mutates to resistant forms. For instance, while the JV1083-
PC HIV-1 virus is completely blocked by vicriviroc, maraviroc, and aplaviroc, a
laboratory-passaged resistant virus JV1083-VCV . has a reduced susceptibility to
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maraviroc inhibition, is completely insensitive to aplaviroc, and shows an enhanced
infectivity with vicriviroc. These effects are even more pronounced with the virus
RU570-PC [103].

5.3 Cytosol-Directed Allosterism

When the allosteric vector is directed toward the cell cytosol (see Fig. 7), then
allosteric probe dependence leads to biased agonism. In this regard, the mechanism
of biased agonism is identical to guest allostery except the guests in this case will be
signaling molecules such as G proteins and f-arrestin. For example, four chemokine
agonists for CCRS5 have considerably different relative bias factors for CCRS
internalization over IP1 production with CCL3L1 producing 23.7 times more
internalization for normalized IP1 production than CCL3 [75]. In terms of probe-
dependent allostery, this signifies that CCL3L1 stabilizes a CCRS receptor confor-
mation that preferentially internalizes to a greater extent than the conformation
stabilized by CCL3 [104]. Similarly, the non-peptide allosteric agonist for CXCR3
receptors, VUF10661, has efficacy for [*>S]GTPyS and cyclic AMP similar to that
of the natural agonist CXCL11 but recruits more f-arrestinl and p-arrestin 2 to the
receptor than does the natural chemokine [105]. The agonist AOP-RANTES acti-
vates CCR1, CCR3, and CCRS but has differential effects on receptor recycling;
specifically, AOP-RANTES inhibits CCRS recycling in eosinophils, promotes
recycling of CCR1, and has no effect on CCR3 recycling indicating functional
selectivity [106]. Similarly the analog 5P14-RANTES produces powerful CCRS
internalization but not activation of G proteins [107].

6 Challenges and Opportunities Faced in the Design
of Allosteric Ligands for Chemokine Receptors

It is well established that chemokines and their receptors have a key role in the
pathogenesis of inflammation, autoimmune diseases, viral infection, cancer, and
transplant rejection. The search for small-weight compound with clinical potential
is although paved by many challenges and opportunities. Some of them are
discussed below.

6.1 Orthosteric Versus Allosteric

The ability to identify subtype selective allosteric modulators suggests that unlike
the case of the agonist binding site, where there is significant evolutionary pressure
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Fig. 9 Examples of pharmacophores that are shared between allosteric modulators of chemokine
receptors, biogenic amine receptors, and neurotransmitter transporters

to conserve residues across families of GPCRs, the allosteric binding sites are under
less evolutionary pressure for their conservation [108]. Ligands that bind to allo-
steric sites and confer activity represent novel chemotypes, structurally unrelated to
orthosteric ligands, with high levels of selectivity and improved chemical tracta-
bility (vide infra) [109]. Unfortunately an allosteric site in one GPCR might be quite
similar to an orthosteric site of another GPCR. Non-peptide chemokine-receptor
antagonists are mainly allosteric inhibitors and bind to the biogenic amine-like
domains of the receptor [110—115]. Not surprisingly one can find many reports
about the chemokine-receptor antagonists, which share the common
pharmacophore with the biogenic amine receptors. For CCR2 the spiropiperidine
compounds (Fig. 9, 1) were reported that have affinity for several biogenic amine
receptors [111]. The basic nitrogen of spiropiperidine was held responsible for this
cross talk. Receptor models indicated that the acidic residue, Glu2917'39, from the
transmembrane domain 7 of CCR2, is in a position similar to the acidic residue
contributed from transmembrane domain 3 of biogenic amine receptors, which may
account for the shared affinity of spiropiperidines for these two receptor classes
[111]. For CCR1, a potent 4-hydroxypiperidine derivative (Fig. 9, 2) was reported,
which has affinity to the dopamine D, receptor [116]. The indolopiperidine
derivative 3, a promising CCR2b antagonist, has unwanted affinity for the SHT
and dopamine D2/D3 receptors, with the affinities comparable to that for the
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desired CCR2b receptor [117]. Also, the ergoline-based antagonist of CXCR3
(Fig. 9, 4) shows submicromolar affinity for SHT,4 [118]. A common observation
is that a basic nitrogen, which is generally incorporated into constrained aliphatic
rings, generates the propensity of a compound to interact with biogenic amine
receptors. An additional issue in the development of chemokine allosteric modula-
tors is the possible cross talk of modulators with neurotransmitter transporters. For
example, a potent CCR3 antagonist (Fig. 9, §) with the substituted piperidine
structural motif demonstrated potent inhibitory activity for norepinephrine (NET),
dopamine (DAT), and serotonin reuptake transporters (5-HTT) [119].

The biogenic amine-like allosteric binding pocket of chemokine receptors
offers, on the other hand, the possibility to design desired dual antagonists that
target GPCRs that belong to unrelated families. For example, YM-344484, a dual
antagonists of CCR3 and HIR (Fig. 10), was shown to be an attractive approach for
the development of novel antiallergic inflammation drug, because eosinophilic
CCR3 and HIR are main therapeutic targets in allergic inflammation (e.g.,
asthma) [120].

The investigation of binding modes of a variety of allosteric modulators of
chemokine receptors by homology modeling and docking and site-directed muta-
genesis has demonstrated that at least one structurally conserved allosteric site
exists between even unrelated chemokine receptors. Amino acids Tyr1.39, Lys2.64,
Asn3.35, Tyr6.51, and Glu7.39 seem to be highly conserved in several chemokine
receptors [55, 108, 111, 121, 122]. Not surprisingly, negative allosteric modulators
that interact with unrelated chemokine receptors were reported. For example,
TAK-779 (Fig. 10) was initially described as dual CCRS5 and CCR2 antagonist
[123]. Later, TAK-779 was shown to efficiently antagonize CXCR3 activation [25,
124]. The benefits of simultaneous antagonism of CCR2, CCRS5, and CXCR3 were
demonstrated in the murine experimental colitis, where TAK-779 inhibited the
recruitment of inflammatory cells like monocytes and macrophages into the
mucosa, which indicated that these chemokine receptors may be therapeutic targets
for the treatment of inflammatory bowel disease [125].
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6.2 “Molecular Switches”

Despite increasing numbers of high-resolution structures of chemokine receptors to
guide computational efforts in drug design (see below), an additional challenge
represents significant hurdle for the rational ligand design. The “molecular
switches,” which are responsible for the switching between positive and negative
efficacy of allosteric modulators, are so far unpredictable as the path from an
agonist to an inverse agonist could be as short as a methyl group [56, 126] (Fig. 11).

7 Recent Structural Insights into Chemokine Receptors

Within the last decade, there has been an explosion in GPCR structural biology
research, resulting in the solution of numerous high-resolution GPCR structures
[127]. These breakthroughs have occurred due to a convergence of approaches that
facilitated a very high expression of (traditionally low abundance) GPCRs in
various cell backgrounds, antibody, and protein engineering techniques to constrain
the normally highly flexible nature of GPCRs toward discrete states, new classes of
detergents, and improvements in synchrotron microbeam diffraction methods. To
date, 3 chemokine receptors have had their structures determined at high resolution:
the CXCR4 and CCRS receptors, using X-ray crystallography, and the CXCRI1
receptor using NMR [114, 115, 128]. These structures are beginning to reveal the
molecular basis for receptor-ligand interactions and may facilitate novel structure-
based drug discovery efforts.

The CXCRI1 receptor was solved by NMR in its native state in a lipid bilayer in
the absence of ligand [128], whereas the CCRS5 and CXCR4 receptors were
engineered to improve stability, bound to ligands, and solved by lipidic cubic
phase crystallography. Two different sets of structures of the CXCR4 receptor
were solved, one bound to the cyclic peptide inhibitor, CVX15, and the other to
the small molecule inhibitor, IT1t [114]. CCRS5 was solved bound to the small
molecule allosteric antagonist, maraviroc [115]. Figure 12 shows a comparison
between the three chemokine-receptor structures. Despite sharing the characteristic
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Fig. 12 Overall structural comparison of three different chemokine-receptor structures: CXCR1
(PDB 2LNL), CCR5 (PDB 4MBS), and CXCR4 (PDB 30DU)

seven transmembrane-spanning domains typical of GPCRs, some notable differ-
ences exist between the structures, likely reflecting sequence variations, the pres-
ence or not of bound ligand, and the effect of the conditions used to solve the
structures.

One of the most interesting findings in all three chemokine-receptor structures
was the identification of a second disulfide bridge between the N-terminal region of
the receptor and the top of transmembrane domain (TM) 7; this is in addition to the
highly conserved disulfide that links the second extracellular loop to the top of
TM3. The presence of the extra disulfide bridge results in the creation of, essen-
tially, a “fourth” extracellular loop that closes the receptor in a ringlike conforma-
tion. This loop may play an important and hitherto unappreciated role in the binding
of chemokines, for instance, with regard to positioning the appropriate site 1 and
site 2 residues of the two-step binding mechanism, as well as in the conformational
transition between active states and even in the control of access of small molecule
ligands to the helical bundle [129]. Interestingly, the presence of this loop is likely
to extend to other chemokine receptors and perhaps other Class A GPCRs as
well [129].

In contrast to many other GPCR structures, the ligand-binding regions of the
chemokine receptors are larger and more open (Fig. 13); this is particularly so for
the CCRS receptor. This likely reflects the fact that the cognate orthosteric agonists
are large peptides and thus require more surface area for establishing appropriate
contacts. In the CXCR4 structures, substantial overlap is noted between regions
bound by the small molecule, IT1t, and the peptide ligand, CVX15 (Fig. 13); IT1t
would thus be classed as an orthosteric antagonist. The peptide, CVX15, forms a
disulfide-stabilized § hairpin and also makes extensive hydrogen bonds with the
second extracellular loop. This ligand fills most of the binding pocket, whereas the
IT1t localizes in a region defined largely by TM helices 1, 2, 3, and 7. In the CCRS5
structure, however, the binding site for maraviroc is deeper within the
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Fig. 13 Ligand-binding modes in the CXCR4 and CCRS5 receptor structures

transmembrane bundle and fills a larger volume than that occupied by IT1t in the
CXCR4 structure; this delineates a true allosteric site for maraviroc and related
compounds. It also provides some insight into the mechanism of modulation of the
receptor by maraviroc as a NAM, namely, that its placement within the allosteric
binding pocket most likely leads to disruption of site 2 interactions [115].

On the intracellular surface, the CXCR4 structure lacks the short helix 8, which
is a feature common to other GPCR structures. In contrast, both CCRS5 and, in
particular, CXCR1 receptor structures retain this feature. Perhaps more interest-
ingly, all structures of the CXCR4 receptor revealed similar parallel and symmetric
dimers linked via the TMS5 and 6 interfaces [114], which may also provide a
structural basis for previously reported cooperative binding between orthosteric
CXCR4 ligands [130].

8 Allosteric Modulators of Chemokine Receptors: From
Bench-to-Clinic Challenges

The fundamental role of chemokines and their receptors in inflammation processes
provides great opportunity to develop novel therapeutics. The permissive nature,
saturability, and probe dependence of allosteric modulation provide unprecedented
possibilities to fine-tune therapeutic action of novel drugs and thus largely increase



Allosteric Modulation of Chemokine Receptors 107

therapeutic and reduce adverse effects. Unfortunately drug discovery efforts in the
field of chemokines and their receptors are accompanied by pronounced challenges
that influence bench-to-clinic success rate.

Because chemokine systems differ significantly between species, the develop-
ment of therapeutics targeting this receptor system is hampered by a lack of
predictive animal models [1, 4, 5]. The differences in the functions of the immune
system between the rodents as first-choice animals for the preclinical drug devel-
opment and humans are striking. For example, the chemokine CXCLS8/IL-8, the
ligand of CXCR1 and CXCR2, which is in humans excreted by macrophages, does
not exist in mice [131]. The mouse homolog of CXCR2 is activated by two murine
chemokines, mCXCL1 and mCXCL2 [132, 133]. The mouse homolog or ortholog
of human CXCR1, which shares only 64% identical amino acids with hCXCR1 and
is responsive to mCXCL6, was not cloned until 2006 [134, 135]. Also receptor
expression levels may differ between species as in, e.g., the expression profile of
CX3CRI [136] and CCRS5 [137]. Furthermore, the differences in the selectivity of
chemokines from chemokine receptors between species make the transfer even
more challenging. For example, mouse CCL5 and mouse CCL7 lack affinity for the
mouse CCR1 but are agonists for the human CCR1 [138].

Such cross-species differences thus have important consequences for the vali-
dation of chemokines receptors as drug targets and to estimate the efficacy of drug
candidates in animal models of various diseases. In, e.g., rheumatoid arthritis, the
infiltration of macrophages into the arthritic joint space promotes much of the
damage, as these cells produce cytokines that promote inflammation in the diseased
joint. Because the infiltration of monocytes and macrophages is driven by the
chemokine receptors CCR1 and CCR2, it was suggested that both receptors are
equally attractive pharmacological targets. The most commonly used animal
models for identification of potential therapeutics for rheumatoid arthritis are
adjuvant-induced arthritis (AIA) in rats and collagen-induced arthritis (CIA) in
rats and mice [139]. The data from animal studies related to the role of CCR2 in
rheumatoid arthritis are inconsistent and even contradictory, by suggesting an anti-
inflammatory role of CCR2 in the CIA-model of rheumatoid arthritis [140—
142]. Not surprisingly, the CCL2-specific monoclonal antibodies, ABN-912
(Novartis) and MLN1202 (Millennium), and the small molecule antagonist of
CCR2, MKO0812 (Merck), have not exceeded placebo treatment of rheumatoid
arthritis in the Phase II trials. The analysis of synovial fluid from patients with
rheumatoid arthritis demonstrated that it contains high levels of alternative CCR1
binding chemokines, CCL15 and CCL23, that are activated by proteolytic
processing and exhibit up to 1,000-fold increase in the CCR1-mediated signaling
[143]. Consistent with these observations, it was shown that the ability of synovial
fluid from rheumatoid arthritis patients to attract monocytes was mediated by CCR1
and not by CCR2 [144]. The new generation of inhibitors targeting CCR1 carries
more promises [1, 5, 144]. This example demonstrates the importance of using
clinical disease samples because rodent models of arthritis are thought to
mimic human rheumatoid arthritis only weakly [5]. The evaluation of potential
drug candidates in animal models of inflammatory processes is facing also a
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species-selectivity problem, which is well illustrated by the next example. The
CCR1 antagonist CP-481,715 is highly specific for human CCR1 and thus prevents
its evaluation in classical animal models. To circumvent this issue, the humanized
CCRI1 transgenic mice were generated to evaluate the ability of CP-481,715 to
inhibit inflammatory responses in this animals at clinically achievable dose
levels [145].

9 Conclusions

In general it can be seen that all important unique features of allosteric receptor
control (saturation of effect, probe dependence) are embodied in the chemokine-
receptor system. While this adds a level of complexity to analyses and approaches
to drug discovery, it also introduces a tremendous capacity for pharmacologic
control of this physiological system for therapeutic advantage. The bench-to-clinic
translation of these opportunities is hampered by the lack of relevant animal
models, which continue to make target validation and the drug candidate evaluation
challenging.
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Abstract CXCR3 is a CXC chemokine receptor that, together with its three major
ligands, CXCL9 (MIG), CXCL10 (IP-10), and CXCL11 (I-TAC), is involved in
inflammatory responses, mediated mainly by T cells. In several immune-related
diseases, including chronic obstructive pulmonary disease (COPD), inflammatory
bowel disease (IBD), rheumatoid arthritis, multiple sclerosis, and atherosclerosis,
CXCR3 and/or its ligands are found to be overexpressed, potentially indicating a
role for this receptor in these diseases. Animal models have confirmed the thera-
peutic potential of targeting CXCR3 in the treatment of such diseases. Several
peptidic, peptidomimetic, and small non-peptidomimetic CXCR3 ligands have
been disclosed in the past 10 years. These ligands have served as chemical tools
for the investigation of CXCR3 activation, blocking, and signaling, and some of
these ligand series have been developed as potential therapeutic agents against
inflammation. Computational modeling studies, facilitated by the recent develop-
ments in GPCR structural biology, together with mutagenesis and pharmacological
studies, have aided in understanding how these ligands interact with CXCR3.
This chapter will give an overview on how the combination of these chemical,
computational, and pharmacological tools and techniques has increased our under-
standing of the molecular mechanisms by which small-molecule antagonists and
agonists bind to CXCR3 compared to the relatively large chemokines. A detailed
overview of CXCR3 ligand structure-activity relationships and structure-function
relationships will be presented. This comparative analysis reveals that the full
spectrum of antagonist and agonist effects on CXCR3 is now within reach by
appropriate scaffolds and chemical modifications. Many of these ligands display
behavior deviating from simple competition and do not interact with the chemokine
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binding site, providing evidence for an allosteric mode of action. Moreover, the
computer-assisted molecular modeling of CXCR3 receptor-ligand interactions is
discussed in view of GPCR crystal structures and mutagenesis studies of CXCR3
and other chemokine receptors. Improved insights in the interplay between
CXCR3-ligand interactions and CXCR3-mediated signaling pathways potentially
open up novel therapeutic opportunities in the area of inflammation.

Keywords Allosteric modulation, C—X—C chemokine receptor type 3, G protein-
coupled receptor, GPCR crystal structure, Homology modeling, Mutagenesis stud-
ies, Receptor—ligand interactions, Small-molecule agonist, Small-molecule anta-
gonist, Structure—activity relationship, Structure—function relationship
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1 Introduction

1.1 CXCR3
1.1.1 History and Pharmacological Aspects

Loetscher and colleagues first cloned the human C-X-C chemokine receptor type 3
(CXCR3) receptor in 1996 from a cDNA library derived from CD4" T cells. The
receptor cDNA sequence encodes for a protein of 368 amino acid in length
[1]. CXCR3 is predominantly expressed on activated Thl cells but also on a
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proportion of circulating blood T cells and B cells and is expressed on natural killer
cells [1-3]. Furthermore, the chemokines CXCL9 (Mig), CXCL10 (IP-10), and
CXCL11 (I-TAC) were found to be the endogenous agonists for this receptor,
governing the migration of CXCR3-expressing leukocytes to sites of inflammation
or infection [1, 4-8]. The expression of CXCR3 chemokines is induced under
inflammatory conditions, mainly mediated by interferon y [1, 2]. In addition,
CXCL4 and CXCL13 chemokines were also reported to bind and activate
CXCR3 at high concentrations [9, 10]. CXCL4 was also shown to bind a splice
variant of CXCR3 with an extended N-terminus, called CXCR3B [11].

CXCR3 signaling occurs mainly through activation of the pertussis toxin-
sensitive Goy/, class of G proteins, and receptor stimulation is associated with
various downstream signaling pathways, including chemotaxis, activation of
p44/42 and Akt kinases, mobilization of Ca®* from intracellular stores, and lower-
ing of cyclic AMP levels [1, 12—-14]. After receptor activation, the receptor is
rapidly desensitized, internalized, and degraded [15—17]. In general, after agonist
exposure, a GPCR is phosphorylated at C-terminal serine/threonine residues by G
protein-coupled receptor kinases (GRKSs), a process also known as desensitization.
Subsequently, these phosphorylated residues serve as recognition sites for
[-arrestin proteins, generally involved in internalization of GPCRs [18]. Although,
it has been shown that B-arrestin is involved in CXCR3 internalization to some
extent, it is not the sole determinant in directing CXCR3 receptors away from the
cell surface [12, 17]. Also caveolae, another route for receptor internalization, do
not seem to be involved in the case of CXCR3. Taken together, the exact mecha-
nism of CXCR3 internalization is still unclear [17]. Nevertheless, CXCR3 is able to
efficiently recruit B-arrestinl and —2 proteins after agonist stimulation [14]. How-
ever, its functional implications remain to be explored.

Although GPCRs generally are able to function as monomers, increasing evidence
points towards assembly of multiple GPCRs in homo- and/or heteromeric complexes
[19]. Chemokine receptors have been found to dimerize or oligomerize with other
chemokine receptors [20]. To date, evidence suggests that CXCR3 dimerizes with
viral chemokine receptor BILF1 (Epstein-Barr virus) in HEK293T cells [21]. The
in vivo consequences are yet unclear, but it might be envisioned that such viruses
modulate the host immune defense by altering chemokine receptor signaling, e.g.,
through dimerization, facilitating its survival [21]. Furthermore, a recent study
reported on the formation of heteromeric complexes of CXCR3 and CXCR4 recep-
tors in HEK293T cells [22]. It was found that CXCL10 could be displaced from
CXCR3 by CXCR4 chemokine CXCL12 and vice versa. Moreover, CXCR3 agonists
were able to increase the dissociation rate of CXCL12 from CXCR4 receptors, both
suggesting negative cooperativity through a heteromer interface.

1.1.2 Functional Selectivity in CXCR3 Pharmacology

The ligands for CXCR3 have different efficacies and potencies when compared in
different in vitro functional assays. CXCL11 seems to be the dominant ligand, as it
has the highest affinity, potency, and efficacy in most assays [1, 5-8, 14, 23]. The



122 M. Wijtmans et al.

question why a receptor like CXCR3 would need three different ligands is intrigu-
ing, as it suggests redundancy in the chemokine system. However, multiple lines of
evidence point at unique nonredundant roles for these ligands in vivo. First of all,
CXCL9, CXCLI10, and CXCL11 seem to interact with the receptor in a distinct
mode, as they need different parts of the receptor for their binding and signaling
activities [12, 24]. Next to that, CXCL10 and CXCL11 seem to bind different
CXCR3 populations [14, 23], also suggesting distinct functions for these
chemokines. This is furthermore supported by recent findings, where functional
selectivity or biased signaling for the different CXCR3 chemokines was observed
[25]. Whereas CXCL10- or CXCL11-mediated receptor activation both resulted in
[-arrestin recruitment to the activated CXCR3 receptors, CXCL9 activation failed
to do so, despite effective G; protein activation [25]. Moreover, and in contrast to
CXCL9 and CXCL10, CXCLI11 was the only CXCR3 chemokine that provoked
elevation of intracellular calcium in myofibroblasts [26]. Altogether, these data are
in support of nonredundant functions for CXCR3 chemokines. Second, differential
spatiotemporal patterns of expression for the different chemokines and chemokine
receptors in our body indicate that these chemokines have distinct roles in vivo [27].

In general, chemokines are thought to activate their receptors according to a
two-step model, where the core of the chemokine binds to the N-terminus and
extracellular domains of the receptor (step 1) [20]. Subsequently, the N-terminus of
CXCL9, CXCL10, or CXCL11 is positioned towards yet to be identified receptor
domains, mediating receptor activation (step 2) [20, 24, 28]. This general hypo-
thesis is substantiated by the observation that adding or deleting only a few
N-terminal chemokine residues resulted in a change from agonist to antagonist
behavior. Indeed, N-terminal truncation of CXCL11 (e.g., CXCL11 4-73) hardly
influences binding affinity, yet results in a complete loss of agonism [29]. Similarly,
deletion of residues 2—6 from the N-terminus of CXCL10 also resulted in a potent
antagonist with high affinity for the receptor [30]. Interestingly, chemokines are
also truncated in vivo, where they are processed by proteases to give chemokines
with modified affinity and activity. Particularly, CXCL10 and CXCLI11 are
processed N-terminally by the dipeptidyl peptidase IV CD26, leading to a loss in
their chemotactic and calcium signaling activity while retaining their ability to bind
the receptor, albeit with reduced affinity [31, 32]. These processed chemokines act
as antagonists, as they are able to antagonize activity of full-length CXCL10 and
CXCL11 [32].

Altogether, these data indicate that expression and activity of chemokines is
tightly regulated in a spatiotemporal manner, giving texture and robustness to the
CXCR3 response in vivo, again refuting the notion of redundancy.

Hetero(di)merization might present another way by which selective fine-tuning
of receptor signaling can be achieved in the chemokine system [20]. In the case of
CCRS5, heterodimerization with CXCR4 or CCR2 even led to a shift in coupling
from Gj- to G4-mediated signaling pathways [33]. Unfortunately, little is known
about functional consequences of CXCR3 homo-/heteromerization. However, a
recent report from our group has shown that B-arrestin can be specifically recruited
to CXCR3 and CXCR4 heteromers, potentially leading to altered receptor desensi-
tization and internalization [22].
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1.1.3 The CXCR3 Receptor as Potential Drug Target

To date, two small-molecule antagonists targeting chemokine receptors have suc-
cessfully reached the market. Maraviroc (CCRS, Selzentry®™) and AMD-3100
(CXCR4, Mozobil®) are used for treatment of HIV-1 infection and non-Hodgkin
lymphoma, respectively. However, they do not target chronic inflammation or
autoimmune diseases, conditions that are most often associated with imbalanced
expression and signaling within the chemokine system. The druggability of the
chemokine system has been debated for quite some time now, mainly due to the
high attrition rate of drug candidates in clinical trials [34]. The reason for this
remains unclear, but it is often suggested that the complexity (“redundancy”) of the
system is a key factor. As such, target validation of individual chemokines and/or
receptors, linking them to specific diseases, is of vital importance to establish
therapeutic potential. Fortunately, data pinpointing specific roles for chemokine
receptors in disease models is emerging. In the case of CXCR3, the receptor and
one or more of its ligands are found to be highly overexpressed in a variety of
inflammatory disorders, including allograft rejection [35-37], atherosclerosis [38],
and autoimmune diseases such as rheumatoid arthritis [2, 39], chronic obstructive
pulmonary disease [40], multiple sclerosis [41], and systemic lupus erythematosus
(SLE) [42]. In addition, the amounts of chemokine mRNA and number of infiltrat-
ing CXCR3-expressing leukocytes in tissues from transplant and SLE patients seem
to correlate with the severity of disease [43—46]. Moreover, CXCR3 is suggested to
play an important role in metastasis of melanoma and colon cancer cells to the
lymph nodes and in metastasis of breast cancer cells to the lung [47-50].

Inhibition of CXCR3 by either antibodies or small-molecule antagonists signi-
ficantly delays disease progression in various mouse models of disease, including
atherosclerosis, transplant rejection, and cancer [37, 48, 51-55]. As such, anta-
gonism has been the focus of CXCR3 drug discovery efforts.

Intriguingly, opposing data was reported on the role of CXCR3 in allograft
rejection. Where some studies with CXCR3™ /™ mice reported delayed acute and
chronic rejection of cardiac allografts [37] or pancreatic island allografts [56],
others revealed that CXCR3 does not play an essential role in cardiac allograft
rejection [57, 58]. Therefore, these studies challenge the potential of CXCR3 as a
drug target in allograft rejection. Moreover, also contrasting evidence exists for the
involvement of CXCR3 in cancer, as multiple lines of evidence point both at a
protective and sustaining roles for CXCR3 in cancer. In some reports CXCR3
activation and expression is linked to proliferative signaling and metastasis of
tumor cells to tissues with relatively high CXCL9-11 expression [47—49, 59-61],
as CXCR3 antagonism is found to decrease tumor growth and metastasis [53, 60,
62—64]. On the other hand, others reported that the presence of CXCR3 or its
ligands is associated with slower tumor growth and decreased metastasis
[65, 66]. The latter might be explained by the recruitment of antitumor immune
cells [67].
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An alternative explanation that reconciles these apparent contradictory roles is
the presence of different splice variants of CXCR3. Alternative splicing of the
CXCR3 gene leads to expression of CXCR3A, CXCR3B (52 aa longer N-terminus
compared to CXCR3A), and CXCR3-alt (loss of 3 TM domains as a result of
skipping exon 2) [11, 68]. Unfortunately, little is known about the expression
patterns and signaling properties of the alternative splice variants CXCR3B and
especially CXCR3-alt. Nevertheless, accumulating evidence points at a tumori-
genic role for CXCR3A [53, 63] and an angiostatic role for CXCR3B [69]. The
angiostasis through CXCR3B might be the result of inhibition of the antiapoptotic
protein heme-oxygenase-1 as shown by overexpression of CXCR3B in renal cancer
cells [70]. Moreover, other evidence supporting this functional division of the two
splice variants is provided by multiple reports that describe a trend for cancers with
more invasive phenotypes generally exhibiting decreased CXCR3B mRNA expres-
sion compared to CXCR3A, as in the case of skin and prostate cancer [64, 71]. Con-
sequently, the functional outcome would then depend on the relative expression of
both splice variants in a given (diseased) tissue. Unfortunately, in the majority of
CXCR3 target validation studies, no distinction is made between the different splice
variants. In some cases, a distinction is made, yet almost exclusively by measure-
ment of mRNA levels instead of actual protein levels. Altogether, in-depth char-
acterization of the properties of CXCR3A, CXCR3B, and CXCR3-alt is needed, as
it aids in the validation of CXCR3 as a therapeutic target.

The use of CXCR3 ™/~ mice has also revealed other interesting effects. For
example, CXCR3 plays a role in wound healing of the skin [72, 73]. Activation
of CXCR3 on, e.g., fibroblasts seems to contribute to the healing of skin injuries, by
recruitment of immune cells to the site of injury, leading to the migration of
keratinocytes, and by affecting the reorganization of matrix components including
collagen and fibrillin [74]. Absence of CXCR3 or its ligands leads to ineffective and
slower healing and hypertrophic scarring [72, 73, 75]. These data suggest that
CXCR3 agonism might also be a potential therapeutic avenue in some cases. The
discovery and characterization of small-molecule CXCR3 agonists will be
discussed in more detail in Sect. 3.1.

1.2 Small-Molecule Binding

Given the multifaceted role of CXCR3 in a variety of physiological processes, it is
not surprising that many efforts have been devoted to the development of small-
molecule CXCR3 modulators. As explained, CXCR3 blockade (rather than activa-
tion) has generally been regarded as the therapeutically more relevant approach.
Thus, the huge majority of disclosures deal with CXCR3 antagonists from phar-
maceutical companies and showcase the challenging balances researchers have to
address when developing drug candidates [76—78]. From a molecular point of view,
chemokines are relatively large compared to the small ligands (310-50-fold
difference in molecular weight) that generally target this receptor family. Despite
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the fact that low-molecular weight ligands engage in fewer receptor interactions
than the chemokines, many of these small ligands have the ability to disrupt
chemokine binding and function with nanomolar potencies [20]. Therefore, it
seems likely that these ligands do not act via simple steric competition but rather
through an allosteric mechanism (an allosteric site is referred to a binding location
for a ligand that is distinct from that of the endogenous ligand). This notion is
supported by the increasing number of reports revealing the allosteric nature of
many of such compounds binding to chemokine receptors [20, 79]. Indeed, increas-
ing evidence also suggests allosteric binding of small-molecule CXCR3 ligands to
the receptor [80]. The first crystal structures of druggable GPCRs have been solved
in the past few years [81, 82], including the chemokine CXCR4 [83] and CCR5 [84]
chemokine receptors. These structures offer new insights into the molecular details
of GPCR-ligand binding and suggest that small molecules can accommodate
different (allosteric) binding modes in the relatively large chemokine receptor
binding pocket [20]. Chemokine receptor crystal structures, chemokine receptor
binding sites, and the elucidation of CXCR3-ligand binding modes by site-directed
mutagenesis studies and computational modeling studies are discussed in more
detail in Sect. 4.

z

A

o
2CF,C00

TAK-779 (1, ICso=369 nM, ['*’I]-CXCL10) [51] and a few compounds
emerging from a natural product screen, such as sugar-derivatized steroid
2 (IC5o=0.47 pM, ['*’I]-CXCL10) and dipyridinium salt 3 (ICs5o=0.69 uM,
[1251]—CXCL10) [85], can arguably be considered as the earliest disclosed examples
of small-molecule binders of CXCR3. TAK-779 still finds some value as CXCR3
tool compound, but its moderate affinity and low selectivity over other chemokine
receptors (notably CCR2 and CCRS) need to be borne in mind. As far as can be
deduced from the literature, compounds 2 and 3 seem to have not been followed
up upon.
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Fig. 1 Number of medicinal chemistry-oriented publications on small-molecule CXCR3 ligands
per year. The date of acceptance is used. A paper was included if it disclosed a new chemotype
and/or SAR study on a known chemotype. A distinction is made between antagonists and agonists.
All references can be found in the current review

1.3 Aim

The current manuscript aims to review small-molecule modulation of CXCR3 from
a molecular point of view. That is, in contrast to our most recent review [78], we
pay less attention to proven clinical relevance of published molecules (patents are
not included) but instead describe all reported compound classes including ones
that would best be classified as “tool compounds”. Considerable attention will be
paid to articles which appeared after our 2008 review [77], and compact SAR tables
are included to further illustrate SAR. In line with our aims, we will also pay special
attention to CXCR3 agonists as well as to studies aimed at deciphering CXCR3-
ligand binding modes by combining structural models (based on GPCR crystal
structures) with ligand SAR and receptor site-directed mutagenesis studies. Col-
lectively, our review aims to illustrate the many venues that have been followed in
order to capitalize on small molecules to block or activate CXCR3.

Figure 1, which is an adapted continuation of a graph we published in our 2008
review [77], shows a visual depiction of the progress in CXCR3 ligand research.
Two major trends are visible: (1) the publication rate on CXCR3 chemotypes seems
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to have stalled in recent years, and (2) as expected, much less is published on
agonists than on antagonists.

2 Antagonists

This paragraph deals with a detailed description of published small-molecule
CXCR3 antagonists in order of number of papers on a particular scaffold.
Chemotypes with multiple associated publications have been classified in separate
subparagraphs. Clarity within a particular table provided, reported affinity/activity
values are given in the units used in the corresponding papers.

2.1 (Aza)quinazolinones and Later-Generation Analogues
2.1.1 (Aza)quinazolinones

The class of (aza)quinazolinones and the resulting offspring of sub-chemotypes is
the most widely described collection of CXCR3 antagonists (Amgen) with patents
appearing as early as 2001 [86].

The work started with compound 4 as an HTS hit [87]. Several early SAR
approaches on hit 4 have been published, with reported affinity values slightly
differing likely as a result of the exact assay conditions [87, 88]. Nevertheless, clear
trends can be extracted from these reports (Table 1). Replacing the F atom by a
cyano group yielded improved ligand VUF5834 (5), which could efficiently block
CXCR3-mediated calcium release [88]. The decanoyl moiety in 4 could be replaced
by a phenylacetyl moiety albeit that substitution with an electron-withdrawing
group was required (compare 4 to 6 and 7). The dimethylamino group could be
exchanged for a 3-pyridyl moiety. This is exemplified by compound 8 and
9 (AMG1237845, IC59=0.006 pM), the latter of which also showed good func-
tional activity in a cell migration assay against all three chemokines [35]. Further
SAR efforts maintained the OEt present in 9 as R? for pharmacokinetic reasons
while the CF3 was switched for an OCF3 group accompanied by insertion of an
additional N-atom in the core bicyclic moiety. This afforded azaquinazolinone 10,
known as AMG487 (ICsy = 0.008 uM) [87, 90]. The (R)-stereomer of AMG487 has
the highest affinity [91]. A 4-F,3-CF; analogue (11, NBI-74330) from the same
patent[90] was studied by others [89] and found to be more active (K;=1.5 nM)
than AMG487. Our lab also published on the SAR linking 5 to 10 and 11 [92].

A CXCR3 mutagenesis study to detail the binding of 11 has recently been
described by our group [80] and highlighted the CXCR3 transmembrane
(TM) region as interaction region for the molecule as opposed to N-terminus and
extracellular loops which are mainly important for chemokine binding [24]. Parti-
cularly, 11 appears to bind mainly in transmembrane site 1 (TMS1) of the TM
region, as mutations in this pocket affected affinity of 11 [80].
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Table 1 Optimization of quinazolinone derivatives by several research groups [87-89]

)
S
0
Compound
# | In ref. R! R? R3 Z ICso*
4 |1[87] 1c NN I\~ |F CH 0.146 pM
[88] | [87],3.2 M
(881
5 |1d[88] PN 7 | CN CH 0.93 pM®
|
6 |[16([87] */\© ~v~~" |F CH >10 pM
|
7 | 18[87] /\@\ ~y~—" |F CH 0.088 pM
|
CF3
8 [28(87] /\@\ * F CH 0.013 pM
CF3 /I
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9 [34[87] /\©\ . OEt CH 0.006 pM
CF3 e |
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10 |47 [87] /\@\ . OEt N 0.008 pM
OCF3 Z i
N
11 | NBI-74330 CF, OEt N Ki=1.5nM
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N

#Assay conditions vary. The reader is referred to the involved references for more details

b
Racemate

AMGA487 is the only ligand, as far as can be deduced from available literature, to
have advanced into the clinic. Results of a phase I trial on AMG487 were shared in
2003 [93]. AMG487 was evaluated for safety and pharmacokinetics in 30 healthy
males in a randomized, double blind, placebo-controlled dose-escalation study. In
general, the compound was well tolerated and adverse events were mild to moder-
ate (25-1,100 mg doses) [93]. In a phase Ila trial, patients suffering from moderate
to severe psoriasis received 50 or 200 mg of AMG487 or placebo orally once a day
for 28 days. Yet no significant differences in Psoriasis Activity and Severity Index
or Physician Global Assessment scores were seen when patient groups were
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Table 2 Optimization of quinazolinone derivatives by Li et al. [97]
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# In ref. Core CXCL10* Migration®
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3125])-labeled CXCL10 displacement assay to CXCR3 expressed on activated human PBMC in
the absence of human plasma
°CXCL11-induced cellular migration assay of PBMC

compared [94]. It was hypothesized that high variability in drug exposure may have
caused the lack of clinical efficacy [94]. Two subsequent papers addressed the role
of several AMG487 metabolites as possible players in the unexpected clinical
pharmacokinetic parameters of AMG487 [95, 96]. Not surprisingly, several of the
ensuing medicinal chemistry efforts by Amgen seem to have focused on chemically
addressing these pharmacokinetic obstacles.

In one such effort, the 8-azaquinazolinone core was inspected for alternative
bicyclic systems (Table 2). The 8-azaquinazolinone derivative 12 (IC59= 11 nM)
exhibited similar affinities and potencies to those of AMG487, but did not induce
the time-dependent inhibition of CYP3A4 resulting from O-deethylation of
AMGH487. Therefore, it was decided to explore the SAR of the core with 12 as
template [97]. It should be borne in mind, though, that 12 and AMG487 differ in
three respects in terms of the periphery of the molecules: —CN instead of —OEt,
ethylsulfonyl moiety instead of a pyridine unit, and different substitution pattern of
the fluorine-containing aryl moiety. Initially, a series of [6,6]-fused heterocyclic
derivatives was synthesized to determine the influence of the carbonyl and the
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nitrogen atom at the 3-position on the binding of the parental 12 to CXCR3 [97]. It
was found that those functional groups are not essential for binding to the receptor.
That is, quinoline analogue 13 (IC50=0.80 nM) displayed a more than tenfold
increase in affinity for CXCR3 in buffer, although that increase was negligible
when the assays were ran in human plasma. A completely aromatic core was not
necessary, given that 14 (IC50=4.0 nM) had similar affinity for CXCR3 as 12.
[6,5]-fused heterocycles were also investigated [97]. Most replacements gave
compounds with good affinity for the receptor. Notably, the imidazopyridine-
derived 15 (IC50=3.0 nM) afforded the highest affinity and showed improved
blockade of CXCL11-induced lymphocyte migration compared to 12. Given the
many tolerated core structures, it was concluded by the authors that the main role of
the heterocyclic core is to arrange the peripheral substituents in the appropriate
orientation [97].

It had been disclosed that the progression of AMG487 in clinical trials proved to
be complicated due to the formation of a major pyridine-N-oxide metabolite that
was also active on CXCR3 [98]. Arguably as a result of this, the quinazolinone
series was further optimized to reduce the risk of formation of a major active
metabolite (Table 3) [98]. In these efforts, the quinazolinone core was initially
revisited instead of the 8-azaquinazolinone core of AMG487, because
quinazolinone derivatives were equally potent and readily available synthetically.
First, the aromatic moiety of R! of 16 (ICso=0.006 pM) was altered with the
trifluoromethyl group being conserved during the modifications, since it signifi-
cantly improved potencies and microsomal stability [98]. Imidazole and pyridine
moieties provided similar affinities as the phenyl derivative 16 (not shown). The
phenyl unit was maintained, though, and the substituents on this phenyl ring and the
linker (n) were explored (Rl). While a 4-methylsulfonyl group (and less so 4-CN)
was not tolerated as a substituent, all other substitution patterns were well tolerated.
This may indicate that the electron-withdrawing properties of the trifluoromethyl
group cannot fully account for the increased affinity. Elongation of the chain
(n=2), however, was not accepted. Next, with the 3-trifluoromethyl-4-fluorophe-
nylacetamide present, the azaquinazolinone core was reexamined [98]. As expected
(vide supra), key 8-azaquinazolinone NBI-74330 (11) was equally potent to its
quinazolinone analogue. However, regioisomeric azaquinazolinones 17
(IC50=0.032 pM) and 18 (IC5,=0.11 pM) were less potent than 11. This some-
what contrasts a previous paper, which indicated that many substitutions within the
core ring system are tolerated [97]. The 8-azaquinazolinone core was chosen for
further optimization, since it was more polar than the quinazolinone core, and the
R? was studied [98]. As previously reported [87], this area allowed several changes.
Alkoxy-ethyl, amino-ethyl, and various heterocyclic moieties led to compounds
with good affinity [98]. Notably, compounds such as 19 (ICso=0.001 pM), 20
(IC50=0.002 pM), and 21 (IC59=0.001 uM) stand out. Taken together with
previous SAR data (vide supra), it seems that polar groups are preferred in this
area but that many types of polar groups are accepted. Compound 21 was taken as a
further template, because it was found in in vitro studies that major metabolite
formation was avoided for compounds with the ethylsulfonyl moiety [98]. Indeed,
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the ethylsulfonyl moiety was already present in previously discussed compounds
(vide supra). In an attempt to reduce O-dealkylation, a 3,3,3-trifluoroethoxy moiety
(R?) was introduced to give 22 (IC5o=0.001 uM). The PK profile of 22 was good
across several species (including rat, dog, and cynomolgus monkeys), and 22
displayed increased affinity and potency in vitro and in vivo compared to AMG487.

| s ~
N N
N CFs
6@
F
N
CTs

23 (RAMX3)

A racemic N-CTj; analogue of 20 (i.e., 23 or RAMX3) has been disclosed for use
as a CXCR3 radioligand. The paper was accompanied by a brief SAR on additional
members of the 8-azaquinazolinone class [99]. This SAR, among others, showed
the dramatic loss in potency when the ethoxyphenyl head is removed from
AMGH487. The radioligand 23 possesses high affinity for CXCR3 (K4=1 nM).
Moreover, and in contrast to CXCL11, unlabelled 23 was not able to completely
displace a fluorescently labeled isoform of CXCLI11, suggesting an allosteric
mechanism of binding for this compound [99].

Evaluation of AMG487 in phase I clinical trials had indicated that the drug
accumulated when daily doses above 100 mg were administered [100]. It was
hypothesized that a minor de-ethylated metabolite was responsible for the accu-
mulation of the drug, since it was a time-dependent inhibitor of CYP3A4. New
compounds were explored to address the potential formation of a similar phenol
metabolite [100]. Not surprisingly, for reasons already discussed (N-oxide forma-
tion of pyridine), the peripheral ethylsulfonyl group was maintained during these
explorations. It was hypothesized that core attachment of the 4-ethoxyphenyl (R')
through a carbon atom would give an oxidatively more stable ligand than attach-
ment through a nitrogen atom. However, selected phenol analogues with a
C-linkage were still time-dependent inhibitors of CYP3A4. Thus, it was suggested
that the 4-ethoxyphenyl group had to be replaced. To that end, cyano derivatives of
21 were synthesized. Indeed, the general strategy of cyano replacements for the
ethoxy group has already been explored previously (Table 2). Cyano-derivative 24
(Table 4) showed a promising potential, because it did not produce any metabolites
with CYP3A4 time-dependent inhibitory activity. This compound did test positive
in an in vitro chromosomal aberration assay, however. Likewise, most other tested
cyano derivatives tested positive in the chromosomal aberration assay, with the
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Table 4 Optimization of quinazolinone derivatives by Chen et al. [100]

M. Wijtmans et al.

Compound IC50 (nM)
# In ref. R' R? CXCL10" Migration®
24 15 CN N Ns0,Et 11 n.s.
25 19 CN */\C‘ 12 39
//O
S
I}
(e}
26 25 Cl */\C‘ 6 45
50
I}
O
27 28 F */\O 7 72
570
I}
O

*Displacement of ['*°I]-labeled CXCL10 from the CXCR3 receptor
°CXCL11-mediated migration in the presence of 100% human serum

n.s. not shown in article

exception of, e.g., 25 (ICso= 12 nM). When the cyano moiety as R' was replaced
with a chlorine or a fluorine in certain members, as in 26 (ICso=6 nM), the
chromosomal aberration assay activity was abolished. These findings suggest that
the cyano group was responsible for the activity in the chromosomal aberration
assay. The cyclic sulfone moiety (present in 26 and 27, ICso =7 nM) generally gave
higher potency compared to some ethylsulfone (R?) counterparts. Compounds 26
and 27 were selected for evaluation in multiple species. In general, 26 seemed to
have the best PK profile, owing to a lower clearance and longer half-lives across the
tested species (with the exception of dogs).
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Interestingly, a paper on process chemistry aspects of the synthesis of 28 (the
4-CF3-3-F regioisomer of 26) has been published, suggesting that 28 has also been
of advanced interest for the Amgen CXCR3 research program. The paper contains
valuable details for obtaining members of the (aza)quinazolinone class in
enantiopure form [101].

2.1.2 Imidazole and Imidazopyrazine Derivatives

Since it was suggested that the core of the quinazolinone series tolerated many
changes and served mainly to orient the peripheral groups correctly [97], a series of
imidazole derivatives was explored (Table 5) [102]. It was hypothesized that the
imidazole group would be a suitable replacement for the quinazolinone moiety,
because both groups contain nitrogen atoms in a 1,3 relationship. However, 29
(IC50= 1,800 nM), the parent imidazole derivative, showed poor CXCR3 affinity.
It was proposed that a lipophilic moiety mimicking the phenyl part of the
quinazolinone core was necessary. Gratifyingly, appending a phenyl group on the
4-position increased the affinity (30, ICso = 11 nM). The N-alkyl moiety (Rz) was
then optimized [102]. The SAR for the (aza)quinazolinone series (vide supra)
indicated that polar groups are preferred at this site [87, 98]. This trend held for
the imidazole series. Similar to the (aza)quinazolinone SAR [98], ethylsulfonyl
compounds like 31 (IC50=0.4 nM) had the best affinity for the CXCR3 receptor.
Amines, alkoxy groups, and several pyridyl moieties also displayed good affinity.
With the aim to identify a more polar R*-portion, the R? part was tested for a variety
of side chains, such as imidazole-phenyl, triazole-phenyl, and tetrazole-phenyl
[102]. All tested side chains had less affinity for the receptor than 31, although
differences were not very dramatic.

As mentioned, metabolic studies of the 4-ethoxyphenyl-substituted analogues
demonstrated the formation of phenolic metabolites that are time-dependent inhib-
itors of CYP3A4, a recurring problem with this class of compounds (vide supra).
Thus, replacement of the ethoxy moiety (R*) was sought. The cyano analogue 32
displayed an ICsq value of 0.7 nM, and, thus, the cyano was considered a good
replacement for the ethoxy moiety [102]. It is noted, however, that a later study by
Chen et al. (vide supra) showed that the cyano moiety may cause activity in in vitro
chromosomal aberration assays [100]. Exploration of the substitutions at the
4-position of the imidazole ring (R") showed that replacement of the phenyl moiety
by small alkyl groups, like 33 (IC59= 6.6 nM), or by pyridyl resulted in a loss of
affinity compared to 32 [102]. However, evaluation of the PK properties indicated
that 33 had better solubility and permeability than 32 and was cleared slower than
32, justifying further inspection of the cyclopropyl class of compounds. Metabolic
studies showed that a significant amount of glutathione (GSH) conjugates formed at
the imidazole ring of 33 [102]. Consequently, it was tried to circumvent the
GSH-conjugate formation by modification of R’. Electron-withdrawing groups
difluoromethyl (34, ICso=12 nM) and chlorine (35, IC50="7.8 nM) prevented
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the formation of such adducts while not compromising affinity. Compounds 34 and
35 have oral bioavailability and acceptable PK in rat.

Du et al. continued to improve the potency of the antagonists originating from
the (aza)quinazolinone series [103]. Initial efforts on the 8-azaquinazolinone series
focused on the C7-position (the CH adjacent to the pyridine unit of the bicyclic
system), since a major metabolic pathway was found to be oxidation by aldehyde
oxidase at C7. Although in vitro improvement was achieved with small substituents
at C7, this did not translate to in vivo profiles. The efforts then turned to a series of
imidazopyrimidines (Table 6), exemplified by initial compound 36 (IC5o = 10 nM).
However, neither the affinity of 36 nor the clearance rate of 36 was as good as
desired. This prompted the researchers to shift the N by one atom in the core, giving
imidazopyrazines. In accord with the affinity increase with small groups at C7 of
8-azaquinazolinone compounds, small groups (e.g., methyl, methoxy, ethyl, and
chlorine) at the C8-position (R;) of the imidazopyrazine core significantly
increased the affinity compared to R, being H. Cyclopropyl-derivative 37 had
15-fold increased affinity for the receptor and was the most stable compound in
rat microsomes. However, 37 gave significant pregnane X receptor (PXR) activa-
tion. PXR activation induces the formation of CYP3A4, which could potentially
lead to drug-drug interactions. In order to solve the issue, a more rigid cyclic
sulfone moiety was incorporated into the molecule (R?), and the substitution pattern
at R* was reevaluated for PXR activity. This led to compounds 38 and 39 which
showed reduced PXR activity. Ligand 38 was more potent in a CXCL11 plasma
migration assay and had in vivo efficacy in blocking bleomycin-induced leukocyte
migration into the lung.

QSAR studies have been carried out on the early papers from Amgen [87, 102]
collectively encompassing several different cores [104]. These studies indicated
that highest occupied molecular orbital energy, principal moment of inertia, polar
surface area, presence of triple bond, and Kier shape descriptors can be used to
predict ['*°T]-CXCL10 ICs, inhibition values [104].

2.2 1-Aryl-3-Piperidin-4-yl-Ureas and Later-Generation
Analogues

An HTS campaign (UCB) using a FLIPR-based calcium flux assay delivered
cyclooctenyl urea hit 40 (K; = 110 nM) [105]. An early scan of the aromatic moiety
revealed fluorinated phenyl groups (e.g., 41, K; =47 nM) to be advantageous over
the naphthyl group (Table 7). A SAR study at the cycloaliphatic right-hand side
(R?), while maintaining the original naphthyl left-hand side, identified the (—)
myrtenyl group as a reasonable substitute. With this group at hand, revisiting the
aromatic left-hand side yielded a range of affinities with several fluorinated aro-
matic rings once again standing out. One of the most attractive compounds was 42
(K;=16 nM) which, compared to hit 40, had improved affinity, solubility, and
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Table 7 Optimization of 1-aryl-3-piperidin-4-yl-ureas and analogues by Allen et al. and Watson
et al. [105, 106]

Compound K; (nM)
# In ref. R! R? CXCL10/CXCL11?
40 3 [105] o /\O 110
PN
H H
41 5g [105] F 47
X
FaC NT N
H H

16

42 9t [105] F

43 7a [106] F3C

D

44 10d [106] FaC 270

3CXCL10/CXCL11 stimulated [*>S]-GTPyS assay using CXCR3 transfected CHO membranes

Log D. In a follow-up paper [106], the role of the urea portion was investigated
further (Table 7). One of the approaches was to use a hydantoin constrainment
strategy, which afforded potent compounds (43, K; =26 nM). Since the hydantoin
series as a whole suffered from very high microsomal metabolism, replacements
were sought. Although these did not match the potency of hydantoin 43, arylazoles
such as 44 (K; =270 nM) did present advantages in terms of PK properties.
Efforts to further fine-tune the right-hand side of the original series were also
initiated (Table 8) [107]. A previously [105] disclosed key myrtenyl analogue 45
(K;=0.026 pM) was poorly soluble. In contrast, the cyclic sulfone analogue 46
(K;=1.1 pM) and the piperidine analogue 47 (K; =0.06 pM) showed good log D
and improved solubility, but considerable affinity was lost especially in the case of
46. It was hypothesized that the lost affinity could be regained by modification of
the involved piperidine ring [107]. While methylated piperidine rings did not
display an improved affinity, bridged piperidine derivatives like N-acetyl
homotropene analogue 48 (ICsy=0.009 pM) gave good affinity. It was suggested
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Table 8 Optimization of piperidine urea derivatives by Watson et al. [107]

R? ~. .R!
Ly i
R2. R2 s
N N N N
H H H H
A B
Compound K; (uM)
# In ref. Core R! R? CXCL11*
45 1b A * CF3 0.026
46 3a A * CF3 1.1
\/\E>//o
FsC *
47 3c A " CF3 0.06
<O
0 F3C *
48 of A (e} F 0.009
i FsC +
49 9j A (e} F 0.003
* O .
50 15 B (e} F 0.007
¥
FsC *

3CXCL11-activated [*® S]-GTPyS binding to hCXCR3-transfected CHO cell membranes

that the bridged piperidine fills a similar volume as the myrtenyl group, whereas this
is less the case for non-bridged acylpiperidines. Revisiting the left-hand side, it was
found that the incorporation of some polar aromatic substituents was tolerated on
R? [107]. The 3-fluoro-5-isopropoxy derivative 49 (K;=0.003 pM) showed an
improved affinity compared to 48. Several sites of metabolic oxidation were
identified around the central piperidine ring of 48 [107]. It was postulated that
bridging this ring could lower metabolism and that an exo-tropanyl moiety was of
interest in this respect. Indeed, 50 (K; =0.007 pM) showed the desired metabolic
stability while maintaining an affinity comparable to 48.

Knight et al. continued the development of 48 and aimed to create a series of
non-urea derivatives with similar affinity and properties [108]. Initial efforts
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Table 9 Optimization of piperidine urea derivatives by Knight et al. [108]
ISR
RZ\ 2\ \ i
N N
R R®
B
Compound K; (nM)
# Inref. |Core |R' R’ R’ CXCLI1*
48 1b A o] F H 9
ol ol
* FsC NJ\*
H
51 6 A o N Me 95
-
) :
.
52 lc A N Me 126
-
* S
53 9a A o m H 135
icallian
.
54 14e A j)\ m H 7
[ f% N F3C N/ *
55 24d B o m H 5
@

3CXCL11-activated [**>S]-GTPyS binding to hCXCR3-transfected CHO cell membranes

delivered azole analogue 51 (K; =95 nM, Table 9) bearing a homotropene moiety
similar to 48 and displaying similar affinity to myrtenyl-parent 52 (K; = 126 nM).
However, 51 still had undesirable properties like high plasma protein binding. In
order to improve the PK properties, it was decided to differentiate at the R* moiety
[108]. Aminoquinoline analogue 53 (K;= 135 nM) showed good affinity and
appropriate substitutions significantly increased the affinity further. For example,
7-trifluoromethyl derivative 54 showed good affinity and had a good clearance of
10 pL/min/mg. As previously discussed (vide supra) [107], replacement of the
central piperidine ring for a tropane ring can have benefits in terms of affinities
and metabolic stability. When applied here, the resulting compound 55 (K; =5 nM)
had a good affinity, log D of 2.9, and low intrinsic clearance [108].
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Table 10 Optimization of piperazinyl-piperidine derivatives by McGuinness et al. [109]

2
R2_ | cl
NS
N N/\
K(N
3
R \Q\I‘R'l
Compound K; (nM)
# In ref. R! R? R? CXCL10*
56 la cN o H 110
*\/©/ O/O\/\NJJ\*
H
57 1t cl 0 H 70
\/© ©/O\/\NJ\*
H
58 1q cl 0 H 35
\/©/ C'DANJ\*
H
cl
59 12a cl H H 1,900
*
Y
Cl
60 36 cl 0 (S)-Me 16
\/©/ C'DANJ\*
H
cl
61 37 cl 0 (S)-Me 32
\/©/ \NJ\*
H

Scintillation proximity binding assay using Ba/F3-CXCR3 membranes and ['*°I]-CXCLI0 in
buffer

2.3 Piperazinyl-Piperidines

McGuinness et al. (Merck) identified 56 (K;=110 nM) as a high-throughput
screening hit from an encoded combinatorial library [109]. Further exploration
utilized a substantial amount of solid-phase synthesis to rapidly provide a collection
of analogues (Table 10). Exploration of the R'-position indicated a preference for a
para-substituted benzyl moiety given that, e.g., the unsubstituted benzyl analogue,
the 3-cyanobenzyl analogue, and the 2-cyanobenzyl analogue all lost affinity. It was
found that the 4-chlorobenzyl compound 57 (K; =70 nM) represented an optimum.
This SAR trend was noted to be similar to the benzetimide series described by
Bongartz et al. (vide infra) [110]. The authors speculate that both classes may share
a similar binding mode with the CXCR3 receptor. With the 4-chlorobenzyl at hand,
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the left-hand nicotinyl amide was optimized [109]. It was mentioned that complete
removal of the amide moiety led to a loss of affinity. Among amide substituents,
electron-deficient benzyl rings were preferred (58, K; = 35 nM). Replacement of the
amide moiety by, for example, a secondary amine, tertiary amine, or urea as well as
inversion of the amide (59) reduced the affinity for CXCR3. Removal of the
5-chlorine on the pyridine ring or removal of the pyridine nitrogen likewise led to
a drop in affinity. SAR was also strict on the piperidinyl-piperazine core
[109]. Removal of a nitrogen atom was not tolerated, nor was relocation of nitrogen
atoms or ring opening. However, (S)-methyl substitution of the piperazine ring
increased affinity twofold (60, K; = 16 nM). Interestingly, affinity was only slightly
reduced when the dichlorobenzyl moiety of R* of 60 was changed to a methyl group
(61, K; =32 nM).

The SAR of the R' unit was explored in more detail by Shao et al., largely using
aromatic and heteroaromatic substitutions (Table 11) [111]. Replacement of the
4-chlorobenzyl moiety of 61 by heteroaromatics or a more polar substituent such as
4-(methanesulfonyl)benzyl resulted in a decrease of affinity, leading the authors to
suggest an interaction with a lipophilic region of the receptor binding pocket.
However, small lipophilic substituents such as 4-methyl and 4-trifluoromethyl led
to a decrease in affinity too. On the other hand, 2,4-dihalo substitution (i.e.,
2.4-dichloro analogue 62, IC5o =17 nM) and methyl substitution of the benzylic
methylene proved beneficial in increasing the affinity for the receptor (63,
ICs50=5 nM, other diastereomer less active). As McGuinness et al. reported
[109], (S)-methyl substitution at the 2’-position of the piperazine ring (R?) resulted
in an improved affinity (see 60 and 61). This triggered the examination of methyl
substitutions throughout the core [111]. Substitution with (§)-methyl on the alter-
native 5'-position of the piperazine ring was tolerated, while an (R)-methyl resulted
in a sixfold loss of affinity. Methylations of the 2”-, 4”-, and 5”-positions of the core
piperidine ring were also tolerated, but did not improve the affinity for the receptor
significantly. Since many of these methylations will add additional stereochemical
complexity, the authors did not pursue these further. Both basic nitrogen atoms (i.e.,
trialkyl nitrogens) of the piperazinyl-piperidine (X=N, Y=CH) core were essential
for CXCR3 affinity [111]. Since inverted piperidinyl-piperazine (X=CH, Y=N)
analogues 64 (ICsy) =4,500 nM) and 65 (ICs, =280 nM) gave reduced affinity, the
hypothesis that both basic nitrogen atoms are crucial in a spatially defined way is
further supported. The 5-pyridyl carboxamide (R’) could be reverted, leading to
equal or better affinity compared to initial lead compound 61, but (perhaps for
toxicophore reasons) this series was not followed upon [111]. The primary amide
66 (IC50 =39 nM) displayed similar affinity as 61, while an N-ethyl-amide (i.e., 67,
IC50=2.3 nM) gave increased affinity. Having scanned most of the scaffold, the
2/-position substituent (R?) was re-optimized [111]. With the amide R> being Me,
the 2'(S)-ethyl analogue 68 (ICsy =3 nM) proved to have a tenfold better affinity
than 61. Larger substituents (69) or more polar substituents as R?(70) led to a drop
in affinity. A tenfold enhancement of affinity was achieved when R* was substituted
with an ethyl moiety (71, IC59= 0.3 nM; 72, IC50=0.2 nM) instead of a methyl
moiety.
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Table 11 Optimization of piperazinyl-piperidine derivatives by Shao et al. [111]

(o]
R3\N _~_Cl
Ho o
N N/\
S
R? k/N\R1
Compound
# |Inref. |R! R? R? X |Y |ICso(aM)?
62 |6i cl | ($)-Me Me N |[CH |17
e
cl
63 |6k Y©/0| (S)-Me Me N |CH |5
#
64 | 16a c |H cl _|CH [N 14,500
*\/©/ C|:©/\
65 | 16d v©/0| (R,S)-Me Me CH [N [280
66 | 17f Cl | (S)-Me H N |[CH |39
*v©/
67 |17g cl | ($)-Me Et N |[CH |23
*\/©/
68 |18a cl | ($)-Et Me N |CH |3
*v©/
69 |18b cl | ($)-iBu Me N |CH |260
*v©/
70 | 18e Cl | (RS)-CH,OH |Me N |CH [910
*v©/
71 | 18i cl | ($)-Et Et N |[CH |03
*\/©/
72 | 18] cl | ($)-Et Et N |CH |02
e
E

“Details of assay conditions not given in reference
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Compounds 71 and 72 represent the first reported sub-nanomolar CXCR3 antag-
onists. Indeed, at the time, compound 71 had already drawn our attention from
the patent literature [112], and we used it in a hybrid-design strategy to probe a
potential polycycloaliphatic pocket in CXCR3 (vide infra) [113]. Extensive mutation
studies have been done by us on compound 71, which we called VUF11211 [80]. The
binding of 71 to CXCR3 was affected by mutations in the TM region of CXCR3,
whereas CXCL11 affinity remained largely unchanged. A binding model was
constructed based on homology modeling and the data from the mutagenesis study,
revealing a cross-pocket binding mode for 71, binding to both TMS1 and TMS2, and
partially overlapping with the binding mode for 11 [80]. Since the CXCR3
chemokines are binding to the extracellular loops and N-terminus of the receptor,
these small molecules probably bind in an allosteric manner (see Sect. 4) [20, 80].

Despite the extraordinary high in vitro affinity of 71, work continued because 71
exhibited modest PK features in rat and had undesirable hERG affinity [114]. The
pyridine ring of 71 was initially replaced by a pyrazine moiety (73), and the new
core motif was optimized (Table 12), first of all by appending an NH, group onto
the pyrazine (R). First, the R'-substituent was modified maintaining a primary
amide as R? revealing that many analogues (like 74) had reasonable affinity for
CXCR3 if the R'-substituent was a benzylic group. With the 4-chlorobenzyl fixed,
the SAR at the R*-position was probed. Polar substituents such as hydroxyalkyl
moieties, sulfonamides, and lactone analogues showed good affinity (i.e.,
hydroxyalkyl analogue 75, ICso=0.3 nM). Unfortunately, many of those com-
pounds also displayed affinity for the hERG channel. In an attempt to improve the
hERG profile, polar substituents on R* in combination with polar groups as R' were
investigated. The strategy worked as, e.g., sulfonamide analogues (R?) improved
the hERG profile, while affinity was reasonably maintained. Likewise, the hERG
affinity decreased for 6-amino-2-chloropyridine-5-carboxamide derivative 76
(IC590=3.4 nM). Moreover, the exposure in rat was improved for 76. Therefore,
the 6-amino-2-chloropyridine-5-carboxamide moiety was fixed as R', with SAR
focusing on other parts of the scaffold. As the previous pyridine series proved good
without a 6-amino moiety as R, this amino group was removed and the R*-position
was modified. Primary and secondary amides were both well tolerated, indicating
that the 6-amino group was not essential for binding. Subsequently, a more stable
replacement was sought for the 3-chloro moiety of the pyrazine, perhaps because it
can act as an electrophile. Thus, replacements for R* were investigated, which
showed that methyl and trifluoromethyl analogues were all acceptable. Exemplary
cyclopropylamide 77 (ICso = 1.9 nM) possesses good affinity, little hERG affinity,
and good PK in rat. Additional revisiting of the 4-chlorobenzamide as R' led to 78
(IC5o=1.1 nM), which showed a good combination of CXCR3 affinity and rat
PK. The high percentage of hERG inhibition (74% at 10 pM) of 78 could be
circumvented by introduction of an (R)-methyl moiety at R® (79, IC5p=1.3 nM,
hERG inhibition of 7% at 10 pM).

Jenh et al. analyzed and reported the properties of 74, also known as SCH
546738 [54]. The compound exhibited favorable pharmacokinetic properties in
rodents and appeared effective as CXCR3 antagonist both in vitro and in vivo.
For example, it inhibited the chemotaxis of isolated human T cells towards CXCL9,



146

Table 12 Optimization of piperazinyl-piperidine derivatives by Kim et al. [114]

M. Wijtmans et al.

0
RZ\N _N R4R5
N LT
RN N)\
N

T
R1

Compound ICs0 (nM)
# Inref. |R' R? R? R* R’ CXCLI10*
73 2 Cl Et H Cl H n.s.
*v©/
74 8a Cl H NH, Cl H 0.8
*v©/
75 81 Cl J\/ NH, Cl H 0.3
*v©/ HO
76 8r | ~C! Ho NH, Cl H 34
* N
O NH,
77 15f Cl * H Me H 1.9
X
| v
* N
O NH,
78 15j Cl A H Me H 1.1
*\H/©/
o
79 16e \”/©/CI o H Me (R)-Me 1.3
(e}

2[123])-labeled CXCL10 displacement assay performed in Ba/F3 cells expressing human CXCR3
n.s. not shown in article

CXCL10, and CXCLI1 in a noncompetitive manner. In addition, 74 dose-
dependently attenuated collagen-induced arthritis in a mouse model for rheumatoid
arthritis. Similarly, it delayed disease onset and attenuated disease severity in
murine experimental autoimmune encephalomyelitis, a model for human multiple
sclerosis. Moreover, 74 significantly delayed graft rejection in a cardiac allograft

model [54].

In the latest disclosed SAR work [115], efforts were directed towards improving
PK, hERG, and metabolic parameters. The key approach involved replacing the
amide functionality with heterocycles, among which oxadiazoles, imidazoles, and
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triazoles were probed. Additional balancing involved revisiting other parts of the
molecule. Exemplary resulting molecules are 80 (ICso=2.8 nM) and 81
(IC59 = 6.4 nM). Notably, both had significantly lower hERG affinities (25 and 0%
in Rb efflux assay) than several predecessors while displaying good PK properties.

EtHN
7 -0

N cl § N/\N cl
Y . pueNe)

81 0

2.4 Ergolines

In 2009, Thoma et al. (Novartis) described the discovery of the lysergic acid-
derived inhibitor 82, a rather unusual type of CXCR3 binder [116]. GPCR selec-
tivity was tested at an early stage, and unlike lysergic acid diethylamide (LSD) and
its close derivative 83, compound 82 did not significantly inhibit serotonin, adren-
ergic, and dopamine receptors. The selectivity may be explained by different
electronic and steric properties of 82 compared to LSD and 83. For example, 82
(lacking a highly basic N-atom) is neutral under physiological conditions, whereas
LSD is protonated. Compound 82 was stable in rat and human microsomes and it
had a similar metabolic pattern in all tested species. Preliminary SAR efforts
indicated that relatively moderate changes of the core structure strongly affected
the affinity [116]. Changes in the amide group (R"), such as removal of the carbonyl
moiety, reduced the affinity, as did modification of the urea portion of the molecule
(Rz). Methylation or benzylation of the indole N (R3) were not of additional value
either. In all, a preliminary strict SAR emerged.

In 2011, a more in-depth SAR of the ergoline series was described (also
Table 13) [117]. In terms of amide N-substituents (R'), primary and secondary
amide analogues lost affinity. Indeed, cyclic tertiary amides, such as 84
(IC50=35 nM), showed the best binding affinities. Various more polar aliphatic
heterocycles, such as piperazines and sulfoxide derivatives, had lower affinity for
the receptor. With the pyrrolidine amide at R', variation of R* was explored
[117]. In general, meta-substitution of the urea phenyl group was preferred over
ortho- or para-substitution. Aliphatic cyclohexyl urea 85 (ICso=24 nM) and
cycloheptyl urea 86 (ICso =28 nM) showed good affinities, while introduction of
amides instead of ureas led to a decrease in affinity. In the end, the phenyl urea
moiety (as in 84) remained the best substituent. Unfortunately, 84 only modestly
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Table 13 Optimization of ergolines by Thoma et al. [116, 117]

M. Wijtmans et al.

Compound IC50 (nM)
# In ref. R' R? CXCLI1* | Ca®*®
LSD K H n.s. n.s

*/N\/

82 | 1,[l16] ( H 51[117] 18

la[117] N

*

83 2 [116] K H >10,000 n.d.
*/N\/

84 |Ih[117] H 5 4
_N
*

85 80 [117] H 24 11
_N
*

86 8pl117] H 28 14
*/N

87 1t [117] OH H 14 5
1S
*

88 11a[117] /3 SN 2 2
N |
*

['2°[]-labeled CXCL11 displacement assay performed in CHO cells expressing human CXCR3
®CXCL11-induced Ca**mobilization assessed in CXCR3-transfected L 1.2 cells

n.s. not shown in article, n.d. not determined

inhibited CXCL11 binding to CXCR3 in both rat (ICsy = 3,300 nM) and human
blood (ICs5o =700 nM) [117]. Given that the more polar 87 (ICsy = 14 nM) showed
less reduced inhibition in human blood (IC5o =200 nM), polarity was postulated as
a key factor. More polar groups were sought for at the nitrogen atom of the indole
(R?), as polar groups in the amide portion and the urea portion had shown to lead to
less potent derivatives. At R3, an ethanol substituent or various basic amino
functionalities (i.e., 88, IC5o =2 nM) gave good affinity and potency which was,



Exploring the CXCR3 Chemokine Receptor with Small-Molecule Antagonists and. .. 149

gratifyingly, largely retained in rat blood (ICs5o =35 nM). Favorable features of 88
include the bioavailability (97%) and the half-life (¢;, =8.9 h).

A compound named NIBR2130 [118], assumed to be from the ergoline-type
class, was recently shown to have only a limited impact on disease outcome in a
diabetes type 1 mouse model [118] and on cardiac allograft rejection in mice and
rats [57] while having favorable pharmacokinetics and nanomolar affinity for both
human and murine CXCR3 (both ICsy=2.2 nM, ['**I]-CXCL11) [57, 118].

2.5 Iminobenzimidazoles

An HTS of the Abbott corporate compound collection led to the discovery of 89, a
compound with moderate affinity for CXCR3 (IC5o =3 pM) [119]. The molecular
weight and log P (2.7) of 89 were considered a suitable starting point for hit-to-lead
(Table 14). In the acetophenone portion (R') of the molecule, a cyano group instead
of a nitro group was not tolerated, but the bromo and chloro analogues had affinities
in the same range as 89. Removal of the 4-substituent or replacement of the
carbonyl moiety of the acetophenone portion with a sulfoxide or alcohol reduced
the affinity. Substitution of the benzimidazole core was also explored (R?)
[119]. While substitution with a 4-OMe (90, ICsy =3 pM) showed no change in
affinity, substitution at the 5-position and 6-position resulted in compounds with
only weak affinity. Because the 2-acyl analogues (collectively referred to as A) like
89 and 90 were poorly soluble in aqueous buffer, the 2-acyl was replaced for an
imino group while an additional N-Me was appended as well (referred to as B)
[119]. With the parent unsubstituted 2-imino compound 91 (ICsy = 0.8 pM) at hand,
the impact of substitution on the benzimidazole core (R?) and acetophenone moiety
(R') was reevaluated [119]. Notably, substitutions on the 4-position of the benz-
imidazole improved or maintained affinity compared to 91, with 4-ethyl analogue
92 (IC50=0.03 pM) displaying the best affinity. Larger substituents and more polar
substituents did not perform as well, leading the authors to suggest that the binding
subpocket for C4-groups is small and lipophilic. As in previous evaluations (vide
supra), substitution on the 5- and 6-position did not improve the affinity.

The focus of Hayes et al. also turned to replacing the N-Me of the iminobenzi-
midazole core (R! in Table 15) [120]. The beneficial ethyl moiety on the 4-position
(Rz) was removed in order to better examine the impact of N-modification. Thus,
the N3-position of 91 was substituted with increasingly larger groups, which was
generally tolerated. A notable improvement in functional antagonism (FLIPR
assay) was found for amide analogue 93 (IC50=0.4 pM). The reverse amide
analogue 94 (IC50=0.4 pM) was less potent in a functional assay, but was
nevertheless used for further optimization. Introduction of a chlorine atom as R*
increased affinity, and with this substituent the optimal linker length between the
iminobenzimidazole nitrogen atom and the amide nitrogen atom was found to be
propylene. Several aryl, heteroaryl, and aliphatic amides were probed to identify a
more optimal amide substituent. Amide analogue 95 (IC50=0.02 pM) emerged
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Table 14 Optimization of benzimidazole derivatives by Hayes et al. [119]

R2

N
S
N

R2
/
N
D>=NR3
N
R!

R
A B

Compound 1Csp (UM)

# In ref. Core R! R? R? CXCL10*

89 1 A (e} H COMe 3
Q‘\@\N )

90 de A (e} OMe COMe 3
J\@\ B

91 12d B o H H 0.8
QKCLCI

92 12p B o Et H 0.03

*\)\@\
Cl

3['2°[)-labeled CXCL10 displacement assay performed in Chinese hamster ovary (CHO) cells
expressing human CXCR3

from this, as it had good affinity for both human and murine CXCR3. However, the
half-life of 95 in mouse liver microsomes was short due to N-demethylation as the
main metabolic event in vitro. To prevent such N-demethylation, the n-propyl
linker was constrained into a ring (96, IC5o=0.015 pM). Another compound with
a ring-containing linker (2-pyrrolidine compound 97, ICsy = 0.008 pM) showed
good potency across species, but was nonetheless rapidly metabolized (apparently
not to the demethylated analogue) in mouse liver microsomes.

2.6 VUA Compounds: Targeting a Hypothesized

Polycycloaliphatic Pocket

Our group has published multiple articles on tool compounds that make use of the
recurring [105, 121] polycycloaliphatic motif in CXCR3 ligands. Several venues

were followed.
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Table 15 Optimization of benzimidazole derivatives by Hayes et al. [120]

RZ R
N
>=NH
N o

Cl
Compound 1Cs0 (UM)
# In ref. R! R? CXCLI10*
93 11b o H 0.4
A~
|
94 14d | H 0.4
NN
IS
95 14n | Cl 0.02
P N
O Na |
96 140 Cl 0.015
* N
H
(0] N
97 14r Cl 0.008
l¢)
I
N_. Ns
~"

3[123])-labeled CXCL10 displacement assay performed in Chinese hamster ovary (CHO) cells
expressing human CXCR3

In our earliest efforts, we decided to use the piperazinyl-piperidine series
disclosed by Merck to explore the CXCR3 binding site and the receptor’s apparent
preference for polycycloaliphatic groups [113]. More specifically, 71 and 72 were
selected as a starting point from the patent literature [112], because their picomolar
affinities may allow the removal of a substantial portion of the molecule followed
by the appending of a polycycloaliphatic group. In a first scan, the benzyl-
aminopiperidine part of 71 was equipped with various (poly)cycloaliphatic groups
(Rl, Table 16) [113]. Neither introduction of monocyclic aliphatic rings, such as
pyrrolidine and N-cyclohexyl rings, nor the introduction of bicyclic aliphatic rings,
such as (—)-myrtenyl and tropine groups, resulted in an acceptable affinity. One
exception is the 2-adamantane analogue 98 (pK;=06.8). SAR around this
2-adamantane unit was very strict, with all further manipulations (shifting to the
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Table 16 Optimization of polycycloaliphatic aminopiperidines by Wijtmans et al. [113]

H

N<ro

Compound pK;
# In ref. R! R? CXCL10*
98 19 - cl 6.8
(EAENN e
F
99 28 x cl 5.1
RN
F
100 37 @/ o cl <5
*)J\N
HoF

101 38

l5a

\/Q/CI 6.4
F

3[123[)-labeled CXCL10 displacement assay performed in HEK293 cells expressing human
CXCR3

1-position, methylation, linker elongation, incorporation of an N-atom to give 99
(pK;=5.1)) leading to reduced affinity. SAR was also strict around the
4-aminopiperidine core [113]. Changes such as substitution on the benzylic methy-
lene, methylene insertion, introduction of a (un)saturated ester, and incorporation of
a urea group to give 100 (pK; < 5) all gave reduced affinity. For further efforts,
another polycycloaliphatic group was sought to overcome the high crystallinity and
poor solubility of many of the tested adamantane compounds. The (R)-isobornyl
analogue 101 (pK; = 6.4) displayed a somewhat reduced affinity compared to 98,
but did have the desired reduced crystallinity and was therefore selected for
in-depth SAR on the benzyl portion (R?). In general, the (R)-isobornyl series
exhibited similar SAR trends as the adamantane series, but none of the tried
substitutions matched the affinity of parent 101. In contrast to the achiral
2-adamantane series, compounds with an isobornyl group as R' could be used to
probe the “polycycloaliphatic pocket” with stereochemical subtleties of the bornyl
group. However, little effect of stereochemistry was observed.

In second approach targeted at using the “polycycloaliphatic pocket”, we built
on a medium-throughput screen of 3,360 pharmacologically active compounds
performed in our labs [122]. The screen resulted in 90 hits that displace ['%1]-
CXCLI10 for more than 50% at a concentration of 10 pM. One of those hits was
IPAG (102), a sigma-receptor ligand. Although it had a moderate K; of 4,000 nM
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Table 17 Optimization of polycycloaliphatic ammonium salts by Wijtmans et al. [122]

2
N R
Ne 1°
R
Compound pK;
# In ref. R! R? CXCL10*
103 8a . *A©\ 6.1
|
104 8f *A©\ 6.6
/ |
105 of *A©\ 6.7
7 Cl
*
106 9j * O 6.5
’ ®
£
107 10c . O’ 6.3
/ O
*
108 10q * O 6.9
7 ! Cl
*

3[123[)-labeled CXCL10 displacement assay performed in HEK293 cells expressing human

CXCR3

for CXCR3, its adamantane substructure drew attention to the hypothesized
“polycycloaliphatic pocket.” In order to simplify the generation of chemical diver-
sity (Table 17), the guanidine unit was replaced with a tertiary amine or a quater-
nary ammonium cation. The distance between the aryl and adamantanyl units was
kept comparable to IPAG by the insertion of two methylene spacers.

102 (IPAG)

The tertiary amine analogue of IPAG led to a reduced affinity, but insertion of a
permanent cation by methylation of the nitrogen (i.e., 103, pK; = 6.1) substantially
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increased the affinity. It was hypothesized that the ability of the core to engage in
electrostatic interactions plays a dominant role in this, so the permanent cation was
maintained in subsequent SAR. During probing of the left-hand side portion (R"),
the most notable observation was that introduction of a myrtenyl group resulted in
an enhanced affinity (104, pK; = 6.6) compared to adamantane analogue 103, which
is opposite to what we discovered for the 4-aminopiperidine series (vide supra)
[113]. This suggests that the IPAG derivatives bind in a different manner than
the 4-aminopiperidine series. The aromatic right-hand side (R?) tolerated para-
substitution with chlorine (105, pK; = 6.7), bromine, iodine but less so with fluo-
rine. As a whole, the R* SAR suggested that room for growth was available at the
para-substitution of the benzyl substituent. Indeed, a biphenyl compound was
found to have a good affinity for the receptor (106, pK; =6.5) [122]. SAR at the
biphenyl core itself was pretty strict, with, e.g., shifting of the phenyl ring, insertion
of an oxygen atom, or constrainment to give 107 (pK; =6.3) not being of surplus
value. The biphenyl moiety lends itself well to peripheral SAR, though. Meta-
substitution was preferred, but protic polar meta-substitutions, such as hydroxyl and
amino groups, reduced affinities. Indeed, substitution with the more lipophilic
chlorine on the meta-position restored the affinity. In fact, mera-chloro analogue
108 was the compound with the best affinity of this series (pK; =6.9).

This series served as a stepping stone for the discovery of a novel class of
CXCR3 agonists (Sect. 3.2).

2.7 Miscellaneous

Several chemotypes have been the subject of one medicinal chemistry paper only.
These have been collected in the current paragraph.

2.7.1 Benzetimide Derivatives

Bongartz et al. (Johnson & Johnson) screened a database of compounds for their
inhibitory activity on cAMP in CXCL11-stimulated hCXCR3-transfected CHO
cells [110]. Hit compound 109 inhibited [*°S]-GTPyS binding with an ICs, value
of 0.78 pM. Separation of the enantiomers showed that the (—) stereoisomer and the
(+) stereoisomer had comparable CXCR3 antagonistic effects. Compound 109
resembles the muscarinic receptor antagonist benzetimide (where the Br is an H
atom). For that reason, the anticholinergic activity of 109 was assayed as it may
carry the risk of off-target effects. The (+) stereoisomer of 109 showed nanomolar
affinity for the muscarinic receptors M1, M2, and M3, whereas the (—) stereoisomer
of 109 showed only marginal affinity to M1. This is in accord with the notion that
only the (+) stereoisomer of benzetimide (dexetimide) shows anticholinergic acti-
vity [110]. Acknowledging 109 as a good starting point for CXCR3 ligands, the
N-substitution of the piperidine ring (R') was explored (Table 18). Most substitu-
tion patterns for the benzyl ring were not of surplus value. Only a 3-fluoro-4-chloro
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Table 18 Optimization of benzetimide derivatives by Bongartz et al. [110]

R3
|
X N X
R1
\©\/N a
X
\R2
Compound ICs50 (kM)
In [*S]-
# ref. Stereochemistry | R' R? R? X GTPyS*
109 |1 + 4-Br H H (@) 0.78
110 |12 - 3-F4- |H H (6] 0.34
Cl
111 |18 + 4-Br 2,4-F H (0] 0.12
112 |21 + 4-Br 2-OMe-5- H (0] 0.17
SOz;H
113 |41a - 4-Br H Acetyl H, 0.11
H
114 |[47b + 4-Br H o-Acetamide | H, 0.06
H
115 |48a - 4-Br H Phenylurea H, 0.03
H

3[355]_GTPyS binding assay

substitution pattern, as in 110 (ICso=0.34 pM), exhibited better affinity for the
receptor than 109. However, it was decided to continue with the original bromo-
substituted moiety and the R*-substituted phenyl group was modified. Small para-
substituents like fluorine where tolerated, as were various substituents on the meta-
position, such as amine and carboxylic acid groups. The ortho-position was found
to be a good additional anchor point, as suggested by the relatively high affinities of
111 (IC50=0.12 pM) and 112 (IC57=0.17 pM). When the glutarimide group was
explored, retaining a carbonyl group (X=0) proved essential for affinity. The imide
hydrogen (R®) was replaced by alkyl groups without improvement in affinity.
Interestingly, testing of enantiopure acetyl (113, IC5o=0.11 pM), a-acetamide
(114, 1C50=0.06 pM), or phenylurea derivatives (115, IC5,=0.03 pM) led to
significantly enhanced activity even with the two glutarimide carbonyls
(X) removed. In contrast to 113 and 115, for 114 the (+) enantiomer proved most
active. Compounds 113, 114, and 115 showed no antimuscarinic activity, and it was
mentioned that those compounds had comparable affinity for mouse CXCR3.

2.7.2 N-Benzyl Benzenesulfonamides

Crosignani et al. (Merck Serono) reported on the screening of 90,000 compounds
employing a high-throughput screening method [123]. As a result, compound 116
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Table 19 Optimization of N-benzyl benzenesulfonamides by Crosignani et al. [123]

R
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R\/N R4
Compound 1C5¢ (nM)
# In ref. R! R? R? R* Chemotaxis®
116 1 Cl ©/* * o H 538
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117 2 Cl * H O H 2,275
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120 14 Cl * H H 238
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121 28 Cl *YO H 2,940
O T
122 47 CN * N F 192
o
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#Chemotaxis assay with CXCR3-overexpressing L.1.2 cells and CXCL10 as chemoattractant

was discovered (Table 19). While the compound was selective against other tested
GPCRes, it had low solubility, low permeability in the Caco-2 assay, high clearance
in human and rat liver microsomes, and was unstable in acidic media. Some of those
properties may be contributed to the acylhydrazone moiety present in 116. Encour-
agingly, additional efforts delivered structure 117 indicating that the acylhydrazone
moiety could be replaced. Assay values reported in this paper are mostly those of
chemotaxis assays, strictly taken not binding values, but the authors show that the
correlation with binding data is good. A first optimization was performed for R', R?,
and R®. SAR on R' was tight and it was mentioned that ortho- and meta-substitution
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were not tolerated. A para-chlorine functioned well, but methoxy and cyano
moieties were allowed too. The R*position tolerated many (hetero)aromatic
groups. Especially compounds containing a 2-pyridyl ring had good potencies
(i.e., 118, IC59 = 13 nM). The authors state that an unsubstituted methylene linker
should be present between the (hetero)aromatic ring and the core structure and that
aliphatic or cycloaliphatic groups were not tolerated as R> For the R® moiety,
lipophilic groups could be used as exemplified by 118 and 119 (ICs5yp =192 nM).
The thiophene analogue 119 had slightly better affinity than a 1-phenylcycloprop-1-
yl analogue (120, IC50=238 nM). The instability in liver microsomes of com-
pounds in the series had to be addressed. Carboxylic acid analogue 121
(IC50=2,940 nM) was found to be stable in human and rat liver microsomes,
although the potency was reduced. This led the authors to believe log D was
possibly involved in the metabolic stability. In order to boost potency, several
carboxylic acid bioisosteres, such as tetrazole and oxadiazolone, were tested.
Exploration of the SAR around these structures followed similar trends compared
to the amide subseries. Yet the tetrazoles generally had higher microsomal stability
than the amides. The compound with the best PK profile was 122 (chemotaxis
IC50=192 nM).

2.7.3 Camphor Sulfonamide Derivatives

A high-throughput screening described by Wang et al. (GlaxoSmithKline) led to the
identification of 123 (pICso=6.6) [121]. The ligand bears a characteristic
polycycloaliphatic moiety (camphor), a recurring motif in CXCR3 compounds
[105, 113]. The left-hand aryl moiety (R") was first explored (Table 20) [121]. Mov-
ing the trifluoromethyl substituent on the pyridine ring to other positions was not
allowed. Replacement of the trifluoromethyl substituent by, for example, bromo,
methyl, or cyano also led to a loss of affinity. Adding a second substituent could be
beneficial, as evidenced by 124 (pICsy=6.8). Several compounds with aromatic
(phenyl) or heteroaromatic (i.e., pyridazinyl) rings as R' showed significantly
reduced affinity, except for installing a pyrimidine, which gave only slightly
reduced affinity (125, pICso=6.5). The piperazine core of the scaffold was
subjected to an extensive SAR. Most manipulations (substituted piperazines,
homopiperazine, other (a)cyclic diamines) gave reduced affinity. Noteworthy,
though, (§)-methylation on the 3-position of the piperazine core (R?) resulted in a
compound with a better affinity. Finally, the camphor portion of the molecule was
probed (Rz). The (S)-isomer 123 exhibited a better affinity than its (R)-isomer
counterpart. Modification of the ketone of 123 was reasonably (but not fully)
allowed. For example, while the alcohol 126 (pICs)=6.8) showed better affinity
than its ketone counterpart 123, the amine 127 (pICso=6.1) displayed decreased
affinity. Some of the best affinity-improving moieties in each region were combined
to give, for example, 128 (pIC5o="7.1) and 129 (pICsy =7.5).
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Table 20 Optimization of camphor sulfonamide derivatives by Wang et al. [121]
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#CXCL10 induced calcium mobilization assay performed on a CHO-K1 cell line expressing
CXCR3 and Gal6

2.7.4 4-N-Aryl-[1,4]diazepane Ureas

Pharmacopeia researchers screened 90 libraries containing over 4 million com-
pounds using Encoded Combinatorial Libraries on Polymeric Support (ECLiPS™)
[124]. From this emerged the 4-N-aryl-[1,4]diazepane-urea chemotype on which
SAR was carried out (Table 21). The R' group benefited from a
2,4-dichlorophenethyl moiety, as is evident from comparing, e.g., 130
(IC50=0.51 pM) and 131 (IC5y=0.06 pM). On the R? side, several substituted
phenyl groups as well as a few heteroaromatics were tolerated, with 3-C1-Ph (as in
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Table 21 Optimization of 4-N-aryl-[1,4]diazepane-urea derivatives by Cole et al. [124]

O.__R2
0 Y
R! NH
N
H
N\ 9
KJN_«
HNK
Compound I1Cs50 (PM)
# In ref. R! R? CXCLI11*
130 6v ©\/\ /@\ 0.51
* * Cl
131 6¢c cl /@\ 0.06
\Q\/\* * Cl
cl
132 6b C|\©\/\ /@ 0.70
cl Cl

“Reduction in CXCL11-stimulated calcium release for a cell line (HEK293) overexpressing
recombinant human CXCR3 and chimeric G protein Gqi5

131) and 3-F-Ph being optimal. Shifting the Cl atom by one position led to a drop in
affinity (132, IC5o = 0.70 pM). The ethylurea unit was probed with a selected set of
groups, but this did not lead to significantly improved affinities. A decrease in
diazepane ring size or its ring opening was not allowed. Compound 131 was used by
the same research group in their investigation into small-molecule CXCR3 agonists
[125]. A QSAR model has been constructed on this scaffold that consists of
molecular descriptors that encode information about the structure, branching,
electronic effects, chains, and rings and account for cooperative effects between
functional groups [126].

2.7.5 Tetrakis-(Diisopropyl-Guanidino) Zinc Phthalocyanine

A metal complex (Zn-DIGP, 133) has been claimed as a CXCR3 binder, albeit with
low affinity (K; =29 pM, ['**I]-CXCL10) [127]. The ICs, of 133 for inhibition of
CXCL10-CXCR3 activation amounted to 3.8 pM. The authors invoke this ability to
interfere with CXCL10-CXCR3 signaling as a potential explanation for the
antimetastatic activity of 133.
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3 Agonists

As mentioned in the introduction of this chapter, the field of small-molecule
CXCR3 agonists has been much less explored. Arguably, this is because relatively
few therapeutic indications have been disclosed for CXCR3 agonists. Moreover,
general trends seem to suggest that it is intrinsically complex to find small-molecule
agonists for the chemokine receptor family [128]. In total, three distinct agonist
small-molecule chemotypes for wild-type CXCR3 have been published (two of
which in the same paper in 2006, the other in 2012), and these represent important
tool compounds to interrogate the signaling events by CXCR3. Indeed, it will be
shown how these agonists have attracted interest from researchers to facilitate
fundamental CXCR3 research.

3.1 Agonists Emerging from the Pharmacopeia Screen

During what appears to be the same screen of 90 libraries [124] used for identifi-
cation of the 4-N-aryl-[1,4]diazepane ureas, such as 131 (vide supra), Pharmacopeia
researchers also picked up a few agonist chemotypes [125]. The paper only pro-
vides qualitative SAR and SFR statements, which will be recapped here. In general,
it was noted that irrespective of the scaffold, an agonist chemotype preferably has a
single basic amino acid (thus bearing some peptidomimetic character) and a
hydrophobic peripheral group [125]. While three agonists are described in more
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detail in the paper, they are best classified into two chemotypes: a fused piperidinyl
diazepanone and two tetrahydroisoquinolines.

R (\Na Ph
am @VW T
o o 0
134 135 NH,

3.1.1 Fused Piperidinyl Diazepanone

One agonist chemotype is that of a fused piperidinyl diazepanone (general structure
134). While this probed library contained ca. 80,000 members, CXCR3 agonists
emerged only from a sublibrary containing an ortho-methoxybenzyl moiety as R*.
Within this sublibrary of 1,575 compounds (which contained lysines as well as
acidic and uncharged amino acids, presumably all on R?), only two compounds
were identified as agonists, both bearing a (D)-Lys substituent. Thus, the structure-
function relationship (SFR) around this fused piperidinyl diazepanone scaffold, as
far as can be deduced, seems strict. The structure of one of the identified agonists
was given: 135 (ICso=65 nM, ['*’I]-CXCL10). In a calcium flux assay, 135
presented itself as an agonist with similar efficacy as CXCL11, albeit with lower
potency (ECso =800 nM, o= 1). Similarly, 135 provoked chemotaxis of human T
cells with a maximum response around 1000 nM. Interestingly, the maximum effect
in chemotaxis induced by 135 is £50% of that elicited by CXCL11 (x =0.5). Pease
et al. confirmed the agonistic properties of 135 in a murine L1.2 pre-B cell
migration assay. Again, 135 showed lower efficacy and potency compared to
CXCLI11 [129]. In addition, mutational studies combined with ab initio modeling
on 135 binding to CXCR3 suggested that residue D112*%? acts as the counterion for
the positive charge of the arginine moiety in 135 [129]. This suggests that 135 binds
to TMSI1 of the TM region of CXCR3.
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136 137 138

3.1.2 Tetrahydroisoquinolines

The second agonist chemotype emerging from the Pharmacopeia screen [125] is
that of a tetrahydroisoquinoline (general structure 136). This library, with
ca. 30,000 members, only provided agonists when R* was a 3-benzoyl-propionyl
side chain. Even so, with that particular R3, only 7 out of the 2520 embedded
compounds gave CXCR3 agonism. All of these 7 compounds possessed a basic
amino acid as R? (arginine in 6 out of 7 cases, lysine 1 out of 7). Interestingly, both
(L) and (D) amino acids were present in the original library, but the 7 hits all
contained the (L) stereomers of the basic amino acid. In terms of R', it was
qualitatively described how a SAR was visible and suggested a preference for a
hydrophobic moiety as R'. In all, also for this chemotype, the SFR seems strict. Of
the found 7 agonists, the structures of two were disclosed: 137 (ECso=3.3 pM,
calcium flux assay) and 138 (ICso =42 nM, ['**I]-CXCL10; ECso= 1.1 uM, cal-
cium flux assay). They are very much alike but differ from each other in the exact
nature of the hydrophobic and basic groups.

No synthesis for 137 and 138 was described in the paper. Therefore, our group
developed a synthesis strategy for 137 [14]. During these efforts, we also made a
handful of derivatives of 137 (Wijtmans et al., unpublished data) which are in line
with the qualitative statements from the Pharmacopeia paper [125]. That is, when
the R? group of 137 was changed for an acetyl moiety and/or the R? for a glycine,
the affinity dropped by at least by 1.5 log unit (activity not tested).

The synthesis of 137 enabled detailed pharmacological and mutation studies
[14]. Stroke and colleagues showed that both 137 and 138 acted as agonists in a
calcium flux and chemotaxis assay. In later publications from our group and Pease
et al., these molecules were described in more detail [14, 25, 129].

Our group reported a detailed pharmacological characterization of 137 (called
VUF10661), which acts as agonist in different assays, including [*°S]-GTPyS
(EC50=0.6 pM), cAMP (EC5o=0.5 pM), p-arrestin recruitment (ECs9= 1.0 pM),
and receptor internalization (ECsg~3 pM) [14]. 137 also produced PTX-sensitive
impedance responses (ECso=0.8 pM) in a label-free impedance assay, comparable
to CXCR3 chemokines [25]. Interestingly, 137 showed differential behavior in
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some assays compared to CXCL11, suggesting functional selectivity. For example,
CXCR3 stimulation with 137 resulted in a maximum migration of L1.2 pre-B cells
that was about 50% lower than when CXCL11 was used, while in a f-arrestin
recruitment assay the efficacy of 137 was 167% compared to CXCL11 [14]. In G
protein-dependent assays like [*°>S]-GTPyS and cAMP the efficacy of CXCL11 and
137 were identical. Moreover, 137 likely binds to specific subset of CXCR3
conformations (with distinct functional properties), as it was unable to completely
displace ['*I-CXCL11, yet completely displaced ['*°T]-CXCL10 radioligand in a
whole-cell binding assay. Moreover, in saturation binding experiments, 137 was
able to decrease the B, but left the affinity of both chemokine radioligands
unchanged [14]. Preliminary mutagenesis studies highlight a binding site for 137
in the TM region of CXCR3 (Scholten et al., unpublished data). Altogether these
data indicate that 137 operates in a noncompetitive, potential allosteric way at
CXCR3.

In the L1.2 cell migration assay compound 138 also exhibited potency and
efficacy comparable to 135 [129]. However, 138 was not able to fully displace
['*1]-CXCL10 from the receptor, suggesting differential binding to CXCR3 (e.g.,
different receptor populations). Computational modeling revealed the possibility
that 138 mimics residues 35-39 of the 30s loop of CXCL10 and might suggest a
similar CXCR3 activation mechanism for this small-molecule agonist. In keeping
with this, Pease et al. showed that CXCR3 activation by either CXCL10 or 138 was
affected by the same mutations, which did not affect CXCL11 action [129]. Similar
to 135, D112%% from TMSI is suggested to act as the counterion for the positive
charge in 138.

O’Boyle has shown how these tool compounds can shed more light on the
physiological role of CXCR3 [130]. Based on the molecular mass given [130],
they used 138, which they refer to as PS372424. They expanded on the signaling
repertoire of this class of agonists, as by showing ERK phosphorylation induced by
138 comparable to CXCL11. Furthermore, the compound caused significant and
sustained internalization of CXCR3 receptors from the cell surface. Again, the
compound was able to direct cell migration of T cells over a bare filter (comparable
to previous studies [14, 129]). Interestingly, and in contrast to CXCL11, 138 was
not able to induce transendothelial migration, but instead antagonized the migration
of T cells towards CXCL11 but also CXCL12 and CCLS5. The latter two are ligands
for CXCR4 and CCRS receptors, respectively, also expressed on activated T cells
[130]. The authors suggest that the inability of 138 to induce transendothelial
migration is due to the lack of glycosaminoglycan (GAG) binding, which is
probably needed for a ligand concentration gradient serving as a vectorial cue for
the immune cells, also shown with a study on a non-GAG-binding mutant of
CXCLI12 [131]. However, it cannot be ruled out that these ligands are functionally
selective agonists that are less efficacious in activating cell migration compared to
chemokines. As 138 does not appear to bind to the murine CXCR3 receptor, human
T cells were introduced in NOD.Cg-Prkdc*“® T2rgtm1™5#' mice, as a model to
mimic human arthritic inflammation [130]. In this model, migration of T cells was
observed towards air pouches injected with solutions containing CXCL11 alone or
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synovial fluid of rheumatoid arthritis patients (RASF), containing a broad spectrum
of chemokines. Interestingly, 138 significantly antagonized migration towards both
solutions, whereas selective CXCR3 antagonism by 11 (NBI-74330) or a CXCR3-
blocking antibody was not able to block migration towards RASF. In the article,
O’Boyle and colleagues show that next to CXCR3 desensitization, cross-
desensitization of other chemokine receptors on the human T cells, including
CCRS, is likely the mechanism of action for this small-molecule CXCR3 agonist
that produces a functional antagonistic response in vivo [130]. The work by
O’Boyle presents an interesting new avenue for the treatment of CXCR3-linked
disease and potentially for immune diseases in general. Instead of pursuing selec-
tive chemokine receptor antagonists, selective small-molecule agonists might be
developed that functionally antagonize the chemokine-induced responses by recep-
tor (cross-)desensitization and internalization, without producing a migratory
response themselves.

3.2 Biaryl Ammonium Salt Agonists

Our CXCR3 biaryl ammonium antagonist class [122] (vide supra) harbored a very
subtle agonism trigger [132]. This represented a clear departure from the pioneer
agonists 135, 137 and 138 which were all peptidomimetic in nature and needed,
e.g., the basic amino acid substructure. Our ammonium chemotype, in contrast,
does not possess any peptidomimetic character. The trigger revealed itself when the
ortho-position of the “outer” aryl ring was probed with a Cl-substituent (Table 22)
[132]. The resulting compound 139 proved to be a partial agonist (pECso=15.8,
a=0.73, [*>S]-GTPyS assay). Since the analogous meta-compound 108 did not
show any agonism, we investigated the SFR of the biaryl substructure using
26 compounds. The focus was on the ortho-position of the “outer” ring but also
that of the “inner” ring was probed. Interestingly, though, regioisomeric compound
140 did not show agonism. Collectively, variation of R' led to the whole spectrum
of efficacies, but only a large halogen atom on the ortho-position of the “outer” ring
provided full agonists of CXCR3, as illustrated by 141 (VUF11222, pECs,=6.1,
a=0.95, [**S]-GTPyS assay) and 142 (VUF11418, pECs, = 6.0, a=0.99, [*°S]-
GTPyS assay). Once again, shifting this large halogen atom to the meta-position
abolished all agonism while reasonably maintaining affinity (143). Stereochemical
and regiochemical exploration of the myrtenyl moiety did not qualitatively change
these results. All this clearly underscores the ortho-position of the “outer” ring as
the activity switch. We have since confirmed this switch with a thiophene as “outer”
ring as well (Wijtmans et al., unpublished results). Some efforts were directed
towards elucidating the switch using a combination of QSAR, QM, and NOESY
NMR techniques [132]. This analysis suggests key roles for a dihedral angle within
the biaryl system of ca. 60° and for appropriate electrostatic potential of the biaryl
rings.

Compounds 141 and 142 were investigated in more detail, mostly with the meta-
chloro antagonist (108) as in-class reference. Both 141 and 142 showed agonist
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Table 22 Exploration of polycycloaliphatic ammonium salt agonists by Wijtmans et al. [132]

Compound pK;

# In ref. R' R? CXCL10* PECso° o
139 6 cl H 7.0 5.8 0.73
108 27 *\©/0| H 6.6 - 0.05
140 31 \@ Cl 6.2 - 0.06
141 38 Br H 7.2 6.1 0.95
142 39 | H 7.2 6.0 0.99
143 40 \©/ Br H 6.7 - 0.08

3[12°[)-labeled CXCL10 displacement assay performed in HEK293 cells expressing human
CXCR3

°*>S]-GTPyS functional assay with membranes prepared from HEK293 cells stably expressing
the CXCR3 receptor

‘o represents the relative efficacy of a ligand compared to the endogenous agonist CXCL11 (which
is set at a=1.0)

dCould not be determined due to the too low functional assay window

responses in a second functional assay: a cAMP-dependent CRE-luciferase reporter
gene assay, whereas 108 did not [132]. Selective CXCR3 antagonist 11
(NBI-74330) inhibited these agonist responses. Moreover, no effects were observed
in a [*>S]-GTPyS assay for these compounds on cells lacking CXCR3 expression.
Altogether these data indicate that the induced responses are specifically mediated
by the activation of CXCR3 receptors present on these cells. Preliminary muta-
genesis studies indicate a potential binding mode for these compounds within the
TM region of CXCR3 (Scholten et al., unpublished data).
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Fig. 2 (a) Alignment of GPCR crystal structures, including structures of the CXCR4 (cyan) and
CCRS5 (orange) chemokine receptors [83, 84], highlighting the positions of amino acid residues
(Co atoms depicted by red spheres) that play a role in ligand binding of chemokine receptors based
on mutation studies [20, 80], as presented in more detail in panel. (b) Alignment of residues in the
transmembrane binding pockets of chemokine receptors (enumerated according to the Ballesteros-
Weinstein residue numbering scheme [133]). Residues lining the minor pocket (TMS1), major
pocket (TMS2), and interface are marked green, purple, and gray, respectively. Residues are
marked red per receptor when mutation of that particular residue is reported to affect affinity or
antagonism of any ligand. CCRS5 residues that interact with maraviroc and CXCR4 residues that
interact with 1T1t and CVXI15 in crystal structures are marked red on additional lines, while
CXCR3 mutation effects are presented for 11 (NB174330), 71 (VUF11211), and 137 (VUF10661)
individually

4 CXCR3-Ligand Binding: From GPCR X-Rays
to Presumed CXCR3 Binding Modes

4.1 GPCR Crystal Structures and Chemokine
Receptor-Ligand Interaction Modeling

After the first GPCR crystal structure of bovine rhodopsin in 2000, the first crystal
structures of druggable GPCRs have been solved only in the past 7 years
[81, 82]. The three-dimensional structures of 25 different GPCRs have been
determined, including the CXCR4 and CCRS chemokine receptors [83, 84] (Figs. 2a
and 3a, b), members of other class A GPCR subfamilies (opioid, aminergic, peptide,
adenosine, and lipid receptors) [81, 82], and recently also the first crystal structures
of class B [134], C [135], and F [136] GPCRs. These GPCR crystal structures give
new opportunities to push the limits of structure-based rational ligand discovery
and design and offer higher resolution templates for modeling the structures of
GPCRs for which crystal structures have not yet been solved [137]. It should
however be noted that modeling of GPCRs with low homology to the currently
available GPCR crystal structures still remains a difficult task in which experi-
mental data are of utmost importance to restrict the number of possible models.
Several of the challenges of GPCR structural modeling have been demonstrated in
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recent community-wide competitions to predict GPCR crystal structures (GPCR
DOCK [138, 139], including modeling challenge to predict ligand-bound crystal
structures of the CXCR4 chemokine receptor [139]), and GPCR structure modeling
methods and applications have been described in recent reviews [79, 137].

CXCR4 crystal structures have been elucidated with a large cyclic peptide
CVX15 and with the small-molecule antagonist IT1t [83] (Fig. 3a), while recently
a crystal structure complex of CCRS5 and the small-molecule HIV entry inhibitor
maraviroc was solved (Fig. 3b) [84]. The CXCR4 crystal structures have been
solved as parallel dimers that interact at the extracellular side of helices V and VI
[83], in a similar way as observed in p-opioid receptor crystallized dimers
[140]. Comparison of other dimer/tetramer GPCR crystal structures however sug-
gests the existence of different dimer interfaces for different GPCR homodimers,
and complementary biochemical and biophysical studies indicate that GPCR
oligomerization interfaces may depend on receptor conformations that can be
stabilized by specific ligands [19]. While the overall seven transmembrane helical
fold is conserved between GPCRs, the CCRS and CXCR4 chemokine receptor
crystal structures show differences compared to other GPCRs, including a more
outward orientated second extracellular loop (ECL2) and a different conformation
of the top of transmembrane (TM) helix 2. Chemokine receptors (as well as opioid
receptors) contain a S/T> °XP*°® sequence motif that stabilizes a different helical
kink in TM2 compared to other GPCR crystal structures and orients residues 2.60
and 2.63 (W94>°" and D97°* in CXCR4 and W86 and Y89>* in CCR5)
towards the minor ligand binding site TMS1 [20]. These structural differences
create a wider, more open ligand binding site between TM1, 2, 3, and 7 (TMS1
or “minor pocket”) [20] in chemokine receptors compared to most other class A
GPCRs. While the ligands in most other class A GPCR co-crystal structures
primarily occupy a “major pocket” surrounded by TM3, 4, 5, 6, and 7 (TMS2)
[20], the CXCR4 and CCRS crystal structures show that small chemokine receptor
modulators can target TMS1 exclusively (CXCR4-IT1t, Fig. 3a) [83] or TMS1 and
TMS2 simultaneously (CCRS-maraviroc, Fig. 3b) [84].

The GPCR DOCK 2010 competition demonstrated that the computational pre-
diction of chemokine receptor-ligand interactions [139] is particularly challenging
because of the existence of multiple potential binding sites and ligand binding
modes in chemokine receptors [79, 141]. Furthermore the symmetry in both
chemokine ligands and chemokine receptor binding sites [20, 79] makes it difficult
to prioritize plausible ligand binding mode hypotheses, even when experimental
ligand structure-activity relationship (SAR) and receptor mutagenesis data are
available. The CXCR4 and CCRS crystal structures (Fig. 3a, b) and site-directed
mutagenesis studies (Fig. 2b) indicate that acidic residues (e.g., D/E>%3, D/E*0,
D/E6'58, E7'39) and aromatic residues (e.g., Y1'39, W2'60, Y/F3'32, W6'48, Y/FS 1,
Y7*?) present in the TMS1 and/or TMS2 of many chemokine receptors play
important role in binding the basic and aromatic/hydrophobic moieties of small-
molecule ligands [20, 79]. Mutation of these acidic and/or aromatic residues has an
effect on chemokine binding to and/or potency for some but not all receptors. This
suggests that small ligands and chemokines bind overlapping yet differential
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Fig. 3 Comparison of binding modes of 145 (1 T1, cyan, a) in the CXCR4 crystal structure,
maraviroc 144 (orange, b) in the CCRS crystal structure, and 11 (NBI-74330, magenta, ¢) and 137
(VUF11211, green, d) bound CXCR3 homology models. TM helices around the TMS1 and TMS2
binding sites (see Fig. 2) are shown in yellow. Side chains of proposed interacting residues are
shown in gray. Hydrogen bonds/polar interactions are shown as dashed blue lines. Helical wheel
diagrams are shown for a top view of the TM domains of CXCR3 with effects of mutations
highlighted for (e) 11 (NBI-74330) and (f) 137 (VUF11211). Residues that show a 10-fold or more
decrease in affinity upon mutation are indicated in red, and mutations that result in a decrease in
affinity between 5- and 10-fold are indicated in orange. Residues that give a significant decrease
(10-fold or more) in affinity when mutated together are shown in blue. Other residues that were
mutated but did not give a significant change in affinity are colored gray
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binding sites [20]. For example, while mutation of D97%% and E2887-Y affects
CXCL12 binding to CXCR4 [142, 143], mutation of Y60'*°, W109*°°, D112>%3,
F131°72, D186, W268°%%, Y271°°!, D278%%%, or Y308"*’does not affect
CXCL11 binding to CXCR3 [80].

The following paragraphs show how the combination of CXCR3 mutagenesis
studies, CXCR3 ligand SAR, and computational modeling studies can be used to
map CXCR3-ligand binding sites and predict the three-dimensional structure of
CXCR3-ligand complexes (Sect. 4.2), and give a perspective on the use of such
structural models for CXCR3 (structure-based) virtual screening (Sect. 4.3).

4.2 In Silico-Guided CXCR3 Mutation Studies to Elucidate
CXCR3-Ligand Binding Modes

4.2.1 Chemokine and Small Ligand Binding Regions in CXCR3

Chimera and point mutation studies have shown that multiple extracellular domains
of CXCR3 are required for chemokine binding and/or receptor activation, including
the N-terminus, and regions in the second and three extracellular loops (ECL1-3)
[24, 144]. M1-V16 and sulfated Y27 and Y29 in the N-terminus and D282 in ECL3
are required for both CXCL10 and CXCL11 binding, while charged residues in the
top of TM2 (D112%*%%), ECL2 (D195, E196), the top of TM6 (D278%®), ECL3
(E293), and the top of TM7 (D2977-*?) are required only for CXCL10 binding, but
not CXCL11 binding [24, 129, 144]. Recent mutagenesis studies guided by CXCR4
crystal structure-based CXCR3 homology models have shown that residues that
play a role in binding of small ligands 11 (NBI-74330), 71 (VUF11211), and 137
(VUF10661) are primarily located in the TM binding site (Fig. 3c, d). Almost all
mutations in TMS1 and TMS2 that affect binding of small ligands do not signifi-
cantly affect CXCL11 affinity [80], suggesting that the TM domains do not play an
important role in CXCL11 binding. It should be noted however that chemokines are
considerably larger and that most of their binding affinity is determined by inter-
actions with the N-terminus and ECLs of the receptor [20]. The N-terminus of the
chemokine is thought to interact with the receptor TM bundle for receptor acti-
vation [20], and its binding site may overlap with the binding pockets of small
molecules in TMS1 and TMS2. Moreover, alignment of the peptidomimetic
CXCR3 agonists 135 and 138 with the CXCL10 chemokine and mutation studies
suggest that these small molecules mimic the 30s loop of CXCL10 and target both
ECL2 and TMSI1 [129, 145]. In general, radiolabeled chemokines are used to
investigate the effect of mutations on allosteric ligand affinity. However, the effect
on allosteric ligand binding is most likely a combination of both ligand affinity and
allosteric cooperativity towards the chemokine radioligand. This cooperativity
might also change depending on the specific mutation, potentially resulting in
under- or overestimated influences of the mutation on the binding affinity of
small-molecule ligands.
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4.2.2 CXCR3 Ligand-Specific Anionic Interaction Sites

Maraviroc (144)-bound CCRS5 and 1T1t (145)-bound CXCR4 crystal structures
[83, 84] as well as CCR1, CCR2, CCR3, CCRS5, CCR8, CXCR1, CXCR4, and
US28 mutation studies [20] (Fig. 2b) show that E’3? acts as an important acidic
ionic anchor for the basic moieties of small ligands in most chemokine receptors.
Unlike other chemokine receptors, CXCR3 does not contain an acidic (glutamate)
residue at position 7.39 in TM7, but a small polar S304”-*° serine residue (Fig. 2b).
Mutation of $304”-* into a glutamate residue (in combination with the K300”°A
mutation) results in a significant increase in affinity of the CXCR4 ligand
AMD-3100 (146) for CXCR3, demonstrating its role in CXCR3/CXCR4 ligand
selectivity [146]. In addition to several acidic residues in N-terminal region and
extracellular loops ECL1, ECL2, and ECL3, there are four acidic residues in the
TM helical binding site of CXCR3: D112%%% in TM2, D186*° in TM4, D278%°% in
TM6, and D2977% in TM7. D112>% is specific for CXCR3, CXCR4 (D97*%?), and
CXCR5 (E308%*%?) and forms an ionic interaction with 1T1t in one of the CXCR4
crystal structures (Fig. 3a). D186 and D278%® are present in several chemokine
receptors and form ionic interactions with basic moieties of the CVX15 peptide
ligand in the other CXCR4 crystal structure [83].

The important role of basic nitrogen atoms in piperazinyl-piperidines (Sect. 2.3)
in CXCR3 binding has been demonstrated in SAR studies [111] (e.g., 61 vs. 65,
Tables 10 and 11), and recent CXCR3 mutation studies guided by a CXCR4 crystal
structure-based CXCR3 homology model [80] have identified D186*" as an ionic
interaction site of the piperidine moiety of 71 (VUF11211) (Fig. 3d, ). Piperidinyl
diazepanone (Sect. 3.1.1) and tetrahydroisoquinoline (Sect. 3.1.2) peptidomimetic
agonist ligands contain a basic amino acid that is required for CXCR3 binding
[125], and mutation studies have indicated that E196 in ECL2 plays a role in
CXCR3 binding of 135 [129] and 137 (VUF10661) [147]. Azaquinazolinone 11
(NBI-74330) does not possess a highly basic moiety, but SAR studies show
(Sect. 2.1) that the 8-azaquinazolinone nitrogen atoms and associated positive
partial charge on the 7-position are important for CXCR3 binding affinity
(e.g., see 11 vs. 17 and 18, Table 3) [87, 98]. CXC3 homology model-guided
mutation studies indicate that the negatively charged carboxylate group of
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D112>3 plays an important role in 11 (NBI-74330) and suggest that an electro-
positive aromatic —CH group of the ligand forms a weak hydrogen bond to this
residue (Fig. 3c, e) [80]. Similar H-bonds between N-heteroaromatic —CH groups
and oxygen atoms play, for example, an important role in intermolecular bonding of
N-heteroaromatic ring systems [148] and kinase-ligand interactions (i.e., CH-O
hydrogen bonds with hinge backbone carbonyl oxygen atoms) [149, 150]. D46N,
D52'31 N, D195N, D278%% N, E293728Q, and D297’ N mutations do not
significantly affect binding of any of the abovementioned small ligands [80]. The
ligand-specific roles of different acidic residues in CXCR3 demonstrate the ligand
binding mode diversity in chemokine receptors and make it challenging to predict
the (main) anionic interaction sites of the basic moieties of other CXCR3 ligands,
e.g., aryl-3-piperidin-4-yl-ureas (Sect. 2.2), ergolines (Sect. 2.4), iminobenzi-
midazoles (Sect. 2.5), polycycloaliphatic aminopiperidines (Sect. 2.6), benzetimides
(Sect. 2.7.1), and polycycloaliphatic ammonium salts (Sects. 2.6 and 3.2).

4.2.3 Overlapping, but Differential (Aromatic) Binding Pockets
for Different CXCR3 Ligand Chemotypes

Several conserved aromatic residues line the minor (Y1'39, W2'60, Y/F3'32, Y7'43)
and major (W®*®, Y/F®!) subpockets of CXCR3 and other chemokine receptors
(Figs. 2 and 3). Mutation studies indicate that the roles of these residues in CXCR3
binding are ligand dependent. W109%°, F131°2, and Y308”** are important
residues for binding all three CXCR3 ligands 11 (NBI-74330), 71 (VUF11211),
and 137 (VUF10661). Mutation of Y271°°" on the other hand only affects CXCR3
binding affinity for 11 and 71 (but does not affect 137 affinity), while mutation of
W268°%*® only affects binding affinity for 71 (but does not affect 11 or 137 affinity),
and point mutation of Y60'* and F135*3° only affect binding affinity for 137 (but
do not affect 11 or 71 affinity) [80, 147]. These and other (see Sect. 4.2.1) ligand-
dependent mutational effects (Fig. 3e, f) and ligand SAR data (vide infra) suggest
that these small CXCR3 ligands have overlapping but differential binding modes
(Fig. 3c, d). While 11 (NBI-74330) primarily occupies the minor binding pocket
and minor and major pocket interface between TM2, TM3, TM6, and TM7 (Fig. 3c,
e), combined mutation and modeling studies suggest that 71 (VUF11211) occupies
both minor and major pockets between TM1-7 (Fig. 3d, f). For both ligands, the
G128** mutant diminishes CXCR3 binding affinity, suggesting that the binding
site volume at the interface between major and minor pockets is restricted. This
binding mode is in line with SAR studies that show that rigidification of the benzyl
moiety of 71 either by ring closure or intramolecular hydrogen bonding could
maintain ligand affinity, indicating the importance of directionality for the
chlorobenzyl moiety [111, 114]. The tight fit of the rigid 71 ligand in the CXCR3
pocket (Fig. 3d) furthermore explains the steep SAR and preference for small
apolar substituents over larger or polar substituents of the piperazine ring (e.g.,
68 vs. 69-70, Table 11) [111, 112] that are proposed to bind in a small subpocket
between TMS5 and TM6. SAR studies have also identified hydrophobic groups in
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other ligand chemotypes that are important for CXCR3 binding, including the
benzene substituent of imidazole 30 (vs. 29, Table 5), the adamantyl group of
polycyclic aliphatic aminopiperidine 98 (vs. 99, Table 16), the cyclopropyl substi-
tuent of imidazopyrazine 37 (vs. 36, Table 6), and the ethyl substituent of benz-
imidazole 92 (vs. 91, Table 14), that may target similar hydrophobic subpockets in
CXCR3 as 11 and/or 71.

The recent CCRS crystal structure shows that the hydroxyl groups of conserved
tyrosine residues Y'? and Y®°' can also form H-bond interactions with polar
functional groups in the ligand (Fig. 3b). CXCR3 modeling studies in combination
with CXCR3 mutation and ligand SAR studies suggest that these tyrosine aromatic
residues may form a H-bond network with $3047° and Y308”*® and can act as
(alternative) H-bond interaction partners of polar functional groups in CXCR3
ligands 11 and 71 (Fig. 3c—f). SAR studies indicate that the (geometry of the)
amide moiety of 71 (e.g., 58 vs. 59, Table 10) and electron-withdrawing character
of the trifluoromethyl group of 11 (e.g., 6 vs. 7, Table 1) are important determinants
for CXCR3 binding, and the CXCR3 models suggest that these functional groups
may interact with this H-bond network in the CXCR3 binding site. Electron-
withdrawing groups are also important determinants of CXCR3 binding by piper-
idine ureas (e.g., 54 vs. 53, Table 9).

4.3 Perspectives for (Structure-Based) Virtual Screening
Jor CXCR3 Ligands

As described in Sects. 4.1 and 4.2, refined chemokine receptor models have success-
fully been used to guide site-directed mutagenesis studies and design new com-
pounds. Despite the challenges in chemokine receptor-ligand modeling [79, 139],
customized chemokine homology models based on bRho and ADRB?2 crystal struc-
tures as well as de novo receptor models have already been successfully used to
identify new ligands for several chemokine receptors [79], including CCR3 [151],
CCRA4 [152], CCRS [153], and CXCR4 [154]. Retrospective virtual screening experi-
ments have been used to validate CXCR3 homology models and virtual screening
methods to discriminate known receptor ligands from decoy molecules with similar
physicochemical properties [155]; prospective virtual screening studies to discover
new CXCR3 ligands have not yet been reported. The recent crystal structures of
CXCR4 [83, 156] and CCRS [84] have opened up new opportunities for structure-
based discovery and design novel chemokine receptor ligands, as exemplified by
successful structure-based virtual screening studies against the CXCR4 crystal struc-
ture [156, 157] and CXCR4 crystal structure-based homology models of CXCR7
[158]. It should be noted that hit rates (i.e., the percentage of experimentally
confirmed ligands among all tested in silico hits) and binding affinity and/or potency
of hits identified in structure-based virtual studies for chemokine receptors are
somewhat lower than the hit rates reported for other GPCRs, like aminergic receptors
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ADAI1A [159], ADRB2 [160], DRD3 [161, 162], and H;R [163]. This can on one
hand be explained by the challenges in computer-aided prediction of chemokine
receptor-ligand interactions compared to aminergic GPCRs, for which more crystal
structure templates are available and the protein-ligand interaction binding mode is
generally more well defined (including a key ionic interaction with the conserved
D**2 residue [164]). On the other hand the binding sites of aminergic GPCRs are
considered more druggable than the binding sites of chemokine receptors. The TM
binding pockets of aminergic receptors contain a combination of hydrophilic and
hydrophobic regions that are compatible with the features of drug-like small mole-
cule and favor water displacement upon ligand binding, whereas the open binding
region of chemokine receptors (Fig. 3), with its limited number of energetically
unfavorable (unhappy) water molecules, is more challenging from a drug design
perspective [165]. In addition to the minor and major TM binding sites (Fig. 2),
alternative binding sites in chemokine receptors may be targeted by small molecules,
including dimer interfaces and intracellular G protein binding site region (as, e.g.,
proposed for CXCR2 [166—168]). The identification of (chemokine) receptor selec-
tive regions in such alternative, relatively shallow, binding pockets (compared to the
more occluded TM binding sites) for efficient ligand design is also expected to be
difficult. Despite these challenges, the availability of more homologous structural
templates, successful virtual screening campaigns for several chemokine receptors,
and increased understanding of CXCR3-ligand binding (Sect. 4.2), has made
structure-based virtual discovery and design of small CXCR3 modulators more and
more feasible.

5 Conclusion

This review has addressed, from a molecular point of view, all the progress made in
discovery and development of small-molecule CXCR3 ligands. The present efforts
have made the full spectrum of efficacies (from antagonists to full agonists) within
reach for detailed biological probing of the role of CXCR3 and its ligands. Antagonist
papers amount to 28 total and describe chemotypes that vary widely. Most of these
papers have been published by the pharmaceutical industry aiming to utilize CXCR3
to address therapeutic needs. While no clinical successes can be reported here yet, the
studies represent a valuable arsenal of tool compounds that can be used to study the
CXCR3 receptor. Small-molecule CXCR3 agonists have been much less described
(only three chemotypes, two of which peptidomimetic), while they too are useful
tools especially for emerging concepts such as biased agonism. A unified
pharmacophore model for CXCR3 ligands seems challenging to construct as recent
combined mutagenesis and CXCR3-ligand modeling studies indicate that the binding
modes of different ligand chemotypes are different and only partially overlapping.
Gratifyingly, the progress in GPCR crystal structural biology (including CCR5 and
CXCR4 chemokine receptor crystal structures) and emerging 3D CXCR3-ligand
interaction models have improved our understanding of ligand-dependent molecular
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determinants of CXCR3 binding. These new structural insights into CXCR3-ligand
binding mode (diversity), in combination with (experimentally supported) virtual
screening methods, can be used to guide future CXCR3 ligand discovery and design.
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Abstract The chemokine receptor 2 (CCR2) and chemokine receptor 5 (CCRS5)
are important mediators of leukocyte trafficking in inflammatory processes. The
emerging evidence for a role of CCR2 and CCRS5 receptors in human inflammatory
diseases led to a growing interest in CCR2- and CCRS5-selective antagonists. In this
review, we focus on the recent development of selective CCR2/CCRS receptor
ligands and dual antagonists. Several compounds targeting CCR2, e.g., INCB8761
and MKO0812, were developed as promising candidates for clinical trials, but failed
to show clinical efficacy as presumed from preclinical models. The role of CCRS5
receptors as the second co-receptor for the HIV-host cell fusion led to the devel-
opment of various CCR5-selective ligands. Maraviroc is the first CCR5-targeting
drug for the treatment of HIV-1 infections on the market. The role of CCRS
receptors in the progression of inflammatory processes fueled the use of CCRS5
antagonists for the treatment of rheumatoid arthritis. Unfortunately, the use of
maraviroc for the treatment of rheumatoid arthritis failed due to its inefficacy.
Some of the ligands, e.g., TAK-779 and TAK-652, were also found to be dual
antagonists of CCR2 and CCRS receptors. The fact that CCR2 and CCRS receptor
antagonists contribute to the treatment of inflammatory diseases renders the devel-
opment of dual antagonists as promising novel therapeutic strategy.
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1 Introduction

In the last 25 years, chemokines and their receptors have become promising targets
in many fields of research. Because the chemokine receptors 2 (CCR2) and
5 (CCRS) represent highly interesting candidates of the chemokine receptor family,
much of investigations have recently been carried out in the development of ligands
for these receptors. Maraviroc (1) is the first and to date the only FDA- and EMEA-
approved drug on the market, targeting the CCRS receptor (see Fig. 1) [1, 2]. The
intention of this review is to elucidate the structure activity relationships of various
small-molecule CCR2 and CCRS5 ligands. The focus will be on the receptor binding
affinity, antiviral activity for the treatment of HIV, and chemotactic activity for the
treatment of atherosclerosis. In addition to the receptor binding affinity, many
further aspects, which play a crucial role in drug development, will be discussed,
e.g., physicochemical properties, lipophilicity, and the affinity to the human
Ether-a-go-go-Related Gene (hERG), a K*-channel which would lead to severe
side effects induced by the compounds.

The CCR2 receptor has become a promising target in the therapy of atheroscle-
rosis. The concerted action of the chemokine ligand CCL2 and the CCR2 receptor
plays an important role in the recruitment of monocytes from the bone marrow into
the arterial wall, which is known to be an early key step in atherosclerotic plaque
formation. Lesions of the arterial endothelium are caused by mechanic injury or
toxins and lead to migration of monocytes into the subendothelium that is mediated
by adhesion molecules and chemokine receptors. In the artery wall, monocytes
differentiate into macrophages, which develop to foam cells by taking up blood
lipids [3-5]. Advanced plaques become unstable and can suddenly rupture. They
expose their content to the blood, leading to platelet aggregation and occlusion of
the blood vessel. Thrombosis, stroke, and myocardial infarction result as serious
long-term complications. With regard to the increasing number of patients, the use
of small-molecule CCR2 antagonists in atherosclerosis has attracted significant
attention in the last years [6]. The CCR2 receptor is linked also to progression
and development of other inflammatory diseases like multiple sclerosis (MS) and
rheumatoid arthritis (RA) [7].

The CCRS5 and the CXCR4 receptors are mainly known as co-receptors required
for the development of the HIV-1 infection [8]. The binding of gp120 of the virus to
CD4 receptors on T-lymphocytes and macrophages leads to a conformational
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change of gpl120 and enables the interaction with the CCRS co-receptor. This
triggers conformational changes in gp41, which leads to the fusion of the virus
with the host cell [9]. At the beginning of an infection, the vast majority of the
transmitted virus strains is M- or R5-tropic and uses the CCRS5 receptor as a
co-receptor. The T- or X4-tropic virus strains, which use the CXCR4 receptor as
a co-receptor, are associated with an advanced disease progression [10]. A genetic
polymorphism of the CCRS5 receptor, characterized by a deletion of 32 bp in the
gene segment encoding the receptor (CCR5A32 bp), results in a lack of function of
the CCRS5 receptor in homozygote individuals. These CCR5A32 bp mutations are
found in 1-5% among uninfected Caucasian population and is exceedingly rare in
infected patients (<0.1%), which indicates that CCR5A32 bp homozygotes are
strongly resistant against HIV-1 infection [11-13]. The CCR5A32 bp mutant has
also been linked to reduced susceptibility to coronary artery diseases and myocar-
dial infarction [14, 15]. CCR5A32 bp polymorphism, as well as the function of the
CCRS5 receptor as a co-receptor for the HIV-host cell fusion, stimulated the
beginning of several drug development programs by different pharmaceutical
companies since the early 2000s.

In this review, we will focus on selective CCR2 (Sect. 2) and CCR5 (Sect. 3)
receptor ligands, which can be used in the treatment of several immunological
diseases including arthritis [16], asthma [17], multiple sclerosis [18], vascular
diseases [19, 20], and HIV-1 infection [7, 21]. The fact that the antagonism of
both CCR2 and CCRS receptors may contribute to the treatment of inflammatory
diseases makes the development of dual antagonists attractive. Dual CCR2 and
CCRS5 antagonists will be discussed in Sect. 4.

2 CCR2 Receptor Ligands

The CCR2 receptor plays an important role in an inflammatory response and is
involved in several diseases of the immune system including atherosclerosis. The
interaction of the chemokine CCL2 with the CCR2 receptor is responsible for the
recruitment of blood monocytes to the site of inflammation and is also an early key
step in the pathogenesis of atherosclerosis. The CCR2 receptor represents a prom-
ising therapeutic target for the treatment of atherosclerosis and is discussed as
potential PET (positron emission tomography) target for diagnostic use [7]. Current
atherosclerosis treatments are restricted to manipulation of indirect mechanisms,
e.g., the modulation of cholesterol or triglyceride concentration, control of
homoeostasis, or reduction of other risk factors associated with the metabolic
syndrome. With regard to millions of patients (and numbers rising) who suffer
under this chronic inflammation, CCR2 antagonists have attracted substantial
attention during the past years [20].

Early developments of CCR2 antagonists in the late 1990s have been already
reviewed elsewhere [6, 22-24]. This chapter will analyze structural features from
different classes of CCR2 antagonists that were published until August 2013.
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side 1 side 2

Fig. 2 General pharmacophore model for CCR2 antagonists, modified according to ref. [27]

We will compare them with regard to their structure activity relationships (SARs),
explain strategies that led to increasing CCR2 affinity and selectivity, and elucidate
the influence on the CYP system and hERG inhibition as well. The affinity of
ligands to the CCR2 receptor is usually determined in the radioligand displacement
assays, where the chemokine ['251] CCL2 is used as the radioligand [25]. Chemo-
tactic assays are generally used to determine the compounds’ ability to inhibit the
CCL2-stimulated chemotaxis in human peripheral blood monocytes [26].

2.1 Pharmacophore Model

Several series of CCR2 antagonists from different structural classes have been
described in patents and publications. The majority of known CCR2 antagonists
consist of a basic center flanked by two lipophilic residues as aromatic rings or one
aromatic and one aliphatic moiety as demonstrated in the pharmacophore model in
Fig. 2. The basic amine or quaternary ammonium ion of the ligand essentially
anchors a small-molecule ligand to Glu291 (in the transmembrane domain
7 (TMT7)) of the CCR2 receptor by a salt-bridge formation [28].

The aryl or heteroaryl motif R2 on side 2 is another essential feature of this
pharmacophore model. The substitution pattern of this aromatic system greatly
influences the CCR2 receptor affinity. The linker L2 of 69 atoms with lipophilic or
polar, peptidic or saturated, and unsaturated or aromatic structural elements is well
tolerated by the receptor and determines the specificity of binding.

The left part of the molecules tolerates more variations: the moiety R1 can be an
aliphatic or aromatic ring. The linker L1 can be short and aliphatic (1-4 atoms), can
be part of a ring system, or it can represent an aliphatic system in case of absence of
a ring system [27]. Compounds with an aromatic ring in the R1 position show
interactions with the hERG channel [29].

Most of the CCR2 ligands, discussed in this chapter, correspond to the described
pharmacophore model. The report of the crystal structure of the CXCR4 receptor
[30], which has a high sequence homology with the CCR2 receptor, initiated
various structure-based approaches in the CCR2 ligand design and the investiga-
tions of the ligand-receptor interactions.
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2.2 hERG Channel Interaction

Predominantly, lipophilic amines that contain a central basic amine flanked by two
lipophilic moieties according to the CCR2 pharmacophore model (Fig. 2) show
high affinity for the human Ether-a-go-go-Related Gene (hERG) K*-channel
[29, 31]. The aromatic moieties of a drug form m—n-stacking and hydrophobic
interactions with the residues Phe656 and Tyr652 from the large cavity of the
hERG channel [32]. The hERG gene encodes the a-subunit of the inwardly
rectifying K*-channel, which is highly expressed in the human heart. This channel
is involved in the repolarization of the cell. The mutation of the hERG gene or a
channel blockade by drugs can lead to prolongation of the QT interval in the
electrocardiogram in severe arrhythmia.

High sensitivity of the hERG channel to a blockage by many drugs and with the
resulting cardiovascular adverse events like torsades de pointes (TdP), which can
degenerate into ventricular fibrillation, led to the requirement of regulatory agen-
cies that the effect of novel drugs on the hERG channel has to be investigated and
reported [33]. Hence, considering hERG channel blockade is essential to improve
cardiovascular safety of novel CCR2 antagonists. The increase of overall polarity of
the drugs by introduction of hydrophilic ring systems and substituents on side 2 has
been a successful strategy to eliminate hERG inhibition [31]. Further, successful
approaches are the attenuation of the pK, value of the basic amine, modification of
its steric environment, and the formation of zwitterions [32, 34].

2.3 Pyrrolidine-Based CCR2 Ligands

Incyte’s INCB3344 (2), one of the first potent pyrrolidine derivatives with a
3,4-methylenedioxyphenyl residue (Table 1), was well investigated in receptor
binding and chemotaxis assays with human (hCCR2) and murine (mCCR?2) recep-
tors [35]. Despite the fact that human and murine CCR2 receptors show high
sequence homology, binding affinities of ligands differ considerably among species
[36]. INCB3344 (2) showed the ICsq values of 5.1 nM in hCCR2-binding and
3.8 nM in chemotaxis assay. 2 has been used as a tool in rodent in vivo efficacy
models for multiple sclerosis, arthritis, and obesity and was effective in lowering
macrophage levels in the targeted tissue [25, 26, 37]. Despite a high selectivity over
other chemokine receptors, INCB3344 (2) was not a suitable clinical candidate due
to its moderate hERG binding activity (ICso = 13 pM) and inhibition of CYP 3A4
[6, 35]. This data led to further structural modifications of 2. The removal of the
ethoxy group at the quaternary carbon at position 3 of the pyrrolidine ring led to a
loss of the mCCR?2 affinity but retained the hCCR2 affinity. Previous SAR studies
proved that the trifluoromethylphenyl residue on side 2 was crucial for the CCR2
binding affinity. The (R)-configuration at the position 3 of the pyrrolidine ring was
also known to be important for the CCR2 affinity [38, 39]. The optimization
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Table 1 CCR2 antagonists with pyrrolidine structure, inhibitory effects on CCL2 binding to
human CCR2 receptor

hCCR2
Compounds 1C50 (nM)
2 (INCB3344) <O 5.1
o OH
H 0
N\ .N
Q\OT(\H
O
CHj; CFs
3 (INCB3284) 37
4 (INCB8761/PF-4136309) 5.2

F3C

involved the replacement of one phenyl ring by a heteroaromatic ring to reduce
hydrophobicity (logP) as in INCB3284 (3). 3 includes a 6-methoxy-3-pyridyl
moiety on side 1 and is a selective and potent CCR2 antagonist with ICsq values
of 3.7 nM in hCCR2 binding and 4.7 nM in chemotaxis assay. In contrast to
INCB3344 (2), INCB3284 (3) was a substrate for CYP 3A4 and CYP 2D6, but
had no inhibitory or inducing effects on the CYP system. The inhibition of the
hERG-associated potassium channel was rather low (ICsy = 84 pM) [35]. The
balanced profile and safety data made INCB3284 (3) a promising candidate for
phase I and phase II clinical trials, which were unfortunately terminated ahead of
schedule [40].

A further clinical candidate from this series, which was tested in osteoarthritis
and liver fibrosis, was INCB8761 (a.k.a. PF-4136309) (4), which belongs to the
group of “inverse” pyrrolidines. Molecular modeling led to a new series of com-
pounds, in which the contacts to the (R)-3-aminopyrrolidine as the main functional
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group on side 1 and 3-trifluoromethylbenzoyl aminoacetyl moiety on side 2 in the
INCN3284 (3) series were reversed [39].

By analogy to the INCB3344 and INCB3284 series, the stereochemistry at the
cyclohexyl ring required to be cis. Because previous studies demonstrated that the
hydroxyl group and heteroaryl moiety at position 4 of the cyclohexyl ring led to
weak hERG blockade and low intrinsic clearance, both structural elements were
retained. The 6-methoxy-3-pyridyl moiety, previously present in the lead com-
pound 3, was replaced by a (pyrimidin-2-yl)-pyridin-2-yl residue in the potent
analog INCB8761 (4) (ICsy = 5.2 nM). Compound 4 demonstrated no significant
inhibition of other chemokine receptors or any influence on the CYP system. In
contrast to the INCB3284 series, (S)-configuration in position 3 of the pyrrolidine
ring is preferred over the (R)-enantiomer [27, 39].

The length of both linkers in compounds 2, 3, and 4 corresponds well to the
pharmacophore model, where the linker L1 contains 4 carbon atoms and the linker
L2 7 carbon atoms.

2.4 Piperidine-Based CCR?2 Ligands

Merck has disclosed a variety of CCR2 antagonists, which contain a piperidine ring
and a cyclopentanecarboxamide substructure. They identified a series of pyrido-
annulated piperidines like MK0812 (5) that has a tetrahydro-3-trifluoromethyl-1,
6-naphthyridine substructure (Table 2) [41]. This compound contains four chiral
centers and is a potent CCR2 antagonist with an ICs, value of 5.0 nM and inhibits
the chemotaxis with an ICsq value of 0.2 nM. MKO0812 (5) became a clinical
candidate in arthritis and multiple sclerosis, but failed in the phase II due to lack
of efficacy and was therefore discontinued from the company’s pipeline [37, 40].

MK 0483 (6) is another potent clinical candidate derived by Merck with an ICs,
value of 4.0 nM in the CCR2 binding [27]. 6 contains a piperidine and a
1,3-phenoxazine system instead of the tetrahydro-1,6-naphthyridine moiety as in
5 [24]. Further structural variations led to compound 7 not only with a binding
affinity of 1.3 nM but also with a potent hERG inhibition (IC5q = 54 nM). To
minimize effects on the hERG channel, the 4-fluorophenyl substituent in the R1
moiety was replaced by diverse more polar aryl and heteroaryl residues. The lowest
inhibition of the hERG channel was observed after the introduction of a carboxylic
acid in position 3 of the phenyl substituent, unfortunately the CCR2 binding also
decreased in similar range [42]. A benzylamide incorporated in 7 is also a prom-
ising common structural element of Merck’s spirocyclic CCR2 antagonists 13 and
14 (see Sect. 2.6).

Further development of piperidine-based CCR2 ligands led to a series exempli-
fied by compound 8. The potent CCR2 antagonist 8 includes a heteroaromatic system
of an indole, representing R1, a central core with a cyclohexyl and a piperidine ring
and a trans-configured cinnamide instead of the benzamide as in 7. In respect to
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Table 2 CCR?2 antagonists with piperidine and cyclopentancarboxamide substructure, inhibitory
effects on the CCL2 binding to the CCR2 receptor

hCCR2
Compounds 1C50 (nM)
5 (MKO0812) O/CHa 5.0
6 (MK0483) /@ 4.0
HOOC é

S

HyC™ CH, ©
7 F. 1.3

N

0

PN CF;

:OH

HoC TOCH,

OH CF4

8 12 (trans)
740 (cis)
HN
CONH, F
N
H N NS
F
@)

cyclohexane stereochemistry, the trans-substituted compounds were more active in
the CCR2 binding (ICsy (hCCR2) = 12 nM) than the cis-configured derivatives
(IC59 (hCCR2) = 240 nM). It was shown that two substituents in meta or para
position provided the highest CCR2 affinity. Although the in vitro hRERG binding of
8 was rather high (IC5y = 8 pM), an influence on hemodynamic parameters in a
guinea pig model was not observed. Compound 8 also reached animal studies in an
inflammation model (thioglycollate-induced peritonitis) [43].



196 A. Junker et al.

Table 3 CCR2 antagonists with piperazine structure, inhibitory effects on CCL2 binding to
human CCR2 receptor

hCCR2
Compounds 1C50 (nM)
9 (PF-4254196) OCHI—? 8.1
N 0
(@)
CONTY
B N CF
HsC™ “CHj Ak
N\ -,
N
10 /joci'h 2.9
CH3 \”/ \KCHQ,
11 j\"b o} 35
H3C N/\/U\N/H 9y
K/NH k/N N
Iy

Cl

2.5 Piperazine-Based CCR2 Ligands

The replacement of the trifluoromethyl naphthyridine group in MKO0812 (5) by a
(trifluoromethyl pyridazinyl)piperazine moiety led to a new series of piperazine-
based CCR2 antagonists. PF-4254196 (9) is a potent ligand of the CCR2 receptor
(IC59 = 8.1 nM) without any cardiovascular liabilities (ICsq (hHERG) = 31.3 pM)
(Table 3) [34]. Similar to Merck’s piperidines MKO0812 (5) and MK0483 (6),
piperazines 9 and 10 also include a cyclopentane core with an amino substituent
in position 3 and a carboxamide and isopropyl substituent in position 1. The
development of PF-4254196 (9) started with modifications of the spacer length
between the cyclopentane carboxamide and the trifluoromethyl containing aryl
residues in existing series of CCR2 ligands. Prior compounds included a
trifluoromethyl-substituted pyridine but showed a significant hERG inhibition. To
eliminate the cardiovascular risk modifications of both, the side 1 tetrahydropyran
ring and side 2 heterocycle were explored. Based on former SAR studies, a
substitution of side 2 with more polar and/or potential n—nr-stacking residues was
expected to be well tolerated [34].

The introduction of a pyridazine ring led to PF-4254196 (9), which displayed a
significantly better CCR2/hERG index and selectivity than the corresponding
pyridine-containing compound. Pyridine-based compounds were also reported to
be dual CCR2 and CCRS5 antagonists [38].
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Further modifications led to a methano-bridged piperazine derivative 10
(2,5-diazobicyclo[2.2.1]heptane). Although 10 contains a Boc (tert-butoxycarbonyl)
moiety instead of an aryl or heteroaryl ring, it showed improved CCR2 affinity
(IC50 = 2.9 nM) [44].

A further series of potent CCR2 ligands contains an aromatic ring on side 1 and a
second terminal piperazine ring on side 2 connected via a carbonyl linker. The
prototype of this series 11 demonstrated a high binding affinity to the CCR2
receptor (ICsp = 3.5 nM) and a significant reduction of hERG activity compared
to methylene-linked subseries and other heterocycles at the side 2. In the hERG
assay, a 10,000-fold selectivity for the CCR2 receptor over hERG was observed.
Compound 11 did not interact with other chemokine receptors except with the
CCRS receptor (IC5o = 22 nM) and can therefore be considered as a dual antago-
nist with the CCR2 receptor preference [45-47].

2.6 Spiropiperidine-Based CCR2 Ligands

A prominent example of the spiropiperidine class of CCR2 inhibitors, RS504393
(12), was reported by Roche/Iconix. The central structural element of this class
included a tertiary amine in a benzannulated piperidine ring system and an orthog-
onal relationship between the 3,1-benzoxazin-2-one and the piperidine ring, caused
by the spirocyclic connection of the rings (Table 4). Another important aspect is the
hydrogen binding potential of the urethane moiety and the restriction to small
substituents at the benzoxazine heterocycle. SAR studies led to RS504393 (12)
(IC50 = 89 nM) as the most affine compound of this benzoxazine class. The SARs
of spiropiperidines were extensively investigated. In these spirobenzoxazine sys-
tems, the position 4 of the piperidine is disubstituted by a spiro-phenyl urethane
system. Only piperidines or linear alkyl chains were accepted by the CCR2 recep-
tor, other substituents were inactive or revealed reduced affinity. This group of
compounds is highly selective for the CCR2 receptor [48].

Site-directed mutagenesis of acidic residues Glu291 and Asp284 in the CCR2
receptor to Ala, Asn, or Gln showed the importance of both Glu291 and Asp284 for
ligand interactions via hydrogen bonding towards the tertiary amine of the piper-
idine ring. For this reason, spiropiperidines show an affinity to receptors in which a
glutamic acid residue is in a similar position as in the CCR2 receptor [49]. It was
also known that spiropiperidines prevent CCL2 binding by occupying the same
region in the inter-helical bundle on the extracellular side [48]. In contrast, the
CCR2 receptor binding of CCR2 antagonists without a basic amino moiety was not
affected by Glu291 mutations [22].

Merck’s compound 13 was claimed as a CCR2 antagonist for the potential
treatment of inflammatory and rheumatic diseases [49]. This spiro[indene-
piperidine] 13 showed ICs values of 1.3 and 0.45 nM in the CCR2 binding and
the chemotactic assay, respectively. 13 possessed a high selectivity over other
chemokine receptors including the CCRS receptor (=500-fold).
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Table 4 CCR2 antagonists with spiropiperidine structure, inhibitory effects on CCL2 binding to
human CCR2 receptor

hCCR2
Compounds 1C50 (nM)
12 (RS504393) H 89
N\?O
Hﬁ%
N N=
‘\/§/O
CHs
13 O 1.3
82 o

N
(0]
@NUCFB
EH
CHj;
CF4
14 O 4

N H o}
N CF
\\/ N 3
H
CF3

The tested isomer 13, shown in Table 4, was found to be the only active
stereoisomer of the four possible stereoisomers. The series of spiropiperidines
similar to 13 demonstrated that the presence of methyl groups in position 3 of the
1,3-disubstituted cyclopentane ring and in the piperidine ring is crucial for the high
affinity at the human and mouse CCR2 receptors. The introduction of an additional
methyl group in position 4 of cyclopentane instead of the methyl group in position
3 led to a total loss of the CCR2 activity, as the removal of the methyl group in
position 3 of the piperidine ring eliminated CCR2 activity in the assay with both
human and murine CCR2 receptors [6, 50]. Compared to analogs without a methyl
group in position 1 of the cyclopentane ring, the CCR2 binding affinity increased
twofold [51]. Compound 13 also belongs to the series of cyclopentyl and cyclobutyl
constrained analogs, in which a quaternary carbon substitution of the central
cyclopentane ring was preferred for CCR2 binding [37].

The spiropiperidine 14 from Merck contains a tertiary carbon in side 2. The side
1 is represented by a spiro[indene-piperidine] in compounds 13 and 14, but the
cyclopentyl ring of 13 is replaced by an open chain, which includes an additional
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Table 5 CCR2 antagonists with quaternary ammonium salt structure, inhibitory effects on the
CCL2 binding to the CCR2 receptor

hCCR2
Compounds 1C50 (nM)

15 (TAK-779) 27
¢

16 (JNJ17166864) Cl 20
oo
N cl
N
17 O CF3 10

secondary amine and a cyclopropylmethyl moiety leading to a tertiary carbon atom.
The substituent of the tertiary carbon atom was also varied. A p-fluorophenyl
substituent at that position led to Merck’s “compound 26”, a dual CCR2 and
CCRS5 receptor antagonist, which is, apart from this substituent, identical to the
cyclopropylmethyl derivative 14. In contrast to the p-fluorophenyl derivative, the
cyclopropyl derivative 14 was selective for the CCR2 receptor, showing an ICsq
value of 4 nM and promising pharmacokinetic properties [22, 23]. In both 13 and
14, the aromatic residue R1 is represented by an indene and linked to the central
tertiary amine via a 2-carbon linker. The size of linker L2 is broadly based,
including 2 atoms in 12, 6 in 13, and 7 in 14.

2.7 Quaternary Ammonium Salts

Potent CCR2 receptor antagonists that contain a quaternary ammonium salt have
also been reported (Table 5). The quaternary ammonium moiety of these com-
pounds is expected to form an ionic interaction with Glu291 in the binding pocket
of the CCR2 receptor [27]. Developments of these types of CCR2 antagonists
started from TAK-779 (15, see also Sect. 3.1), first developed as a CCRS5 antagonist
and later found to have also significant CCR2 affinity (ICso = 27 nM) [40, 52].
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Compounds 16 and 17, both showing promising binding affinities in a
123 labeled CCL2 assay using a THP-1 cell line, resulted from the systematic
modifications of side 2 in 15 [53]. JNJ171668 (16), developed by
Johnson&Johnson, is a potent candidate with a binding affinity of 20 nM. In line
with its quaternary ammonium structure, JNJ171668 (16) had poor oral bioavail-
ability, but entered clinical trials for the treatment of allergic rhinitis as a nasal
application [40]. The 3,4-dichloro phenyl ring of 16 led to higher binding affinity at
the CCR2 receptor than its analogs with other substitution patterns. From a series of
different biphenyl-containing compounds, it was evident that the presence of a
chloro or bromo group leads to improved binding affinities compared to electron-
donating (OMe, Me) and electron-withdrawing groups (CN, CF;). Structural mod-
ifications on the side 2 were also found to be responsible for selectivity related to
the interactions with the CCR2 and CCRS receptor. A different modification on side
2 led to compound 17 with a linker L2 consisting of 9 carbon atoms. 17 contains a
biphenyl moiety attached to the 3-position of acrylamide displaying the binding
affinity of 10 nM [53]. In comparison with the pharmacophore model, the linker L1
is missing in 15, 16, and 17, whereas R1 is represented by a tetrahydropyran moiety.

2.8 Latest Structural Developments in CCR2 Ligands

In recent years, new structural classes of CCR2 ligands appeared in the literature,
mostly including only small series of compounds. Here, we want to highlight three
promising classes, each exemplified by a typical ligand: (1) sulfonamides are
represented by 18, (2) azetidines by 19, and (3) bicyclic compounds by 20.
ChemoCentryx and GlaxoSmithKline started the development of sulfonamides as
CCR?2 ligands [6]. The efforts resulted in the triazolyl-substituted compound as a
promising example. Modifications of the substitution pattern led to the trichloro-
substituted N-phenylbenzenesulfonamide 18 as a potent CCR2 ligand (the GTPyS
accumulation assay, ICso = 10 nM). 18 inhibited monocyte recruitment but also
showed inhibitory effects on the CYP2C19 and CYP2C9 activity (Table 6). The
investigation in a thioglycollate-induced peritonitis model for inflammation in a
mouse strain with the human CCR2 receptor knocked-in (hnCCR2KI mouse) verified
the dose-dependent and strain-specific inhibition of monocyte recruitment by 18 [54].
In an analogy to piperidines (see Sect. 2.4) and pyrrolidines (see Sect. 2.3),
azetidine-based CCR2 ligands were described. In order to eliminate the zwitterionic
character of a piperidine-based amino acid derivative developed by
Johnson&Johnson and to increase solubility, a cyclohexylazetidine system was pre-
pared first [31, 55]. Different six- and five-membered heterocycles were introduced in
the 4-position of the cyclohexane ring, which reduced the hERG channel activity.
Finally, the thiazole derivative 19 was identified as the most potent candidate. A cis
orientation of the thiazolyl and the azetidinyl substituents on the cyclohexane ring was
found to be essential for the high CCR2 binding affinity [55]. Compound 19 revealed
an ICs( value of 37 nM in the CCR2 binding assay and did not interact with the hERG
channel (ICs5y > 50 pM). A promising cardiovascular safety profile was confirmed in
an anesthetized dog safety study. A high selectivity against other chemokine receptors
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Table 6 Latest CCR2 antagonists form different structural classes, inhibitory effects on CCL2
binding to the CCR2 receptor

hCCR2
Compounds 1C50 (nM)
18 0.0 a
HN/S\C[CI
% ',\‘/\@\ cl
=N

N cl

19 H ) 37
N CF3
N
N/j \(I;I/\H)k©/

N T 6

20 CF, 31
OCHj4 —
N R N
\ N
O. H
(o
O ()

K; = 10 nM

was found, but the pharmacological profile remains to be reported [56]. In 2013,
further variations of the heteroaromatic substituents at the N-acylglycine moiety were
published, which started from 19 as a lead compound. Although various compounds
with the high CCR2 affinity, promising functional activity and low hERG channel
affinity were identified, none of these compounds displayed a promising pharmaco-
kinetic profile [57].

In 2013, Cai et al. published a novel series of CCR2 antagonists with a bicyclo
[3.3.0]octane or bicyclo[4.3.0]nonane scaffold. This class of ligands was designed
according to the CCR2 pharmacophore model mentioned above. The first genera-
tion was based on a 7-aminobicyclo[3.3.0]octane system [58]. Replacement of the
methylene moiety in 3-position by an amino moiety led to the closely related class
of 7-amino-3-azabicyclo[3.3.0]octanes. A systematic evaluation of the substituents
on the exocyclic amino moiety resulted in 20, the most promising compound of this
series. 20 displayed the high CCR2 affinity (IC5y = 31 nM) and low cardiovascular
risk (hERG ICsy > 50 uM). The clinical potential of this new candidate will be
evaluated after investigation of its in vivo properties [59].

2.9 Binding Poses of Ligands in the CCR2 Receptor

As predicted by computational-based homology modeling studies that included few
potent CCR2 ligands, different amino acids were postulated to be essential for the
ligand binding to the CCR2 receptor. The most recent studies were based on the
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Fig. 3 Schematic presentation of interactions between the CCR2 receptor and TAK-779 (15),
modified according to [28, 60, 62]

homology modeling, where in 2010 published crystal structure of the closely
related CXCR4 receptor served as a template. The CXCR4 structure shows a higher
sequence homology as well as a larger binding pocket than the structure of bovine
rhodopsin. The binding pocket of the CCR2 receptor is formed by transmembrane
domains TM2, TM3, TMS5, TM6, and TM7 [28]. Glu291, located on the transmem-
brane region 7 (TM7), was proposed to be an important anchor residue of various
CCR?2 ligands, including spiropiperidines [48, 60, 61]. The central basic amine,
present in most CCR2 receptor ligands, forms a salt bridge to this conserved acidic
residue.

Mutagenesis studies also implied that Tyr120 and His121 might be crucial
because of their ability to form hydrogen bonds with endogenous ligands or
synthetic molecules. Hydrophobic interactions of the ligands were observed with
aromatic residues Tyr49 and Trp98 [28]. The predicted binding site of TAK-779
(15) was studied best. The residues of the CCR2 receptor that strongly interact with
TAK-779 are shown in Fig. 3.

The most important interaction is the electrostatic interaction of the carboxylate
of Glu291 with the quaternary ammonium group of TAK-779. The tetrahydropyran
oxygen forms hydrogen bonds with both Tyr49 in TM1 and Thr292 in TM7. The
biaryl system on the other site is fixed between the hydroxyphenyl moieties of
Tyr120 and Tyr259 and to a lesser extent by His121 via n—n-stacking interactions.
His121 also interacts with Arg206 (TM 5), which results in a weaker ligand-
histidine interaction. In the CCRS receptor, His121 is replaced by phenylalanine
(see Fig. 5), which cannot form interaction with arginine and therefore adopts an
alternative rotameric conformation increasing the m-m-interactions. In case of
TAK779, the residues Tyr49, Trp98, Tyr120, and His121 are discussed to form
an aromatic cluster contributing to the CCR2 receptor binding [60, 62]. For the
binding of the spirocyclic antagonist RS504393 (12), Glu291 and Asp284 were
identified as hydrogen bond partners for the tertiary amine within the piperidine
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ring [48, 49]. Expectedly, the binding of the CCR2 antagonists devoid of basic
amine was not affected by Glu291 mutations [22, 23].

2.10 Conclusion

Altogether diverse compounds with high affinity to the CCR2 receptor have been
identified. A few CCR2 antagonists were investigated in clinical trials. Up to now,
CCR?2 antagonists have not shown promising clinical efficacy in inflammatory
diseases as presumed from preclinical models. Whether this failure is a result of
wrong target selection, off-target effects or poor drug-like properties of the
small-molecule antagonist remains to be elucidated [27, 37, 41].

3 CCRS Ligands

The unique opportunity to study the impact of CCRS receptor antagonists by
exploiting the CCR5A32 bp polymorphism as well as its function as a
co-receptor for the HIV-host cell fusion brought the CCRS receptor into focus of
many pharmaceutical companies. There are various CCR5 antagonists reported in
the literature so far. The CCRS5 receptor ligand maraviroc (1, Celsentri®,
UK-427,827) (Fig. 1) developed by Pfizer is the only CCRS5 ligand approved for
the treatment of confirmed RS5-tropic HIV-1 infection by the FDA and EMEA
[2]. On account of this, many further investigations have already been undertaken,
starting from maraviroc (1) as a lead compound.

The intention of this chapter is to summarize the SARs of various CCRS5
antagonists focusing on CCRS antagonists derived from TAK compounds
(Takeda), maraviroc, and related tropane-based CCRS ligands. Several different
aspects such as antiviral activity, CYP inhibition, leading to several drug-drug
interactions and severe adverse effects will be discussed [65, 66]. Inhibition of
the hERG K™-channel is a common challenge in developing CCRS5 selective ligands
due to the basic amine, which is required for the interaction with Glu283 of CCRS5
receptor [29, 65, 66]. Therefore, the affinity to the hERG K*-channel [67] and the
oral bioavailability, which significantly influence the CCRS5 ligand development,
will be discussed.

3.1 CCRS Ligands Developed by Takeda Inc

3.1.1 Quaternary Ammonium Salts and Tertiary Amine-Based
CCRS5 Antagonists

Takeda Pharmaceutical Company has set themselves the task of creating a new
class of antihuman immunodeficiency virus 1 (HIV-1) entry inhibitors. One way to
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inhibit HIV-1 replication is to prevent the viral entry into the target cell. The
potential of this approach is shown by T20, a peptide that prevents the conforma-
tional change in the viral glycoprotein gp41l that drives membrane fusion
[68]. Therefore, Takeda has designed several compounds which were based on
hits of a high-throughput screening (HT'S). The most promising compound resulting
from these hits was TAK-779 (15) (Fig. 4).

TAK-779 (15) antagonizes the binding of CCL5 to CCR5-expressing Chinese
hamster ovary (CHO) cells completely at a concentration of 100 nM and showed an
ICs5o value of 1.4 nM. Moreover, 15 was shown to block membrane fusion of
HIV-1 at nanomolar concentrations. The binding of CCL3 and CCL4 to the
CCRS5-expressing cells was also blocked with ICsq values around 1.0 nM. Although
TAK-779 inhibited the binding of [1251]-CCL2 to CCR2 in CHO/CCR?2 cells, its
ICsq value for CCR2 receptor (ICsq = 25 nM) was approximately 20-fold higher
than that for CCRS receptor [52]. The sequence homology between CCRS and
CCR2 receptors is 76% [69], which might explain the dual antagonistic character.

Molecular modeling and mutagenesis studies have shown that the active site of
the CCRS5 receptor is very hydrophobic with multiple aromatic residues forming a
tight binding pocket [70]. The benzene ring of the benzo[7]annulene moiety of
15 was observed to interact with aromatic side chains of Tyr108 and Trp248 via a
T-shaped n—m-stacking. Additionally Tyr108 forms a hydrogen-bond interaction
between the phenolic OH group and the carbonyl moiety of 15. Strong hydrophobic
interaction between the p-tolyl group and Ile198 on TMS accompanied by some
weaker interactions of 15 with Thr195, Ile198, Phe109, Trp248, and Tyr251 were
also found. The limited ionic interaction between the quaternary ammonium moiety
of 15 and Glu283 was caused by the steric shielding of the positively charged center
(Fig. 5) [63].

Due to the fact that 15 inhibits the CCRS receptor, an anti-R5 HIV-1 assay was
performed. The measured effective concentrations in the anti-fusion assay were
1.2 nM (ECsp) and 5.7 nM (ECy) [71]. It was additionally shown that TAK-779 did
not interact with CCR1, CCR3, or CCR4 receptors. The quaternary ammonium
moiety of TAK-779 led to a good binding affinity, but poor oral bioavailability,
which required further optimization.

In order to develop an active CCRS5 antagonist with a reasonable oral bioavail-
ability, derivatives of tertiary amines were investigated. The tertiary amine
21, derived from TAK-779 by removing one CHj3 group, resulted in decrease of
CCRS5 affinity but increased oral bioavailability. In order to enhance the CCRS,
affinity modifications of the [7]annulene ring were undertaken [72]. The exchange
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Fig. 5 Schematic presentation of interactions between CCRS receptor and TAK-779 (15),
modified according to [63, 64]

Table 7 CCRS affinities of X

quaternary ammonium salts O

15 and 25 and the tertiary _

amines 21-24, 26, and 27 O H

[72, 73, 75] and inhibitor ©

effects on ['>°1]-CCL5 ! HC © R Y

binding to CCR5-expressing ,\\l;@o

CHO cells \

CHj3
CCRS

Compounds X R Y 1C5q (nM)
15 CH, CH; Cl 1.4
21 CH, - 950
22 S - 800
23 SO - 300
24 SO, - 200
25 0} CH; Cl 1.4
26 (0} - 530
27 NCH; - 130

at the 5-CH,-moiety of the benzo[7]annulene of TAK-779 (15) by a S-atom (22) did
not significantly increase CCRS5 receptor affinity [73]. The introduction of a sulf-
oxide (23) or a sulfone (24) led to a slightly increased affinity [74]. The exchange of
the 5-CH,-group by an O-atom resulted in the benzoxepine 25 with high CCRS5
affinity, which could not be retained in the tertiary amine 26. The highest affinity of
the tertiary amines was found for the 1-methyl-1-benzazepine 27 (ICs, = 130 nM)
[72]. Because the compounds 24 and 27 possess high oral bioavailability (>50%) in
rats [73], further variations of the benzothiepine-1,1-dioxide and the 1-benzazepine
cores were envisaged (Table 7).

In order to enhance the CCRS5 receptor affinity, modifications of the p-methyl
group of 24 were investigated (Table 8). Replacement of the methyl group by an
ethyl substituent (28) led to a 3-fold increased CCRS receptor affinity, which was
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Table 8 Variation of the
p-CH; group [75], inhibitory
effects on the ['*’I]-CCL5
binding to CCR5-expressing
CHO cells

Table 9 Variation of the
N-substituent

A. Junker et al.

Compounds R 1C509 (nM)
24 H;C— 200
28 Et— 60
29 PrO— 35
30 BuO(CH,),O— 27
R

BuO(H,C),0 0
CHs
N
@
CCR5 Membrane fusion
Compounds R IC5o MM)*  1ICs (nM)b
31 Et 5.6 1,000
32 Pr 3.5 54
33 i-Bu 3.6 1.7
34 /w 4.5 150
35 53 2.3

Bn
36 /\E\N—CHa 2.7 1.2
\N’

*Inhibitory effects on ['*’I]-CCL5 binding to CCR5-expressing
CHO cells
®Inhibition of membrane fusion [75]

further increased by introduction of alkoxy groups (compounds 29 and 30)
[75]. The butoxyethoxy derivative 30 was chosen for further optimization.

The combination of the butoxyethoxy group with a 1-benzazepine scaffold led to
the next series of CCRS5 antagonists. Homologation of the N-methyl group to an N
ethyl group (31) resulted in an increased CCRS5 affinity, but low inhibition of HIV-1
envelope-mediated membrane fusion (Table 9). Introduction of propyl (32),
isobutyl (33), benzyl (35), and methylpyrazolyl (36) residues increased the inhib-
itory activity, whereas the cyclopropylmethyl group (34) resulted in a remarkable
drop of inhibitory activity [75].
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Table 10 Introduction of a
sulfoxide, inhibitory effects
on the binding of ['*°I]-CCL5
to CCR5-expressing CHO
cells

BUO(HzC)zO

CCR5
Compounds R 1C50 (nM)
37 = ] 450
SsSN
1]
(0]
38 % 250
| =
39 ~g Ny 67
5 L
40 CHs 14
\S N
W
41 Et 6.6
~g N
Y,
42 Pr 4.3
g N
W,
(5)-42 1.9

Pr

|

~g N
Y,

3.1.2 1-Benzazepine and 1-Benzazocine-Based CCRS Ligands

Compounds 37-42 were synthesized to examine the effect of various sulfoxides on
the CCRS affinity (Table 10). The methylimidazolyl-sulfinyl derivative 40 led to
increased CCRS5 receptor affinity. Elongation of the alkyl substituent to an ethyl
(41) or propyl (42) moiety led to increased CCRS affinity. The enantiomer (S)-42
was found to be more potent than the (R)-enantiomer (R)-42 [72].

Expansion of the seven-membered azepine ring of (5)-42 to an azocine ((5)-43),
azonine ((S)-44), and azecine ring ((S)-45) led to a series of potent compounds
(Table 11) [72].

Due to the high CCRS affinity, virus fusion inhibition, and oral bioavailability,
TAK-652 ((S)-43) became a promising HIV-1 entry inhibitor for clinical studies. It
was shown that TAK-652 inhibited the binding of CCL5 (IC59 = 3.1 nM), CCL3,
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Table 11 Variation of
ring size

Pr

BuO(H,C),0 ”S N

5§

N
CCR5 Membrane fusion

Compounds n ICso (nM)* ICs (nM)°
(8)-42 0 1.9 1.0
(5)-43 (TAK-652) 1 3.1 0.1
(S)-44 2 6.8 0.48
(8)-45 3 67 -

Inhibitory effects on the binding of ['*’I]-CCL5 to CCRS5-
expressing CHO cells

PInhibitory effects on the binding of HIV-1 envelope-mediated
membrane fusion

and CCL4 (ICs5g = 2.3 nM) to the CCRS receptor and also blocked CCL2 binding
(IC50 = 5.9 nM) to the CCR2 receptor. In further tests, the inhibitory effect on the
fusion between the HIV-1 envelop protein and the cell membrane was investigated
with TAK-652 (ICsy, = 0.1 nM). The replication of all HIV-1 isolates in peripheral
blood mononuclear cells (PBMCs) was inhibited by TAK-652 with ECsy and ECoqq
values of 0.061 and 0.25 nM, respectively [76].

3.1.3 Propandiamine-Based CCRS Ligands

Compounds 46—48 represent CCRS antagonists with entirely different structures.
The core structure of 46-48 is characterized by an N-(3-piperidinopropyl)
carboxamide. The propandiamine substructure has become an important
pharmacophore element for the development of CCRS antagonists (Table 12).
The HTS of the Takeda’s compound library led to the discovery of N-(piperidi-
nopropyl)carboxamide 46 with low micromolar CCR5 binding affinity. Subsequent
optimization resulted in a series of piperidine-4-carboxamides, exemplified by 47,
which had low nanomolar affinity for CCRS5 receptors and exhibited high
anti-HIV-1 activity [77]. The fast metabolism of 47 stimulated further optimization,
which led to the most promising derivative 48 (TAK-220) of this new series
(Table 12). It demonstrated high inhibition of the ['*’I]-CCL5 binding to CCRS-
expressing CHO cells (ICsg = 3.5 nM), high inhibition for HIV-1 membrane fusion
(IC50 = 0.42 nM), and also high metabolic stability upon incubation with human
hepatic microsomes [78]. A comparison of binding affinities and antiviral activity
of TAK-779 (15), TAK-652 (43), and TAK-220 (48) is summarized in Table 13.
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Table 12 Inhibitory effects on the binding of ['*’I]-CCL5 to CCR5-expressing CHO cells

CCR5
Compounds ICso (nM)
46 (0} 1,900

O%j)LN/\/\N F
/N
HsC o)
@*
48 (TAK-220) (0] 35
NH,
Table 13 CCR5 and CCR2 CCR5 CCR2 Membrane fusion
binding affinities of Compounds ICso MM)*  1Cso (nM)b ICs (NM)°
compounds 15 (TAK-779),
43 (TAK-652) and 15 (TAK-779) 14 27 15
48 (TAK.220) 43 (TAK-652) 3.1 59 0.1
48 (TAK-220) 3.5 - 0.42

Inhibitory effects (ICs0) on the binding of ['**1]-CCL5 to CCR5-
expressing CHO cells

bInhibitory effects (ICso) on the binding of ['*1]-MIC-1 to
CCR2b-expressing CHO cells

“Inhibition (ICsq) of HIV-1 envelope-mediated membrane fusion

The conformational flexibility of TAK-220 is higher than that of TAK-779 due
to the higher number of rotatable bonds. Docking into a 3-D homology model of the
CCRS5 receptor showed that TAK-220 forms a strong salt bridge with Glu283.
Mutagenesis studies indicated that the residues Trp86, Tyr108, Trp248, Tyr251,
and Met287 (see Fig. 5) are important for TAK-779 binding, but have little effects
on TAK-220 binding. However the hydrophobic interaction of TAK-220 with
[1e198 is as strong as in case of TAK-779 binding (Fig. 6). The 3-chloro-4-
methylphenyl group of TAK-220 is placed in the similar region within the helical
bundle between Phe109, Trp248, and Tyr251 as the phenyl group of maraviroc (1)
[63, 79].
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Fig. 6 Schematic presentation of interactions between the CCRS5 receptor and TAK-220 (48),
modified according to [79]

3.2 The Development of Maraviroc and Related
Tropane-Based CCR5 Ligands

3.2.1 1-(3,3-Diphenylpropyl)-Piperidinyl and 1-(3-Amido-
3-Phenylpropyl)-Piperidinyl-Based CCR5 Ligands

The first 1-(3,3-diphenylpropyl)piperidine-based CCRS antagonists were found by
AstraZeneca and Pfizer by an HTS of their compound libraries [45, 80]. AstraZeneca’s
screen resulted in two closely related hits, 49 and 50, and Pfizer’s screen in the hits 51
(UK-107,543) and 52 (Table 14).

AstraZeneca’s approach focused on the development of CCR5-selective antag-
onists for the treatment of chronic inflammatory diseases, such as rheumatoid
arthritis [81] and inflammatory bowel disease [82]. Compounds 49 and 50 demon-
strated similar CCRS binding affinities in low micromolar range, indicating no
advantage of the cyclized N-substituent of 49. The SAR investigations, in which the
substituent R? of the acyl group was varied, revealed that neither (hetero)aromatic
nor aliphatic groups increased the CCRS receptor affinity (Table 15). The
phenylacetyl derivative 53 was the only compound with potency in the high
sub-micromolar range. Introduction of substituents at the o- and m-position of the
phenylacetyl group did not significantly affect the binding affinity. However, an
increase in affinity was observed after introduction of polar electron-withdrawing
substituents in p-position. In particular, sulfamoyl (55), N,N-dimethylsulfamoyl
(56, 57), and methylsulfonyl (58) groups showed nanomolar CCRS5 affinities.
Replacing the methyl (56) with the ethyl group (57) at the amide N-atom slightly
increased the CCRS affinity (Table 15). Replacement of the amide substructure by a
sulfonamide moiety was shown to be detrimental, whereas the introduction of a
urea moiety instead of the amide retained the CCRS affinity. Compounds 55, 56,
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Table 14 HTS hits 49, 50 (AstraZeneca), 51 (UK-107,543), and 52 (Pfizer)

CCR5
Compounds ICsp (nM)
49 o) 1,900%
N
O/
50 CH; N 2,300"
N A
’\O/ o
51 (UK-107,543) 400°

HSC%N
<

52 ©\)L 1,100°
N
I\Q\ CHs
cl N/QN

Cl

Inhibition of ['**I]-CCL5 binding to human CCRS5 receptors
PInhibition of CCL4 binding to the human CCRS5 receptor in stably expressed HEK-293 cells

and 57 showed no affinity towards CCR1, CCR2b, CCR3, CXCRI1, and CXCR2
receptors. The N,N-dimethylsulfonamide 57 displayed micromolar affinity to mus-
carinic and serotonergic receptors as well as the hERG channel [45]. Therefore, the
methyl sulfone 58 was chosen as the new lead compound for further ligand
development.

Next SAR studies around the benzhydryl structure were undertaken. Introduc-
tion of one 60 or two 59 fluorine atoms into the p-position of the phenyl rings
resulted in decreased CCRS affinity. In contrast, one chlorine atom in p-position
(61) was highly beneficial. Therefore, further substituents in p-position of one
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Table 15 CCRS5 receptor R
affinities of compounds l{l

2
49, 50, 53-57. Inhibitory \ﬂ/R
effects of ['?°I]-CCL5 to N e}

human CCRS receptors

CCR5
Compounds R' R? 1C5o (nM)
49 H,C- - 4,100
50 H;C- | XN 6,100
=
53 H;C- /\© 810
54 H;C- o] 5,900
55 H;C- /\©\ 91
SO,NH,
56 H;C— /\©\ 46
SO,N(CH5),
57 Ethyl- /\©\ <10
SO,N(CH3),
58 Ethyl- /\©\ 76

SO,CHj

phenyl ring, retaining the other phenyl ring unsubstituted, were investigated.
Compounds with strongly electron-withdrawing substituents such as
trifluoromethyl (62), cyano (64), and methylsulfonyl (66) were highly potent, but
also the methoxy derivative 65 demonstrated high CCRS affinity (Table 16).
Electronic effects alone are not sufficient to explain the SAR. The weakly potent
difluoro (59) and 4-fluoro (60) compounds as well as the methylsulfonyl (66)
derivative demonstrated sufficient metabolic stability and a good pharmacokinetic
(PK) profile. The potential of the fluorine atoms to reduce oxidative metabolism on
the phenyl rings of the diphenylpropyl moiety indicated a possible approach to
improve oral bioavailability in this series of CCRS ligands [47].

The (S)-enantiomer of the methylsulfonyl derivative (S)-66 was found to be
twice as potent as the racemate 66. Moreover the enantioselective synthesis of (S)-
66 was used to prepare several analogs with various substituents at the second
phenyl ring.
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Table 16 1Cs, values of CH
1-(3,3-diphenylpropyl)- (7

piperidine derivatives 58-66 R’ N

with various substituents at O O/ \”/\©\

the phenyl residues. Inhibition N 0 SO,CH;
of CCL3 binding to the

human CCRS receptor O

RZ
CCR5

Compounds R! R? ICs (nM)
58 H- H- 18
59 F- F- 780
60 F- H- 310
61 Cl- H- 8.5
62 F;C- H- 23
63 H;CO,C— H- 7.1
64 CN- H- <1.0
65 H;CO- H- 6.3
66 H;CSO,— H- 1.7

Since fluorine atom in p-position of the second phenyl moiety led to dramatic
loss of the CCRS5 affinity, the m-position was addressed for the introduction of the
fluoro substituent (67). 67 displayed increased CCRS affinity, but also fast clear-
ance and short half-life. This could be improved by introduction of halogen atoms at
both m-positions (Table 17). The 3,5-difluoro (69), 3-fluoro (67), and 5-chloro (68)
analogs showed favorable pharmacokinetic profiles. The 3,5-difluoro derivative 69
displayed no affinity towards CCR1, CCR2b, CCR3, CXCR1, and CXCR?2 recep-
tors and other human G-protein-coupled receptors (human M;, M,, and 5-HT,4
receptor). Unfortunately, an inhibition of CYP 2D6 (1.6 pM) and hERG ion channel
binding (7.3 pM) were detected [46].

In order to reduce cardiotoxicity, the benzhydryl part of the molecule was further
modified. SAR investigation clearly indicated the requirement of one phenyl
substituent, whereas the replacement of the second phenyl ring by other substituents
was tolerated. Introduction of a piperazine and C-atom-linked piperidine ring led to
compounds with reduced lipophilicity, promising CCRS affinity and decreased
hERG ion channel binding (Table 18) [83]. The piperazine derivative 71 showed
only moderate bioavailability in dogs and very fast plasma clearance in rats,
whereas the C-linked piperidine with the methylsulfonyl substituent at the
N-atom demonstrated good bioavailability in both species with high selectivity
over CYP 1A1, 2C9, 2C19, 2D6, and 3A4 enzymes. Therefore 72 (AZD5672) was
selected as drug candidate for the treatment of rheumatoid arthritis (RA). The
development of AZD5672 (72) was terminated in a phase IIb study with RA
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Table 17 CCRS affinity of
compounds 66-70 with
various substituents in the m-
position of the second phenyl
ring. Inhibition of ['251]—
CCL3 binding to the human
CCRS receptor

Table 18 Variations (71, 72)
of the second phenyl ring

A. Junker et al.

CH,

r

H3;CO,S N
O/ \”/\©\
© SO,CH;3

Z4
R |
N
CCR5
Compounds R 1C5q (nM)
(5)-66 H- 0.76
(R)-67 3-F- 0.22
(R)-68 3-Cl- 1.0
(R)-69 3,5-di-F- 0.32
(R)-70 3-F-, 5-Cl- 1.1
CH,
H3CO,S< N /\ O/ N \H/\©\
K/ X N © SO,CHj4
F F
CCR5 hERG inhibition
Compounds X IC5y (nM)? 1Csg (nM)b
71 N 3.7 >32,000
72 (AZD5672) CH 0.26 24,000

*Inhibition of ['*°I]-CCL3 binding to the human CCR5 receptor
"The concentration required to inhibit binding of [*H]dofetilide
binding to hERG stably expressed on HEK-293 cells

patients, due to absence of statistically significant effects of AZD5672 on symp-

toms of RA [83].

Pfizer’s approach focused on the development of CCRS selective ligands for the
treatment of HIV-1 infection [84, 85]. Compounds 51 and 52 showed weak CCR5
binding affinity, antiviral activity could not be detected, and, moreover, high
affinity to the CYP 2D6 enzyme was found (Tables 14 and 19) [80].

The replacement of the imidazopyridine structure, responsible for the interaction
with CYP 2D6 by coordination of the pyridine N-atom to the heme iron, led to
benzimidazole 73. Compound 73 showed potent inhibition of CCL4 binding and
much weaker CYP 2D6 inhibition, but still no antiviral activity (Table 19). In order
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Table 19 The CCRS5 receptor affinity and antiviral activity of compounds 51, 52, and 73-77

H,C N

R-
CCRS Antiviral activity
Compounds R ICso (nM)? ICso (nM)°
51 - 400 -
52 - 1,100 -
73 \@ 4 -
74 ©\/ﬁ\ 100 740
75 ©\g/ 45 210
($)-75 ©\g/ 13 190
76 CHs, 50 700
Hsc)\g/

77 &”/ 40 75

(0]
(§)-77 (UK-347,503) &”/ 20 73

(0]

*Inhibition of the ['?°I]-CCL4 binding to the human CCRS5 receptor
" Antiviral activity determined against HIV-Bal in PM-1 cells [80]

to increase the polarity, one of the phenyl groups of the diphenylmethyl moiety was
replaced by an amide bearing substructure already found in compound 52. Amides
74-77 inhibited the CCL4 binding but, more interestingly, moderate levels of
antiviral activity determined against HIV-Bal in PM-1 cells [80, 86] were found
(Table 19).
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The benzamide 75, the isobutyramide 76, and the cyclobutanecarboxamide 77
were found to be the most active antiviral compounds in this series. The data of
CCLA4 inhibition and antiviral activity do not correlate, indicating that the binding
domains of HIV gp120 and CCL4 are distinct and separate. In order to determine
the eutomers within the amide series, the benzamide 75 and the cyclobutanecar-
boxamide 77 were synthesized stereoselectively. The (§)-enantiomers (S)-75 and
(§)-77 had higher CCRS affinity and antiviral activity than the (R)-enantiomers.
Compound UK-347,503 ((§)-77) also showed decreased affinity to the CYP 2D6
enzyme and was chosen as a lead compound for further CCRS antagonist
development [80].

3.2.2 Tropane-Based CCRS5 Ligands

Compounds with affinity to the CYP 2D6 enzyme have a basic amino group in
5-7 A distance to a possible site of oxidation. The basic amine is interacting with
Asp301 of the enzyme [87, 88]. In order to avoid CYP 2D6 affinity a series of
analogs of 77 with a modified piperidine ring was designed.

The benzimidazole derivatives exo-78 and endo-78 demonstrated increased
inhibition of viral replication (Table 20) combined with reduced CYP 2D6 affinity.
The similar activity of the exo- and the endo-isomers is caused by different
orientations of the bridged piperidine rings. The benzimidazole forces the isomer
endo-78 into a boat conformation, well overlapping with the chair conformation of
exo-78 [1]. All compounds 78-80 demonstrated potent antiviral activity against
clinically relevant CCR5-tropic viruses, but failed in safety screenings due to high
inhibition of the hERG ion channel [89]. Therefore the next aim was to obtain
selectivity against the hERG channel.

The first approach to overcome hERG affinity was driven by the exploration of
the prodrug concept of compound 81. Compound 81 demonstrated high bioavail-
ability and high hERG binding but was rapidly oxidized to the highly selective
primary metabolites tetrahydropyran S-oxide 82 and S,S-dioxide 83, 82 and 83
displayed high inhibition of cell-cell fusion without any binding to the hERG
channel at 10 uM in in vitro assays (Table 21). However, the bioavailability of
metabolites 82 and 83 after p.o. administration of 81 to rats was lower than 10%.
Gut wall metabolism and excretion by the liver were suggested to be responsible to
the failure of 81 as oxidizable prodrug [74].

Because the first strategy to overcome hERG affinity by a prodrug concept
failed, the second strategy focused on the modification of the basicity and steric
environment of the central amino moiety and alteration of the orientation and
substitution patterns of the aromatic rings in lead compound 78. In the oxagranatane
exo-80 (Table 20), the basicity of the central amino group is reduced to pK, 6.0
compared to pK, 7.8 of exo-78. However, the hERG channel affinity was not
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Table 20 CCL4 inhibitory activity and antiviral activity of piperidine analogs [1]

H
&”/N R

0
CCR5 Antiviral activity
Compounds R ICso (MM)*  ICoo (NM)® hERG channel inhibition®
exo-78 2 13 80% at 300 nM
D . j

endo-78 6 3 99% at 300 nM

79 21.5 - -

exo-80 9.0 - 70% at 300 nM

_§>©

Inhibition of the ['*°I]-CCL4 binding to the human CCRS receptor
®Antiviral activity determined against HIV-Bal in PM-1 cells
“Inhibition (%) of [*H]dofetilide binding to hERG stably expressed on HEK-293 cells

reduced, which suggested that the basic center itself is not essential for hERG
binding [90]. Docking of 78 into a hERG channel model indicated a lipophilic
interaction of the phenyl ring of the benzimidazole moiety with the hERG channel
residues. In order to inhibit this overlap, a triazole moiety (84) instead of the
benzimidazole ring (78) was introduced, which dramatically decreased the hERG
affinity. The introduction of an isopropyl side chain at the triazole motif (85)
increased the antiviral activity, but the added lipophilicity increased the affinity
to the hERG ion channel as well. The cyclobutyl group of the amide 78 was shown
to overlap nicely with the lipophilic binding pocket of the hERG channel. In
order to interrupt this interaction, polar fluorinated groups were introduced (86,
1). The 4,4-difluorocyclohexyl derivative 1 does not show any binding to the hERG
channel, even at a concentration of 1,000 nM. Combined with low nanomolar
antiviral potency (Table 22) [89], a broad anti-R5 HIV-1 spectrum and no inhibition
of CYP 1A2, 2C9, 2C19, 3A4, and 2D6 enzymes compound 1 were characterized
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Table 21 Compounds 82 and 83 as active metabolites of 81

H
R \n/ N
O
Membrane fusion hERG inhibition
Compounds ICso (nM)* ICo (nM)®
81 0.2 740

-

82 - 0.2 >10,000
0-§

83 O 0.2 >10,000
2O

“Inhibition gp160 fusion
“Inhibition of [*H]dofetilide binding to hERG stably expressed on HEK-293 cells

as an inverse agonist of CCRS receptors, stabilizing the receptor in the inactive
conformation [91].

Maraviroc (1, UK-427,857) was the product of a long optimization process
leading to the first CCRS ligand approved for the treatment of confirmed
RS5-tropic HIV-1 infection on the market [2]. The use of maraviroc for the HIV-1
therapy is currently complicated by the growing number of maraviroc-resistant
HI-virus strains (MVCRES) [92-94], which makes the ligands with an improved
resistance profile desirable.

The crystal structure of the CCR5-maraviroc complex, reported in 2013, shows
the binding of the ligand at the bottom of a pocket formed by residues from helices
TMI, 2, 3, 5, 6, and 7. The tropane N-atom is protonated and forms a salt bridge
with Glu283. The NH moiety of the amide forms a hydrogen bond with the phenolic
group of Tyr251 (Fig. 7). The length of the propyl chain between the two N-atoms
correlates with the positions of Glu283 and Tyr251 in the receptor. The fluorine
atoms in the cyclohexane ring form two hydrogen bonds with Thr195 and Thr245.
The phenyl group interacts with five aromatic residues, Tyr108, Phe109, Phel12,
Trp248, and Tyr 251 in the binding pocket. The interaction of the benzene ring with
Trp248 is believed to prevent the activation-related motion of the receptor, which
underlines the inverse agonist character of maraviroc (see Fig. 7) [95]. Compared to
the CXCR4/IT1t structure [30], the binding site of maraviroc (1) was found to be
deeper, without any contact to extracellular loops. The availability of the X-ray
crystal structure of the CCRS receptor will help to promote the development of
novel potent CCRS ligands with optimized properties.
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Table 22 Binding data of compounds 1, 84-86

R2
H
RLH/N N D
0
Antiviral
activity hERG
Compounds R! R? ICso (nM)* inhibition®

84 g\ H3C\|/N 13 10% at 100 nM
e \N

CH;,
85 g\ HyC N 8 14% at 100 nM
~ N 30% at 300 nM
N /)
7
CH
HaC 8
86 F,c7 " HiC N 14 14% at 300 nM
g /‘N
N
CH
H,C 3
1 (UK-427,857, F HsC N 2 0% at 300 nM
maraviroc) F ~ N 0% at 1,000 nM
/N {
CH
H,C s

“Inhibitory effect on HIV-Bal virus replication of in PM-1 cells
PPercentage inhibition of [*H]dofetilide binding to hERG stably expressed on HEK-293 cells

Trp86
Thr 259 H Cl'p
| 3 N
Tyr251 Glu283
GH. yr y
. | | \|/’ N--+0— Tyr37
e S T P
Thr195 \ -
F ‘H CH
N ~EN DY Hc :
GIn194 TR H Met287
Tyr108
Phel12 Phel09
------- salt bridge
....... hydrogen bond Trp248

....... m-Tt-stacking

Fig. 7 Schematic representation of interactions between the CCRS receptor and maraviroc (1),
modified according to [95]
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Table 23 CCRS ligands 87 and 88 developed by lead deconstruction strategy. Inhibition of
CCL5-stimulated [*S]-GTPyS accumulation to CCR5-expressing CHO cell membranes

CCRS5
Compounds 1C5o (nM)
87 TD0444 H3C\r N 253
g
0 A B
H CH
K”/N N HC 3
(0]
CF3

exo-88 14

H,;C _N
_I@
. -
N

'I'I
Iz

Long and coworkers from the Shanghai Institute of Materia Medica developed
the lead compound 1 in more detail by applying lead deconstruction strategy. This
approach combines privileged structures of a lead compound with new motifs.
Replacement of the difluorocyclohexyl moiety of maraviroc by a phenoxy group
and the introduction of the trifluoromethyl group at the p-position of the phenyl ring
resulted in the moderate CCRS5 ligand 87 (TD0444, Table 23). Further improve-
ment of the CCRS5 affinity was achieved by introduction of an exo-oriented
2-methyl-3H-imidazo[4,5-b]pyridine-3-yl residue instead of the triazolyl moiety
and inversion of the amide substructure, which led to the potent CCRS ligand 88,
whereas the corresponding endo-isomer of 88 is inactive (Table 23) [96, 97].

PF-232798 (90c, Table 24) is the follow-up clinical candidate of maraviroc (1),
currently in phase II clinical studies, evolved from the efforts to increase the
absorption and improving the pharmacokinetic profile (PK) of maraviroc (1). The
structure of PF-232798 (90c) resulted from an alternative approach which intended
to circumvent the CYP 2D6 and hERG activity of the HTS lead UK-107,543 (51).
The introduction of the tropane substructure instead of the piperidine moiety was
previously proven to reduce CYP inhibition [1] and was therefore incorporated into
the new lead compound. The lipophilic imidazopyridine and benzimidazole sub-
structures of 51 and 78 were shown to be responsible for the inhibition of CYP 2D6
and high hERG binding [80]. In order to prevent lipophilic interactions with the
hERG ion channel, the imidazopyridine substructure was replaced by more polar
1,4,6,7-tetrahydro-imidazo[4,5-c]pyridine, which led to the 3-substituted (89a—c)
and 1-substituted (90a—d) series of compounds. The methyl carbamates 89a and
89b demonstrated high hERG inhibition. Reducing the size of the amide substituent
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Table 24 3-substituted (89a—c) and 1-substituted (90a—d) 1,4,6,7-tetrahydro-imidazo[4,5-c]

pyridines
N NN
N/ N—/ 0O
@/ @/ N~
H N H R2
R1__N N R2 R1__N N
Y Ve e
o) o]
X X
89 90
Membrane fusion
Compounds X R R? ICso (nM)? hERG channel inhibition®
89a H H;CO- H;C- 0.6 57%
89b F H;CO- H;C- 0.2 28%
89c¢ F HyC- H;CO- 0.1 0%
90a F  H;C- H,CO- <0.1 2 uM
90b F HsC- EtO— <0.1 5 uM
90c (PF-232798) F  H;C- PrO- <0.1 12 pM
90d F HyC- ‘BuO-  <0.1 6 uM

“Inhibitory effect on gp160 fusion
“Inhibition of [*H]dofetilide binding to hERG stably expressed on HEK-293 cells

to an acetyl group (89c¢) significantly increased the selectivity for hERG ion channel
within the series 89. Also the hERG affinity was reduced by incorporation of a
m-fluoro substituent into the phenyl ring (89b). Switching the substitution position
of the 1,4,6,7-tetrahydro-imidazo[4,5-c]pyridine slightly improved the gp160 inhi-
bition from 89¢ to 90a, but was detrimental in terms of hERG binding. The lowest
hERG inhibition (IC5q9 = 12 pM) could be achieved by introduction of an
isopropoxycarbonyl substituent 90c (Table 24). Compound 90c¢ demonstrated com-
plete oral absorption in rat and dog that was accompanied by improved metabolic
stability compared to maraviroc (1) and other compounds in this series. Moreover,
PF-232798 (90c) displayed antiviral activity against maraviroc-resistant viruses
and was therefore chosen as the follow-up clinical candidate of maraviroc (1) [98].

3.2.3 1-Amido-1-Phenyl-3-Piperidinylbutane-Based CCRS5 Ligands

The growing number of reports on maraviroc-resistant HI-viruses [93, 99, 100]
underlines the need for development of a next generation of ligands with different
resistance profile. The tropane-core represents the central structural motif of all
previously successfully developed CCRS5 ligands. The key features of the tropane
moiety are an increased steric hindrance around the basic amino group and
restricted conformational flexibility of the molecule. In order to retain the steric
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Table 25 Heterocycle-substituted piperidines 91-94 bearing an a-methyl moiety

Het
H
R N N

hig

(¢} CH3
Membrane fusion hERG inhibition
Compounds R Het IC5y (nM)? 1Csg (uM)b
91 l:k H,;C _N 4.3 2.1
/N\ji\l
Hye”  CHs
92 F H,;C N 1.3 2.3
F — N
i /N\j\N
Hye” CHs
(R)-93 F : HsC N 0.48 >10
F —N \i\l
Hye” O

($)-93 F HC 50 >10
X~ _h
(R)-94 F

N
j\CHg,

“Inhibitory effect on gp120-sCD4 complex binding

®Inhibition of [*H]dofetilide binding to hERG stably expressed on HEK-293 cells

hindrance, the introduction of an additional methyl moiety into the propyl chain
was envisaged. Several heterocycles as well as different amido substituents were
screened for their antiviral activity, oral bioavailability, and low propensity towards
hERG ion channel inhibition and interaction with a range of CYP enzymes. A large
series of piperidines 91-94, substituted with a N-heterocycle, bearing an a-methyl
moiety were prepared (Table 25) [101, 102].

The cyclobutyl derivate 91 reveals high antiviral activity combined with the low
hERG inhibition. Introduction of two additional fluorine atoms at the alkyl substit-
uent (92) was shown to be beneficial in terms of antiviral activity, as it was already
observed during the optimization of maraviroc [89]. Increasing the size of the alkyl
substituent to a cyclohexyl group (93) inhibits the interactions with the hERG
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Table 26 First, potent H.Co N
) . L 3

4,4-disubstituted piperidine- \(/

based CCRS ligands 95 and N

O
: Aoy &
N
X
X

CCRS5 Antiviral activity
Compounds R X,Y ICso MM)* ICso (nM)°
95 @/ H,H 1638 -
96 H,C CLH 10 16.8

*Inhibitory potency (ICsp) of the ['**I]-CCL4 binding to the
human CCRS5 receptor
“Inhibitory potency of replication of HIV-Bal in PM-1 cells

channel leading to an affinity higher than 10 pM. Enantioselective synthesis of 93
allowed the determination of (R)-93 as eutomer, with a 100-fold higher antiviral
activity than the (§)-enantiomer. Bioisosteric replacement of the 1,3,4-triazolyl
residue of (R)-93 by a 1,2,4-triazol-1-yl ring in (R)-94 resulted in a highly meta-
bolically stable and potent CCRS ligand. The 1,2.4-triazole (R)-94 displays excel-
lent whole-cell antiviral activity (ICqy = 2.6 nM), complete oral absorption in rat,
and does not inhibit human CYP 1A2, 2C9, and 2D6 enzymes. Moderate affinity
towards CYP 3A4 (IC5q = 3.4 uM) was also found [101, 102]. Therefore, com-
pound (R)-94 represents the new lead compound for the development of novel
CCRS5 ligands with new resistance profile.

3.2.4 44-Disubsituted Piperidine-Based CCRS Ligands

GlaxoSmithKline’s approach combining in-house HTS with computer-assisted
drug design resulted in identification of two 4,4-disubstituted piperidines 95 and
96 (Table 26). Compounds 95 and 96 show high CCRS affinity and high antiviral
activity combined with promising pharmacokinetic profile in rodents. Unfortu-
nately, 95 and 96 showed also moderate hERG affinity of ICsy of 2 pM and
10 nM, respectively, which required further optimization [103].

The optimization focused on the substitution pattern of the phenyl rings, which
led to the discovery of several potent CCRS5 ligands with decreased inhibition of
hERG. Introduction of a sulfonamide and two halogen substituents at the phenyl
ring (97) turned out to decrease hERG affinity and retained antiviral activity. The
exchange of the positions of the fluoro and chloro atoms from 97 to 98 decreased
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Table 27 Potent 4,4-disubsituted piperidine-based CCRS5 ligands 97-100 with decreased
inhibition of hERG

H;C

\(/NC
(o] N
Nf;

F
Antiviral activity hERG inhibition
Compounds R ICso (nM)* ICso (UM)°
97 0.0 % 4.4 >32
H,N”
F Cl
98 0.0 5 43 >57
H,N”
cl F
99 (GSK163929) 5 43 19
100 Ll% 6.2 100

F

H

SC\ /\N
o~ \O

“Inhibitory potency of rephcatlon of HIV-Bal in PM-1 cells
"hERG patch-clamp assay

the antiviral activity. The reverse sulfonamide 100 is less hydrophobic than the
forward sulfonamide 99 and was found to be very potent in anti-HIV assays
(Table 27) [104]. However, compound 99 (GSK163929) was favored for further
investigation as a clinical candidate, due to the potential aniline metabolite forma-
tion from reverse sulfonamide 100.

GSK163929 (99) revealed high oral bioavailability and good pharmacokinetic
profile in rats and dogs. Seven-day safety studies in both species did not show any
adverse effects at therapeutic doses. The high antiviral activity, favorable pharma-
cokinetic profile, and safety data support further development of 99 in phase I
clinical studies [104].

3.2.5 2-Phenylbutane-1,4-Diamine-Based CCRS5 Ligands

Investigations of the GlaxoSmithKline research laboratories revealed a new class of
CCRS5 ligands with a 2-phenylbutane-1,4-diamine core structure. The sulfonamide
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Table 28 Antiviral activity of 2-phenyl-1,4-butanediamine-based CCRS ligands 101-105. Inhib-

itory effect on replication of HIV-Bal in PM-1 cells

Antiviral activity

Compounds R! R? Het ICs (nM)

101 H;C- H- CH, 8
A

102 H- H- CH, 65
Fy Ny

103 H;C- H;C- CH, 9
LN

104 H- H- i—g 3
%\N N
o=§

105 H- H- 8

substituent turned out to produce superior antiviral activity over all other amides
tested. Removal of the methyl substituent at the amide N-atom of the benzimidazole
derivative 101 led to an 8-fold loss in the antiviral activity (102). Introduction of a
second methyl moiety at position 3 of the butanediamine linker (103) increased the
activity (Table 28). Compounds bearing other heterocycles than benzimidazole

were less sensitive to the effect of N-methyl substitution [105].
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Compounds 102 to 104 exhibit moderate to fast clearance, only 101 and 105
showed measurable bioavailability. All derivatives were rapidly metabolized and
therefore further optimization is required in order to increase metabolic stability
and improve the pharmacokinetic profile [105].

3.3 Conclusion

The development of TAK-779 (15), maraviroc (1), and their follow-up compounds
exemplifies the SARs of CCRS receptor ligands and the existing hurdles. The CCRS5
receptor antagonist maraviroc (1) developed by Pfizer has already been approved
for the treatment of confirmed R5-tropic HIV-1 infection [2]. However, the increas-
ing number of maraviroc-resistant HI-virus strains makes the development of
ligands with a distinct resistance profile highly desirable [93]. The role of CCRS5
receptors in the development and progression of inflammatory diseases led to
an increased interest of using CCR5 antagonists for the treatment of rheumatoid
arthritis [106]. Unfortunately, the use of 1 for the treatment of rheumatoid
arthritis failed due to low efficacy [107]. The reasons for this failure remain to be
elucidated.

4 Dual CCR2/CCRS5 Ligands

According to the involvement of both CCR2 and CCRS receptors in the pathogen-
esis of inflammatory diseases [108], these receptors have become attractive targets
for the pharmaceutical industry. The chemokine system is very complex, and the
CCR2 receptor binds multiple endogenous ligands including CCL2, which binds
exclusively to the CCR2 receptor, as well as CCL8, CCL7, and CCL13 [109] which
are rather unselective. The CCR2 receptor is abundantly expressed on blood mono-
cytes and regulates their migration from the bone marrow into inflamed tissue,
whereas the CCRS receptor is expressed on macrophages. The in vivo function of
the CCRS receptor is less well defined than that of the CCR2 receptor, but has been
shown to be related to the activation, survival, and retention of macrophages in the
core of inflammation and is associated with Thl cell recruitment and activation.
The CCRS receptor also binds various ligands, including CCL3, CCL4, CCLS5,
CCLS8, and CCL3L1. CCL4 and CCL3 are known to be selective for the CCR5
receptor. During the differentiation of monocytes, a reciprocal pattern of expression
and function of the CCR2 and CCRS5 receptor was observed, showing a
downregulation of CCR2 and an upregulation of the CCRS receptor expression
[110, 111]. CCR2 and CCRS5 receptors are expressed on different cells but in a
complementary manner. Both receptors are important in the mediation of leukocyte
trafficking in case of inflammation, e.g., during the pathogenesis of cardiovascular
(atherosclerosis) and immunological diseases (rheumatoid arthritis, Crohn’s
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disease, transplant rejection). Thus targeting both receptors with dual antagonists
appears to have therapeutic potential [112].

4.1 Benefits of Dual CCR2/CCRS5 Ligands

The clinical efficacy of compounds acting selectively with a particular chemokine
receptor remains to be shown. Clinical trials with various chemokine ligands failed
because a benefit at a critical endpoint was not shown. The complex pharmacology
of chemokines and their receptors most likely contributed to the failures. More than
50 different chemokines have been identified that interact with more than 20 clas-
sical and atypical chemokine receptors. A few chemokines show a one-to-one
specificity as CCL2 is specific for the CCR2 receptor, while other chemokines
are promiscuous and bind to different receptors [109, 113, 114]. Also, various
chemokine receptors have more than one chemokine ligand, which usually leads
to differential functional response mediated by the same chemokine receptor.

Due to the fact that multiple chemokine receptors are involved in the patho-
physiology of a disease, dual antagonists that target and inhibit two most prominent
receptors could be a possibility to enhance the therapeutic effect. A successful
example for a dual antagonism in the field of GPCRs is PS433540, which inhibits
the AT, receptor and the ET, receptor. PS433540 appears to be successful as
antihypertensive in rats and reached phase Ila clinical trials. Therefore, promiscu-
ous compounds that target several receptors are suggested to be particularly effec-
tive for the treatment of complex diseases, for example, multiple sclerosis or
rheumatoid arthritis, in which both CCR2 and CCRS5 receptors are involved [41].

4.2 Sequence Alignment of CCR2 and CCR5 Receptors

As CCR2 and CCRS receptors belong to the same subfamily (CC) of chemokine
receptors their amino acid sequences are highly homologous, mainly in the trans-
membrane (TM) domains [62, 115]. Both receptors contain two conserved disulfide
bridges Cys32-Cys277 and Cys113-Cys190 in the CCR2 receptor and Cys20-
Cys269 and Cys101-Cys178 in the CCR5 receptor. Comparative analysis revealed
66 % sequence identity in general between CCR2 and CCRS5 receptors and 82 %
identity in the active site. Receptor homology modeling studies predicted a ligand
binding pocket of the CCR2 receptor formed by TM2, 3, 5, 6, and 7. In the CCRS5
receptor TM1, 2, 3, 5, 6, and 7 form the binding pocket for CCRS inhibitors, which
is located at the extracellular region and is partly covered by the extracellular loop.
Both CCR2 and CCRS receptors possess glutamic acid in the anchor site in TM
7, Glu291 in CCR2 receptors, and Glu283 in CCRS5 receptors. Glu291/Glu283 is
essential for the interaction with protonated tertiary amines or quaternary ammo-
nium ions. Superposition of CCR2/CCRS binding sites revealed that all residues are
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Table 29 Dual CCR2/CCRS antagonists, TAK-779, and TAK-652

CCR2  CCR5
ICso ICs0
Compounds (nM)?* (nM)®

15 (TAK-779) OQ 27 1.4
H
N
H3C+
o p
CH,

HsC

43 (TAK-652) 5.9 3.1

BuO(H,C),0

“Inhibitory effect on binding of CCL2 to human CCRS receptor
PInhibitory effect on binding of ['*’I]-CCL5 to human CCRS5 receptor

identical except three: Ser101/Tyr89, His121/Phe109, and Arg206/Ile198, which
differ considerably in their electronic and hydrophobic properties.

Contemporary modeling studies performed on the basis of the 2010 crystallized
CXCR4 receptor show higher sequence homology to CCR2/CCRS5 than prior used
templates based on bovine rhodopsin or the P2-adrenergic receptor [28]. The
recently reported X-ray crystal structure of the CCRS receptor/maraviroc complex
[95] will allow a deep insight in the binding site and sophisticated modeling studies.

4.3 TAK-779 and TAK-652

The dual CCR2/CCRS5 antagonist TAK-779 (15) (Table 29) is the most extensively
investigated compound regarding binding site experiments and computational pre-
dictions. Using computational calculations, low-energy three-dimensional receptor
conformations of human CCR2 and CCRS5 receptors were created, and the binding
sites of 15 within the CCR2 and CCRS receptor were predicted. Mutation experi-
ments in which single amino acids were replaced within the receptor structure were
performed, and after transient expression in the L1.2 cells chemotactic and com-
petitive binding experiments to CCR2 and CCRS5 receptors were carried out. Based
on these data, it was postulated that Trp98/Thr292 in the CCR2 receptor (Fig. 3) and
Trp86/Tyr108 in the CCRS receptor (Fig. 5) were significantly associated with the
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efficacy of TAK-779. His121 in the CCR2 receptor was also important for antag-
onistic efficacy and was replaced by Tyr108 in the CCRS5 receptor. An altered
rotational orientation of TM3 is responsible for a different positioning of these
aromatic residues in both CCR2 and CCRS5 receptors. A comparison of quaternary
ammonium salt TAK-779 (15) with antagonists including a tertiary amine showed
differences in binding of these interacting residues. Depending on Glu291 in the
CCR?2 receptor and Glu283 in the CCRS receptor facing either TM1 and TM2 or
TM3 and TM6, different orientations of TM7 are possible: The first receptor
conformation leads to a receptor activation network formed between TM 1, 2,
3, and 7, which is supposed to be required for the receptor activation by the
chemokine. The second conformation is expected to be stabilized by antagonist
binding [62].

The interaction of TAK-779 (15) with the respective binding sites of CCR2 and
CCRS5 receptors resulted in ICs values of 27 nM for the CCR2 receptor and 1.4 nM
for the CCRS receptor. 15 also inhibited the binding of CCL3 and CCLA4 to the cells
expressing the CCRS5 receptor with an ICso value of 1.0 nM. No interaction was
found between TAK-779 and CCR1, CCR3, CCR4, or CXCR4 receptors [71].

TAK652 (43) (Table 29), a benzazocine compound, was developed by Takeda
Inc. as a CCRS5 antagonist for anti-HIV-1 therapy in order to improve the poor oral
bioavailability of the quaternary ammonium salt TAK-779.

In addition to the high CCRS5 affinity (ICso = 3.1 nM in ['*’I]-CCL5 assay),
TAK-652 was also found to be a potent CCR2 antagonist with binding affinity of
5.9 nM [116]. This effect was neither observed for TAK-220 (48) and maraviroc (1)
nor any other CCRS ligand [117].

4.4 MKO0483

As described in Sect. 2, compounds with an aminocyclopentanecarboxamide scaf-
fold were developed as CCR2 antagonists with promising receptor affinity but also
significant hERG inhibition. MK0483 (6) (Table 30) showed high CCR2 affinity
(ICso = 4 nM, measured as inhibition of ['*’I]-CCL2 binding) and displayed an
ICs value of 0.3 nM in chemotactic assays. MK0483 inhibited ['*°I]-CCL3 binding
to CCRS receptors with an ICs value of 25 nM. Additionally a low ERG affinity
(ICs50 = 33 pM) was found. The improved lack of hERG inhibition with regard to
Merck’s previous compounds was shown to be associated with the 3-carboxyphenyl
in position 4 of the piperidine of 6 [118].

A broad screening against different receptors, CYP enzymes and ion channels
displayed high selectivity for CCR2 and CCRS5 and weak interaction with musca-
rinic receptors M, and M, without any interaction with CYP enzymes, including
CYP 3A4, 2C9, 2D6, 1A2, and 2C19. Efficacy of 6 was also evaluated in different
rhesus blood experiments, suggesting that subnanomolar potency can be achieved
in vivo [118].



230 A. Junker et al.

Table 30 Dual CCR2/CCRS antagonists MK0483, SKB3380732, and INCB10820/PF-4178903

CCR2 CCR5
ICso  ICso
Compounds @M)* (nM)®
6 (MK0483) /@ oH 4 25
3
HoOC
N

(0]
YN CF3
106 (SKB3380732) 40 4,000
—~N NH

107 (INCB10820/PF- 0] 3 53

4178903) R i ,\LLN/\\N _
Q oHy~ ﬂ

“OCH, HaC

“Inhibitory effect on binding of CCL2 to human CCR2 receptor
“Inhibitory effect on binding of ['**I]-CCL5 to human CCRS5 receptor

4.5 SKB3380732

The indolyltropane SKB3380732 (106) (Table 30), developed as a potent CCR2
ligand, displayed an ICsq value of 40 nM for the CCR2 receptor. The development
of 106 started from a potent CCR2 antagonist with an indolylpiperidine scaffold. It
showed selectivity over the CCRS5 receptor, but due to its high structural similarity
with serotonin (5-hydroxytryptamine), this indolylpiperidine was not selective and
interacted with several serotonergic and dopaminergic receptors. In order to
improve the selectivity, a conformational restriction of the indolylpiperidine via a
tropane moiety was performed, and the steric bulk around the basic amine was
increased. Moreover, the flexible pentyl chain was exchanged by a methylcy-
clohexyl linker. The conformational constraint of both the piperidine ring and the
pentyl alkyl chain led to 1,000-fold increased CCR2 selectivity over a number of
serotonin and dopamine receptors but retained high CCR2 affinity. In contrast to
previous compounds, 106 showed moderate CCRS5 affinity (IC59 = 4,000 nM)
(Table 30) [41, 119].
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4.6 INCB10820/PF4178903

Incyte and Pfizer discovered a series of dual CCR2/CCRS antagonists, leading to
INCB10820/PF-4178903 (107) (Table 30) as the most potent compound. SAR
studies on both the left and right part of the molecule, containing an aminocyclo-
pentanecarboxamide with an isopropyl moiety, resulted in 107 as most promising
dual antagonist.

Compound 107 displayed a CCR2 affinity of ICsy = 3.0 nM in ['*’I]-CCL2
assay and ICso = 5.3 nM to the CCR5 receptor in ['?I]-CCL4 binding assay.
Compared the analog bearing a 3-trifluoromethylphenyl instead of the 3-trifluor-
omethylpyridin-2-yl moiety (107), the CCRS5 affinity increased 4-fold. Regarding to
chemotactic activity, 103 showed similar ICs, values in both CCR2 (IC5y = 3.2)
and CCRS (ICsg = 4.3 nM) binding assays. A further replacement of the 3-trifluor-
omethylpyridin-2-yl moiety by the 4-trifluoromethylpyrimidin-2-yl residue pro-
vided a less active analog. Screening of the affinity towards various receptors,
enzymes, and ion channels (>50) indicated 107 to be a selective and dual CCR2
and CCRS5 antagonist. 107 did not inhibit CYP 3A4 and 2D6 enzymes, but inhibited
the hERG channel (ICsq = 1.7 pM). Due to the promising in vivo properties with
oral bioavailability of 84% in rats and 57% in monkeys and high metabolic stability
(t12 = 93 min), 107 became a candidate for clinical studies [120].

The binding of 107 was also analyzed by docking into the binding site of the
CCR2 and CCRS receptor. The tertiary amine of 107 forms a salt bridge with the
acidic residues Glu291 (CCR2) and Glu283 (CCRS5). The trifluoromethyl substitu-
ent was also identified to interact with Arg206 of the CCR2 receptor and Ile 198 of
the CCRS receptor [28].

4.7 y-Aminobutyramides

As detailed in Sect. 2, several CCR2 antagonists from various chemical classes
have already been reported. Merck developed further a new class of promising
CCR?2 antagonists based on the y-aminobutyramide core. The screening of Merck’s
sample collection led to some lead compounds, which upon further optimization
resulted in ligands 108, 109, and 110 (Table 31) with both CCR2 and CCRS5
antagonistic properties. A high structural similarity to known CCRS antagonists
was achieved by incorporation of a substituted piperidine ring. Compound 108 with
the 4-phenylpiperidine moiety demonstrated moderate binding affinity to the CCR2
receptor (ICso = 150 nM) as well as to the CCRS5 receptor (IC59 = 72 nM). 108
showed improved potency compared to previously characterized unsubstituted
piperidine analogs. Further variations of the phenylpiperidine moiety by
3-phenylazetidine, 3-phenylpyrrolidine, and 4-phenylazepane showed that the
piperidine ring was best in terms of CCR2 and CCRS5 affinity. The spiro[indene-
piperidine] 109 was about 2-fold more active with ICsq values of 80 nM (the CCR2
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Table 31 Chemical structure R o
of dual CCR2/CCRS5
antagonists with the

y-aminobutyramide 2
substructure
CF;

F
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108 150 72
N
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“Inhibitory effect on binding of CCL2 to human CCR35 receptor
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receptor binding affinity) and 30 nM (the CCRS receptor binding affinity), whereas
its closely related saturated spiro[indane-piperidine] analog was less potent. The
introduction of a methyl group in various positions of the y-aminobutyramide
backbone and the piperidine ring decreased potency with the exception of a methyl
moiety in the 3-position of the piperidine ring. However, the CCR2 and CCRS5
affinity is strongly dependent on the relative and absolute configuration of the
piperidine derivatives.

Compound 110 with (R,R,S)-configuration was the most potent ligand from this
series with the ICsq value of 59 nM in the CCR2 binding and an 26% inhibition at
10 nM in CCRS5 binding. In chemotactic assays, progression from 108 to 109 and
110 was observed: 108 inhibited the CCL2 stimulated monocyte chemotaxis by
only 40% at a concentration of 1 pM, while 109 with an ICsq value of 176 nM and
110 with an ICsq value of 41 nM. In selectivity screenings, compounds 108, 109,
and 110 were found to be highly selective against CCR1, CCR3, CXCR3, CCR4,
CXCR4, and CCRS receptors. Only the pharmacokinetic properties of 109 were
evaluated in a rat model, which showed good pharmacokinetic parameters and
proper oral bioavailability at 3 mg/kg body weight [121].
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5 Conclusions

The emerging evidence for the role of CCR2 and CCRS5 receptors in human
inflammatory diseases led to a growing interest in selective and dual CCR2/
CCRS5 antagonists. The availability of potent CCR2 and CCRS5 antagonists allows
the selective targeting of these receptors and the development of novel concepts for
the therapy of inflammatory diseases (e.g., multiple sclerosis and atherosclerosis).

Maraviroc (1) is up to now the only commercially available CCRS5 antagonist for
the treatment of HIV-1 infections, but the growing number of reports on maraviroc-
resistant viruses underlines the need of new drugs with improved resistance profile.
During the development of new lead compounds, many issues like hERG channel
affinity and metabolic stability had to be considered. The most promising CCRS
antagonists for the treatment of HIV infections are GSK163929 (99) and
PF-232798 (90c), which will enter clinical studies.

The development of clinical candidates targeting the CCR2 receptor is also
associated with the optimization of several aspects. Although the potent CCR2
antagonist MK0812 (5) has reached phase II clinical trials, the further development
was terminated due to no significant improvement compared with placebo. The
CCR2 antagonist JNJ17166864 (16) was tested in clinical trials for the local
treatment of allergic rhinitis. However, the study was terminated due to lack of
efficacy. In contrast to promising results in preclinical animal models of inflamma-
tion, CCR2 antagonists do not show sufficient efficacy in clinical trials of inflam-
matory diseases so far.

The clinical trials performed with selective CCR2 and CCRS5 antagonists suggest
that targeting a single receptor might not be sufficient for high efficacy. The fact
that both receptors are important in the pathogenesis of cardiovascular and/or
immunological diseases indicates great therapeutic potential of dual antagonists.
Many compounds that were originally developed as selective antagonists of CCR2
or CCRS receptors have shown later to address both subtypes. The systematic
development of dual CCR2/CCRS antagonists resulted in INCB10820 (107) as
the most promising antagonist. In addition to the important central amine, 107
contains a fluoro substituent which interacts with Arg206 of the CCR2 receptor and
Tle198 of the CCRS receptor.

The recently published X-ray crystal structures of the CXCR4 and CCRS
receptors represent the basis for docking studies and virtual screening campaigns,
which might lead to discovery of innovative ligands and the generation of novel
selective and dual antagonists with desired pharmacological properties.
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