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Abstract

Importance of the field—Chemokine receptors are G protein-coupled receptors (GPCRs) most
noted for their role in cell migration. However, inappropriate utilization or regulation of these
receptors is implicated in many inflammatory diseases, cancer and HIV, making them important
drug targets.

Areas covered in this review—Allostery, oligomerization, and ligand bias are presented as
they pertain to chemokine receptors and their associated pathologies. Specific examples of each
are described from the recent literature and their implications are discussed in terms of drug
discovery efforts targeting chemokine receptors.

What the reader will gain—Insight into the expanding view of the multitude of
pharmacological variables that need to be considered or that may be exploited in chemokine
receptor drug discovery.

Take home message—Since 2007, two drugs targeting chemokine receptors have been
approved by the FDA, Maraviroc for preventing HIV infection and Mozobil™ for hematopoietic
stem cell mobilization. While these successes permit optimism for chemokine receptors as drug
targets, only recently has the complexity of this system begun to be appreciated. The concepts of
allosteric inhibitors, biased ligands and functional selectivity raise the possibility that drugs with
precisely-defined properties can be developed. Other complexities such as receptor
oligomerization and tissue-specific functional states of receptors also offer opportunities for
increased target and response specificity, although it will be more challenging to translate these
ideas into approved therapeutics compared to traditional approaches.
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» Inaddition to orthosteric sites, allosteric binding sites have been identified in
chemokine receptors, which increases their potential druggability, and
encourages drug discovery efforts to go beyond traditional ligand displacement
assays. Such drugs may be more effective in inhibiting the binding of large
proteins, like chemokines, or selectively blocking specific signaling pathways
while preserving others.

» Ligand bias complicates drug discovery but also illustrates the potential of
developing functionally selective drugs that minimize off-target effects.

*  Receptor homo- and hetero-oligomerization may affect drug responses in cells
expressing multiple chemokine receptors and needs to be considered for better
predictability of in vivo efficacy.

»  Exploiting the complex pharmacology of chemokine receptors, it should be
possible to taylor therapeutics with unique properties such as the ability to
inhibit ligand binding and specific signaling pathways coupled with the ability
to internalize receptor and prevent recycling.

1. Introduction

Chemokine receptors are an important subfamily of class A G Protein-Coupled Receptors
(GPCRs) that function as critical mediators of cell migration during development, immune
surveillance, and inflammation associated with protection from pathogens [1-5]. In this
context, the ligands act as traffic signals to guide the migration of receptor bearing cells, and
function by inducing conformational changes in the receptors that trigger intracellular
signaling pathways involved in cell movement and activation [1]. Four major families have
been classified (CC, CXC, CX3C and XC) according to the pattern of cysteine residues in
the ligands, which are small 70-120 amino acid proteins [6,7]. To date, approximately 44
ligands and 22 receptors have been identified in humans alone [8], and in the past decade,
over half of these receptors have been targeted in clinical trials [9-12].

The most validated disease indication involving chemokine receptors is AIDS where HIV
enters leukocytes by exploiting two primary receptors, CXCR4 and CCR5, along with the
HIV surface glycoprotein gp120 and the host receptor CD4. The observation that
chemokines block viral entry suggested the concept of developing entry inhibitors for the
treatment of AIDS, which has now been validated with an FDA approved drug [13].
Interestingly, Plasmodium Vivax the most widespread of the four human malaria species,
enters red blood cells via the chemokine receptor DARC (Duffy Antigen Receptor for
Chemokines) and can also be blocked by chemokines [14]. Thus similar entry inhibitors
could provide viable treatments for malaria where new drugs are desperately needed [15].
Many inflammatory diseases, including rheumatoid arthritis, multiple sclerosis, Crohn’s
disease, transplant rejection and atherosclerosis are more related to the deregulation of the
chemokine system where uncontrolled cell migration and activation can lead to collateral
cell damage. Thus inhibitors of many inflammatory chemokine receptors have been
extensively pursued. Additionally the migratory functions of chemokines/receptors have
also been shown to be exploited by tumor cells to promote metastasis as well as
angiogenesis of endothelial precursors to supply the tumor cells with nutrients, oxygen and
other growth promoting factors [16—18]. More recently identified functions of chemokines/
receptors in cancer include their ability to promote growth and survival signaling of solid
tumors and hematological malignancies [19]. Overall, given their extraordinary association
with disease, the chemokine system seems to be a fertile territory for drug discovery.
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Recent reviews have extensively described the successes, failures and current status of drug
discovery efforts targeting chemokine receptors primarily for HIV and inflammatory
diseases. The approaches have predominantly involved small molecule inhibitors although
monoclonal antibodies and antagonist peptide analogs are also in clinical trials [9-12,20].
These reviews have discussed the motivation and validation for targeting specific chemokine
receptors, challenges such as cross-reactivity with other GPCRs and the lack of cross-
species reactivity which is problematic for pre-clinical animal models, and the failure of
some compounds due to differences in biology between rodents and humans [9-12]. By
contrast, with less consideration of specific receptors and pathologies, the purpose of this
review is to describe some emerging concepts that may improve traditional approaches of
directly targeting receptors; these concepts include allosteric inhibitors and biased ligands,
as well as complexities in receptor pharmacology that may need to be taken into account or
that could be exploited such as receptor oligomerization and internalization, respectively.

2. Strategies for Small Molecule Inhibition of Chemokine Receptors:
Orthosteric vs Allosteric Inhibitors

Finding small molecules that target GPCRs has been the bread and butter of the
pharmaceutical industry. Indeed, roughly 30% of FDA-approved small molecule drugs are
thought to target GPCRs [21]. The first small molecule chemokine receptor antagonist to
enter clinical trials was Berlex Bioscience’s CCR1 inhibitor, BX471, in 2000 [22].
Unfortunately, BX471 failed to meet minimum efficacy set-points in a phase 1l trial for
multiple sclerosis and was discontinued [23]. Currently, over 30 compounds targeting
chemokine receptors are in various stages of clinical trial and two have been approved by
the FDA to date [12]. The first, approved in 2007 to fight HIV infection, was the CCR5-
specific antagonist Selzentry® (Maraviroc, Pfizer), which has the ability to block R5-tropic
HIV infection [13]. The second, Mozobil™ (AMD3100, Genzyme, Cambridge, USA),
targets CXCR4 and was approved in 2008 for hematopoietic stem cell mobilization after
previously failing as an HIV inhibitor due to low oral bioavailability and cardiovascular
effects [24,25]. Currently, one of the more promising candidates is Chemocentryx/
GlaxoSmithKline’s GSK-1605786 (CCX-282; Traficet-EN™), a CCR9 antagonist for the
potential treatment of inflammatory bowel disease, including Crohn’s and celiac disease. A
recently completed phase 11/111 trial of GSK-1605786 demonstrated evidence of clinical
efficacy in patients with moderate to severe Crohn’s disease [26].

Initially, most lead compounds targeting chemokine receptors were thought to be orthosteric
ligands. Orthosteric compounds by definition bind to the same site as the natural ligand, thus
competitively and sterically blocking the interaction (Figure 1A, right). Certainly, the use of
competitive inhibition of radiolabeled natural ligand as the initial screen for compound
binding would likely bias the discovery of orthosteric small molecule competitors, over
noncompetitive allosteric ligands. Allosteric ligands have non-overlapping binding sites
with the natural ligand and because they may affect signaling via direct modulation of
receptor conformation, do not necessarily need to displace the natural ligand (Figure 1B,
middle and right). Interestingly, in more recent assessments many compounds have been
reclassified as allosteric based on the fact that they possess “probe dependence”, a feature of
allosteric behavior observed as differing effects on the binding kinetics, affinity, saturability,
or signaling efficacy of different ligands that target the same receptor. Such compounds may
have advantages, both in terms of inhibiting the binding of large protein ligands, like
chemokines, as well as providing more selectivity in signaling inhibition, as discussed
below.

Unlike most class A GPCRs whose cognate ligands are small molecules or short peptides,
chemokine receptors are regulated by globular protein ligands, and as such may present
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difficulties for blocking with small molecules. Additionally, the interaction between the HIV
protein gp120 and the chemokine coreceptors CCR5 and CXCR4 involves a relatively large
protein:protein interface. As a way of circumventing this issue, it has been suggested that
small molecules acting as allosteric modulators could inhibit chemokine or gp120 binding,
by producing sufficiently large conformational changes in the receptor, such that the ligand
sees a completely different and incompatible binding surface [27].

In contrast to the situation with AIDS where complete blockade of HIV gp120 binding to
CCR5/CXCR4 is the goal, for many if not most cases of targeting chemokine receptors for
treatment of inflammatory or other diseases, modulation of signaling is an acceptable and
sometimes preferable outcome, and inhibition of chemokine-induced functions by complete
displacement may not be necessary (Figure 1B, middle). In this vein, Kenakin and
coworkers have shown that the compound aplaviroc (873140) is an allosteric
noncompetitive CCR5 inhibitor of CCL5/RANTES that modulates signaling but not binding
[28]. These researchers also conducted co-administration binding assays, which suggested
that four other previously characterized CCRS5 antagonists bind to a common allosteric site
(see section 3). Moreover, the CXCR1 antagonist repertaxin was described as an allosteric
ligand that does not block CXCL8 binding but potently inhibits human neutrophil migration
[29], and the CCR1 antagonist BX471, mentioned above, was later labeled as allosteric
based on the fact that an iodinated analogue could not be displaced by CCL3, CCLS5, or
CCL7 [30]. In light of these and other studies [28], it seems possible that allosteric
antagonism of chemokine receptors by small molecule compounds may be the norm rather
than the exception. This observation underscores the importance of the use of appropriate
functional assays as opposed to binding displacement assays in primary screens for
discovering inhibitors.

However, the distinction between allostery and orthostery may not be so straightforward.
Mutational as well as NMR studies indicate that the chemokine:receptor binding event
involves at least two discrete interaction sites on the chemokine and the receptor [31-33].
Accordingly, a two-site binding model has been proposed involving a “site one” interaction
between the receptor N-terminus (and possibly the extracellular loops) and the core globular
domain of the chemokine, as well as a “site two” interaction between the chemokine N-
terminal signaling domain and the transmembrane domains and extracellular loops of the
receptor (Figure 1C, left) [31,33]. One implication of this model is that orthosteric small
molecule interference at one site may not preclude binding to the other site, but could still
modulate signaling. As an example where this behavior is observed, Shimada and coworkers
showed by NMR that Mozobil could displace the N-terminus of CXCL12/SDF-1 from
binding CXCR4, presumably within the site two helical bundle, without displacing the core
domain binding interaction at site one [34]. We note that this scenario provides an alternate
mechanism to explain the incomplete displacement of the natural ligand by small molecules;
although a behavior normally ascribed to allosteric inhibitors, incomplete displacement can
in principle occur with orthosteric ligands (Figure 1C, middle). In general, the presence of
parallel orthosteric sites as well as nearby or partially overlapping allosteric sites may blur
the line between purely orthosteric and allosteric mechanisms of action in some cases.
Future studies will certainly add resolution to these binding events and provide insight into
how chemokines activate various receptor functions, information that will be useful for
therapeutic strategies.

In another interesting new twist, allosteric inhibition of chemokine receptors by small
molecules acting at a novel intracellular site has recently been reported for CCR4/CCR5
[35] and CXCR1/CXCR2 [36]. Both of the publications describe chimeric constructs of the
receptor pair studied, which led to changes in the small molecule inhibition of chemokine-
induced calcium flux compared to the WT receptors. These data suggested a new,
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uncharacterized binding site which was determined to be much deeper in the transmembrane
domain and bounded on one side by the C-terminal tail of the receptor. As further evidence
to support this claim, both papers note that intracellular access was required for full effect, a
phenomenon not seen for ligands binding at the better known extracellular site. In a more
recent follow up study, Salchow et al. used more extensive mutational analysis to better
delineate the location of this site and characterize the interaction of three CXCR2
antagonists, which are shown to likely bind to this cytoplasmic pocket [37]. As far as we
know these are the first publications to delineate a small molecule binding pocket within the
intracellular region of a chemokine receptor. While this site also clearly displays allosteric
behavior, being far removed from the endogenous chemokine binding site and blocking
signaling without affecting chemokine binding, the question remains whether the blockade
occurs through conformational constraint of the receptor, or by blockage of G protein
coupling or other interactions with proteins at the intracellular interface. Further discussion
of intracellular modulation is presented below.

3. Biased Agonism/Antagonism for Signaling Selectivity; Evidence from
Chemokine-Mediated Receptor Responses

One aspect of GPCR signaling that has recently become an area of intense interest,
particularly for drug discovery, is that of biased agonism/antagonism, also known as
functional selectivity. Here, the “bias” or “selectivity” refers to the ability of different
ligands that bind the same receptor to elicit differential signaling responses. And in fact,
chemokine receptors and their ligands display a high degree of redundancy in that many
receptors bind multiple ligands and vice versa. Critics argue that this redundancy may be
therapeutically problematic in that blocking a single receptor may never produce clinical
efficacy due to the presence of overlapping functions of multiple receptors. However, there
is mounting evidence that in at least some cases, different ligands for the same receptor elicit
different signaling response to fine-tune the biological readout (Figure 2). The idea then
with respect to drug discovery is that it may be possible to selectively inhibit certain
signaling pathways while sparing others, thereby avoiding unwanted effects. While most
examples illustrating differential signaling of receptors are in response to endogenous or
modified chemokine ligands, in principle, similar control of receptor signaling could be
commandeered by small molecules as has been demonstrated for other GPCRs [38].

Chemokine receptors transduce many different types of signals including those for calcium
mobilization, inhibition of adenylyl cyclase and activation of kinase cascades (e.g. Raf/
MEK/ERK1/2) that mediate migration, proliferation and cell survival responses. These
signaling responses and their regulation through receptor desensitization, internalization, and
recycling or degradation are modulated by interactions of specific proteins with the
intracellular loops and C-termini of the receptors. The key modulators include G proteins, G
protein-coupled receptor kinases (GRKS), and B-arrestins [39]. Thus despite the redundancy
within the chemokine network with respect to ligand-receptor binding, there are numerous
mechanisms in place for unique signaling properties, or ligand bias. While the structural
basis for such ligand bias is largely unknown, it is likely that slight differences in receptor
conformation accommodate or block interactions with certain intracellular modulators [40-
44] (Figure 2).

Some well established evidence for ligand bias within the chemokine network involves the
CCRY ligands, CCL19 and CCL21. Both CCL19 and CCL21 bind CCR7 with similar
affinities, induce signaling through Gi, and have similar efficacies in terms of inducing
calcium flux and cell migration [45]. However, CCL19 but not CCL21 effectively
internalizes CCR7 and induces strong phosphorylation of the C-terminus of the receptor
(similar to Figure 2A) [45-47]. Recently, it was shown that CCL19 was unique in engaging
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GRK3, which could possibly account for some of the differences in the receptor responses to
these two ligands [47]. The role of B-arrestin2 (arrestin 3) in regulating CCL19 but not
CCL21 endocytosis and migration has also been proposed, suggesting the possibility for
distinct interactions with intracellular modulators depending on the ligand [48]. As CCL19
and CCL21 are endogenous ligands that can compete with one another for CCR7 binding
[49], these results suggest that functional selectivity can be achieved through orthosteric
modulation of receptor conformation, not just allosteric modulation (Figure 1C, middle and
right panel).

Another example of functional selectivity within the chemokine network involves the decoy
receptor D6, which is believed to be important for dampening the immune response by
scavenging a variety of inflammatory chemokines. D6 binds multiple chemokines, one of
which is CCL14. CCL14 can be proteolyzed to forms that are either active (9-74) or
inactive (1-74 and 11-74) for CCR1/CCR3/CCRS5 signaling. Interestingly, D6 has the
ability to bind all of forms of CCL14, but selectively trafficks only the 974 active form into
intracellular degradation pathways [50]. Additionally, extreme examples of orthosteric
chemokines with biased signaling are single point mutants of MCP-1/CCL2 which have
variable effects on inhibition of adenylyl cyclase, calcium mobilization and chemotaxis [51]
and the CCL5/RANTES analogues discussed below.

The ability to bias signaling responses is clearly attractive for the development of
therapeutic targets, whereby one could selectively target signaling events that may be
contributing to disease while preserving other functions, and thereby reduce some of the
negative off-target effects of therapeutics. One of the early discoveries in the chemokine
field demonstrating this potential is aminooxypentane (AOP)-RANTES, a chemically
modified form of CCL5/RANTES that functions as a CCR5 biased agonist/HIV inhibitor
[52,53]. Unlike classic receptor antagonists that compete for endogenous chemokine binding
without promoting receptor activation, AOP-RANTES was found to maintain many agonist
functions including calcium mobilization, chemotaxis and receptor internalization. However,
upon internalization, it inhibited recycling of the receptor to the cell surface in contrast to
wild type (WT) RANTES. Thus the potent anti-HIV activity of AOP-RANTES (for R5
tropic HIV strains) has been largely attributed to its internalization and recycling properties
which promote overall low CCRS5 surface expression [53]. This effect is consistent with the
observations that high levels of endogenous CCR5 chemokines can suppress HIV infection
and that elevated gene copy number of CCL3L1 correlates with lower susceptibility to HIV
[54,55]. Interestingly, like CCL5/RANTES which binds CCR1, CCR3 and CCR5, AOP-
RANTES can bind and elicit chemotaxis and calcium flux responses through these other
receptors as well [56]. However, unlike the effects of AOP-RANTES on inhibiting CCR5
recycling in eosinophils, it actually promotes CCR1 recycling and does not alter CCR3
down-modulation or recycling, suggesting that functional selectivity for different receptors
can also be achieved [57].

Taking the AOP-RANTES concept one step further, Hartley and coworkers attempted to
engineer a RANTES analogue that had antagonist activity rather than agonist activity, while
retaining high affinity for CCR5 and the ability to internalize the receptor [58]. The
underlying premise was that for entry inhibitors, it may be preferable to have a chemokine
analogue that doesn’t promote cell migration and other Gi-linked activation processes in
order to avoid local inflammation. Using phage display, they successfully produced the
recombinant variant, 5P14-RANTES, which showed no detectable G protein activation upon
binding, but had a strong propensity to internalize, indicating that it is indeed possible to
identify molecules with this fairly unique combination of biased properties.
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In addition to chemokine ligands, numerous small molecule antagonists of CCR5 that are
allosteric modulators exhibit functional selectivity [59]. Allosteric antagonists can exhibit
functional selectivity by directly inducing conformational changes in the receptor that may
block interactions with or functions of select intracellular modulators [60-63]. Alternatively,
functional selectivity may also refer to the ability of different small molecules that bind the
same receptor to display differential inhibitory potencies in blocking the functions induced
by natural ligands [60]. As an example of the latter, a compound may block function X with
nanomolar potency and function Y with micromolar potency, thus defining a window of
selectivity in which this compound may be used to selectively block function X. In a follow
up to the aplaviroc:CCR5 binding study mentioned in section 2, Kenakin and coworkers
showed that a series of small molecule CCR5 inhibitors including aplaviroc display
functional selectivity, as evidenced by the differential inhibitory potencies of the compounds
with respect to gp120 mediated HIV infection and CCL3L1-induced CCR5 internalization
[64]. This finding led to the idea (most strikingly demonstrated by the compound TAK652)
that small molecules are capable of blocking HIV infection through CCR5, while allowing
the receptor to remain sensitive to native chemokine induced functions. One can imagine a
number of ways in which this situation may be beneficial. For instance, allowing the
receptor to function normally during treatment may be important for maintaining strong
immune system function, another important requirement for combating HIV. Yet another
possibility is that compounds that specifically allow chemokine-induced internalization of
CCRS5 could actually produce enhanced clinical efficacy, as receptor internalization has been
shown to be an effective means of protecting against HIV entry (see AOP-RANTES
discussion above). These ideas are fairly new, and as mentioned in the Kenakin article, it
remains to be seen if the ability to inhibit specific functions proves to be therapeutically
useful, but the idea of sparing normal receptor function while inhibiting HIV infection is
intriguing to say the least.

The prevalence of biased agonism emphasizes the limitations of identifying antagonists
simply based on binding properties. To gain a more complete understanding of agonist and
antagonist functions, it is important to perform a range of assays to examine the effects on G
protein and B-arrestin dependent pathways as well as potential alterations in receptor
trafficking and processing (recycling/degradation) (Figure 2). As mentioned above with the
AOP-RANTES HIV inhibitor, antagonists that cross react with multiple receptors may still
provide selectivity for the receptor of interest in terms of function, again underscoring the
importance of functional assays to complement binding studies. Additionally, as chemokines
can often bind to multiple receptors, the concept of biased receptors, in addition to biased
ligands, should be mentioned. Biased receptors refer to a situation in which the same ligand
binding to different receptors elicits different responses [65]. This idea of receptor bias may
be an important consideration, particularly in the context of cross regulation and receptor
heterodimerization, as discussed below.

4. Important Considerations for Drug Efficacy: Homo- and Hetero-
Oligomerization of Chemokine Receptors

The above sections describe some emerging advances in understanding the pharmacological
nuances of drug action involving a single receptor. When one adds in the ability of receptors
to affect one another though oligomerization, it becomes clear that one must consider the in
vivo state of the receptor and its interaction network when interpreting the pharmacological
effects of compounds. It is now widely accepted that chemokine receptors can constitutively
form functional hetero- and homo- oligomers, and that such complexes can profoundly
affect the pharmacological properties of the constituent receptors. Recently, a major focus of
study has involved the identification of the functional repercussions of chemokine receptor
oligomer formation, with an emphasis on agonist/antagonist ligand binding, signaling and
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receptor trafficking. Multiple mechanisms for cross regulation of chemokine receptors have
been reported, including ligand mediated-transinhibition or transactivation, ligand
sequestration, as well as modulation of receptor desensitization and internalization [66-69].
Here we cite several examples of chemokine receptor homo- and hetero-oligomerization to
highlight the effects that oligomerization can have on modulating chemokine receptor
activity (Figure 3), as there are corresponding implications for responses to drugs.

The identification of the CCR5A32 allelic truncation variant present in a small population of
HIV-1 resistant individuals [52,70,71] first shed light on the biological impact that
chemokine receptor oligomerization can have on disease phenotype. In homozygous
CCR5A32 individuals, resistance is conferred by the inability of the mutant receptor to reach
the cell surface and facilitate HIV entry as a result of its retention in the endoplasmic
reticulum (ER). Furthermore, heterozygous CCR5A32 individuals are partially protected and
progress more slowly to AIDS when infected [72,73], despite the fact that they produce WT
CCR5, an observation which is thought to be due to ER retention of WT CCR5 through
dimerization with CCR5A32 [74]. In the case of WHIM (Warts, Hypogammaglobulinemia,
Infections, and Myelokathexis) syndrome, oligomerization is also thought to result in
aberrant function of the WT CXCR4 receptor. WHIM syndrome is a rare genetic
immunodeficiency disorder that results in the expression of C-terminal truncation mutants of
CXCR4. These receptors show enhanced signaling responses to CXCL12/SDF-1 as a
consequence of their reduced ability to undergo ligand-mediated receptor desensitization
and internalization [66,75]. As WHIM syndrome is primarily a heterozygous disease,
constitutive heterodimerization of WT and mutant CXCR4 has been proposed as a
mechanism by which WHIM CXCR4 can retain WT CXCR4 on the cell surface, leading to
similarly enhanced CXCL12-induced responses [66,76] (Figure 3C).

In addition to effects on receptor trafficking as the above examples illustrate,
heterodimerization can influence ligand-mediated signaling responses of the involved
receptors by affecting ligand binding, G-protein coupling or association with other signaling
modulators. Since the discovery of the novel chemokine receptor, CXCR7 in 2005 [77], and
the finding that CXCL12 is a high affinity ligand for both CXCR4 and CXCRY7, several
groups have demonstrated that these receptors can form constitutive heterodimers [78-80].
The functional role of the CXCR4:CXCRY7 heterodimer is particularly interesting as both
receptors are linked to a number of cancers, and little is known regarding how
heterodimerization modulates the ligand mediated activity of each receptor in the hetero
complex compared to their function alone. In addition to CXCL12, CXCR7 also has a
second ligand, CXCL11, though neither triggers Gi mediated signaling of CXCR7, which
has been attributed to its lack of the classic “DRYLAIV” motif important for G protein
coupling [79,81]. However, Zabel et al. and others [67,82] have shown that although
CXCRY does not couple to Gi, stimulation by CXCL11 or CXCL12 readily induces
association with B-arrestin2, suggesting unique signaling properties of this receptor. Zabel et
al. recently probed the role of CXCR7 in tumor cell transendothelial migration (TEM) using
the CXCRY specific small molecule antagonist, CCX771, as well as its natural protein
ligand, CXCL11 [83]. Interestingly, CXCR7 was critical for CXCL12-mediated CXCR4
TEM of CXCR4+/CXCR7+ bearing NC-37 tumor cells, though it did not impact in vitro
“bare filter” cell migration. Furthermore, CXCR4-dependent TEM of these cells was
potently antagonized by the CXCR7 ligands CCX771 and CXCL11. Notably, CCX771 does
not alter the binding affinity of CXCL12 for CXCR4. Nevertheless, it is approximately 20-
fold more potent at inhibiting CXCL12-mediated TEM compared to Mozobil, a direct and
specific CXCR4 small molecule antagonist. Surprisingly, the antagonist, CCX771, also
triggers p-arrestin2 association and with greater potency than CXCL12 [83]. Together these
results show several mechanisms by which ligand engagement of CXCR?7 is transmitted into
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the functional regulation of CXCR4, a finding which has important implications for the
effectiveness of drugs targeted against the individual receptors.

In yet another level of complexity, there is emerging evidence that chemokine receptors can
exist not only as homo- and hetero- dimers, but also as higher order oligomeric complexes
[68]. Building on earlier findings that CCR2, CCR5 and CXCR4 form functional
(homodimers) and heterodimers [84—88], Sohy et al. recently demonstrated the presence of
CCR2, CCR5, and CXCR4 hetero-oligomeric complexes recombinantly expressed in
HEK?293 cells, through a combination of luciferase complementation and bioluminescence
resonance energy transfer (BRET) assays. Importantly, they also found these hetero-
complexes endogenously expressed in primary leukocytes through radioligand binding
competition assays using receptor-specific chemokines, blocking antibodies, and small
molecule antagonists [68]. Furthermore, addition of CCR2, CCR5 or CXCR4 receptor
specific antagonists (e.g. TAK-779 and Mozobil) in cells expressing all three receptors
resulted in transinhibition of chemokine binding to the other receptors in the oligomeric
complex demonstrating their functional interaction in leukocytes. As for CXCR4:CXCR7
oligomers, this example further illustrates that it is important to consider that an antagonist
directed at one receptor can potentially inhibit the function of other receptors in the same
cell. Depending on the biological context, transinhibition could prove to be beneficial (e.g.
by inhibiting the function of other receptors expressed in an inflammatory setting) or
alternatively, transinhibition could lead to unfavorable effects with unwanted inhibition of
other receptors in the complex that are needed to support normal tissue function. While the
focus here has been exclusively on chemokine receptor hetero- and homo- oligomerization,
there are also examples of chemokine receptors oligomerizing with non-chemokine
receptors such as the T cell receptor, opioid receptors (delta and kappa) and glycoproteins
(e.g. CD26, CD4), or chemokine receptor crosstalk with other signaling molecules
(reviewed in [89]) that should also be considered.

Obviously without the ability to study specific receptors in the oligomerization states as they
naturally exist in target tissues, it will be difficult to predict how the efficacy of inhibitors
developed against individual receptors in vitro will be translated in vivo. On the otherhand,
the existence of tissue-specific organizations of receptors alone or in complex with other
receptors might enable the development of drugs that target unique receptor complexes.

5. Expert Opinion

Previous reviews have highlighted some of the major challenges in targeting the chemokine
receptor network for therapeutic applications citing examples of specific compounds, their
receptor targets and the relevant disease indications [9,12]. These challenges include (i) lack
of efficacy due to poor pharmacokinetics such as binding to serum components, (ii) lack of
efficacy due to the inappropriateness of the disease models, and of course (iii) off target
effects and toxicity. While these problems are likely relevant to all GPCRs, more unique to
the chemokine network is the aforementioned problem of redundancy where most receptors
have multiple ligands and many ligands interact with multiple receptors. This issue has often
been invoked as one of the reasons that chemokine receptors may prove to be more difficult
targets than other GPCRs. For example, CCR1 has at least 8 ligands, many of which also
bind other chemokine receptors with similar affinities. As a result, redundancy in receptor-
ligand pairing presents a general challenge in identifying appropriate targets for specific
disease indications based on elevated ligand or receptor expression levels [9,12]; given an
up-regulated ligand, what receptor is relevant? Functional redundancy could also provide an
explanation for poor efficacy results where blocking one ligand/receptor is not sufficient to
achieve the expected endpoint, or alternatively where it produces undesired side effects.
“Polypharmacology” where one develops compounds that inhibit multiple receptors has
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been suggested as a solution to this problem [9-12], and in fact several compounds with
dual specificity have been reported [90-93]. Independent of the redundancy issue in the
chemokine network, this approach may be important in complex diseases where more than
one receptor is likely relevant such as multiple sclerosis and rheumatoid arthritis [9,12].

On the otherhand, as described in this review, there is growing evidence for ligand and
receptor bias (instead of redundancy) which could be exploited therapeutically to obtain
better selectivity; for example, if only one of multiple receptor interactions with a ligand
were blocked, side effects might be avoided. Along these lines, we have been able to use
phage display to select antagonists based on the CXCL12 scaffold, that are specific for
CXCR4 but have poor affinity for its other receptor, CXCR7, as well as antagonists with
dual specificity (polypharmacology) by appropriate panning schedules against both
receptors (Handel et al, unpublished results). Conversely, inhibiting only one ligand of a
receptor could have therapeutic advantages, and here the example of compounds that block
HIV with preservation of chemokine function was discussed in Section 3. This scenario
could, in principle, allow for direct HIV blockade coupled with the added benefit of
allowing chemokine-induced receptor internalization (also favorable for HIV inhibition,
while preserving the desired immunity associated effects of the ligand [64]. In reality, it is
likely that there will be situations where redundancy is problematic and polypharmacology
is needed, and other cases where it can be exploited. To this end, a better understanding of
the underlying biology of different diseases will be required. Additionally the recent
successes since 2007 in determining the crystal structures of GPCRSs, including CXCR4 in
complex with a small molecule and peptide inhibitor of HIV entry (Figure 4) [94], will
certainly facilitate the structure-based design and fine tuning of molecules with promiscuous
or functionally selective effects.

Another well-appreciated challenge with the chemokine network is the lack of cross-species
reactivity (binding) with receptors which complicates testing of drugs screened against
human receptors in rodent models due to the differences in the respective immune systems
[9,12]. Whether this is more challenging with chemokine receptors relative to other GPCRs
is currently unclear. However binding cross reactivity with human and rodent receptors is
likely just the tip of the iceberg with respect to cross species challenges, as their inherent
biology may also differ significantly. Examples include species differences in chemokine/
receptor expression patterns making the relevance of the receptor in the rodent model
possibly irrelevant to the human disease indication. Other differences, discussed below,
could include how specific receptors are coupled into downstream signaling pathways, and
functional effects of the downstream mediators. Obviously, the only solution to this problem
is better understanding of the disease and improvements in disease models, a challenging
endeavor and a topic outside the scope of this review.

Nevertheless, better in vitro pre-clinical strategies that take into account the complexities of
the biology, even just within humans, may increase the chance of a drug having the desired
outcome and reaching the clinic. Receptor oligomerization is probably the most well-studied
complexity with regard to the development of drugs targeting chemokine receptors and other
GPCRs. Transinhibition as a consequence of hetero-oligomerization, previously discussed in
Section 4, could be detrimental for the desired responses to drugs, or it could be
advantageous with respect to polypharmacology. However, one can imagine many other
aspects of receptor pharmacology that also deserve consideration. The environment, and in
particular the cell type, may have a profound influence on the effectiveness of drugs.
Although considerable drug screening and information regarding chemokine receptor
function has been obtained from HEK293 cells and other non-native over-expression
systems, receptors in these cells may behave quite differently from receptors in their natural
in vivo environment. For one, it is established that different cells express varying levels of
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intracellular modulators of receptor function including p-arrestins, G-proteins, and GRKs
[95,96]. Thus some signaling “biases” may be inherent to the cell type. Theoretically, if the
cell type being targeted expresses high levels of B-arrestins but low levels of G-proteins,
selective inhibition of G-protein function might be much more readily achieved, and vice
versa, but the same may not true of the receptor in the natural cellular environment. Also,
the over-expression of receptors in non-native cell types may influence the interaction of the
receptor under study with intracellular modulators. For example, G proteins that would not
normally couple to receptors in their native environment, might be recruited in the presence
of excess receptor, altering down stream signaling and possibly even ligand affinity. Even
the lipid environment is known to affect signaling [97,98]. Thus it is not surprising that
receptors can show different responses to ligands in different cell types, especially in the
context of normal versus disease states. Along these lines, we recently showed that chronic
lymphocytic leukemia cells (CLL) B cells migrate poorly to CXCL12 compared to normal B
cells despite the fact that CXCR4 levels are higher in the CLL cells. Instead, CXCL12/
CXCR4 signaling may be more directed towards cell survival in CLL [99]. Similarly, a P2G
variant of CXCL12 antagonizes lymphocyte migration, ligand binding, and calcium
mobilization of lymphocytes in vitro, and inhibits T cell-dependent immune responses in
vivo, but it has no effect on CXCL12-induced calcium mobilization or migration of MDA-
MB-231 or MDA-MB-361 cancer cells (Shaun McColl, University of Adelaide, personal
communications). Again, the bad news is that all of these issues can complicate the drug
discovery process, but the good news is that in some cases there may be specificity built into
the cells one wishes to target, like cancer cells, by virtue of the receptor microenvironment.
Thus compounds developed from pre-clinical in vitro studies that target receptors in their
natural cellular environment may show the most efficacious and specific effects as they
progress through the various stages of drug discovery.

There are other complexities of chemokine biology that are also noteworthy, and can either
present challenges or can be exploited. In addition to their G protein-coupled receptors,
many chemokines require interactions with glycosaminoglycans (GAGs) for function in vivo
[100]. For one, GAG-binding appears to allow immobilization, accumulation and retention
of chemokines on cell surfaces near their sites of production in order to provide directional
signals to migrating cells. Additionally, GAG interactions are involved in the transport of
chemokines across cell surfaces, and they may even have roles in signaling [101]. The
importance of these interactions has been demonstrated with GAG-binding deficient mutants
that are fully capable of promoting cell migration across bare filters in vitro, indicating an
intact ability to activate their receptors; however when tested in vivo such mutants are not
capable of promoting migration [100,102-107]. Furthermore, these mutants have anti-
inflammatory effects in vivo. While the complete mechanisms underlying their anti-
inflammatory effects is not fully understood, a major component appears to be the systemic
distribution of the chemokine mutants due to their inability to bind GAGs, coupled with
their intact agonist properties allowing desensitization and internalization of receptors prior
to their normal engagement with endothelium-bound chemokines. Moreover, these types of
mutants can show “polypharmacology” by desensitizing and/or internalizing multiple
chemokine receptors; examples include a GAG-binding deficient variants of MCP-3/CCL7,
CXCL12 and a modified variant of CCL14 [106]. In some cases like CCL14, these effects
are direct because CCL14 acts on multiple receptors [106]. However, indirect effects
through heterologous desensitization of receptors have also been observed with GAG-
binding deficient mutants of CXCL12 and CCL7 [103,107]. If small molecules could
achieve the same ability to block chemokine binding to GAGs, keeping chemokines in
circulation, they might provide another solution to the redundancy issue.

In summary, although the development of chemokine therapeutics has been slow and
dominated by failed clinical trails, recent insights into these failures [12] and consideration
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the full complexity of the receptor pharmacology as described here, may reinvigorate the

field with many different and more refined strategies that have a better chance of success.
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Figure 1.

Cartoon depicting various scenarios for the inhibition of chemokine binding and signaling
by small molecules. The N- and C-termini of the receptor are labeled. Chemokine ligands
are shown in blue, receptors in grey, orthosteric antagonists in purple, and allosteric
antagonists in yellow. Green signal icons below receptor indicate activated signaling, red
signal icons indicate blocked signaling. Panel A depicts orthosteric inhibition of chemokine
binding. Panel B shows allosteric inhibition of signaling with and without concomitant
blocking of chemokine binding. Panel C depicts partial blockage of the chemokine:receptor
interaction by orthosteric and allosteric compounds. Sites 1 and 2 in the two-site model are
labeled. Different generic signaling profiles highlight the idea that functional selectivity may
be observed with both orthosteric and allosteric molecules.
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Figure 2.

Potential scenarios of functional selectivity of chemokine receptor signaling. Panel A
depicts a scenario for ligand bias in which one ligand may induce typical G-protein
activation and B-arrestin recruitment leading to receptor desensitization and internalization
while another ligand for the same receptor activates G-proteins but does not recruit 8-
arrestins or lead to receptor internalization. Alternatively, another ligand for the receptor
could activate B-arrestins, GRKs and receptor internalization but not G-protein signaling as
shown in Panel B. It is also possible that two different ligands may similarly activate G-
protein and B-arrestin pathways, but then the trafficking of the receptor could differ. For
example, as depicted in Panel C, the receptor could be targeted to the lysosome for
degradation or recycled to the cell surface through recycling endosomes. Internalization is
depicted as a slight indentation of the membrane, and the three panels are meant to be
independent scenarios.
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Figure 3.

Potential effects of hetero-oligomerization on chemokine receptor signaling responses. As
depicted in Panel A, binding of a ligand specific for one receptor in a heterodimer could
prevent the binding of ligands to the other receptor and/or alter its ability to interact with/
signal through intracellular modulators, such as G-proteins. Another potential effect of
hetero-oligomerization or receptor cross-desensitization is the internalization of one receptor
(purple) through ligand activation of another receptor (green) as represented in Panel B.
Here, internalization is depicted as a slight indentation of the membrane. Alternatively,
hetero-oligomerization of a ligand activated receptor (green) with another receptor (purple)
could prevent desensitization of the activated receptor (green) in the complex (Panel C).
This is effectively the scenario described in WHIM syndrome where heterodimers occur
between WT and C-terminally truncated forms of CXCR4.
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Figure 4.

Structure of CXCR4 bound to a small molecule isothiourea compound [94]. Panel A
illustrates a side view of the receptor (grey) with the isothiourea compound shown as a cpk
model. Panel B shows the binding pocket which is formed primarily by polar residues from
transmembrane (TM) helices 1, 2, 3, and 7 and extracellular loop 2 (ECL2), with the ligand
being stabilized by a network of hydrogen bonds, including the critical hydrogen bonding
interactions with E288 (7.39 in Ballesteros notation) and D97 (2.63).
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