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ABSTRACT: The atypical chemokine receptor CXCR7 has been
studied in various disease settings including immunological
diseases and heart disease. Efforts to elucidate the role of
CXCR7 have been limited by the lack of suitable chemical tools
with a range of pharmacological profiles. A high-throughput screen
was conducted to discover novel chemical matter with the
potential to modulate CXCR7 receptor activity. This led to the
identification of a series of diphenylacetamides confirmed in a
CXCL12 competition assay indicating receptor binding. Further
evaluation of this series revealed a lack of activity in the functional
assay measuring β-arrestin recruitment. The most potent representative, compound 10 (Ki = 597 nM), was determined to be an
antagonist in the β-arrestin assay (IC50 = 622 nM). To our knowledge, this is the first reported small molecule β-arrestin antagonist
for CXCR7, useful as an in vitro chemical tool to elucidate the effects of CXCL12 displacement with β-arrestin antagonism in
models for diseases such as cardiac injury and suitable as starting point for hit optimization directed toward an in vivo tool
compound for studying CXCR7 receptor pharmacology.
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The chemokine receptor CXCR7, later renamed ACKR3
(atypical chemokine receptor 3), is a nonclassical GPCR

(G-protein coupled receptor) protein that has been implicated
in a variety of disease pathologies,1 including oncology,2,3

immunology,4,5 and cardiovascular diseases.6−8 Two chemo-
kine ligands are the known binding partners for CXCR7:
CXCL12 or SDF-1 (stromal cell-derived factor 1) and
CXCL11 or I-TAC (interferon-inducible T-cell α chemo-
attractant).9 In response to ligand binding, β-arrestin is
recruited to CXCR7, without noticeable activation of any G-
protein coupled pathways, rendering it an atypical member of
the GPCR family. The receptor is proposed to act as a decoy
receptor or “ligand sink” for CXCL12.10 The binding of
CXCL12 to CXCR7 results in β-arrestin recruitment, followed
by receptor internalization and degradation.11,12 CXCL12 is
also the natural ligand for CXCR4, a classical GPCR with G-
protein coupled signaling pathways, relevant for cardiomyocyte
survival and angiogenesis. The scavenging activity of CXCR7 is
thought to control local plasma levels of CXCL12, thus
modulating the activity of CXCR4. Recent reports suggest that
in addition to regulating levels of CXCL12, β-arrestin
recruitment to CXCR7 may also activate signaling pathways,
including EGFR/ERK,13 AKT,14 MAPK,15 and mTOR.16

Several small molecule and peptidic compounds that bind to
CXCR7 are reported in peer-reviewed publications and patents
(Figure 1).17−20 Compounds 1,21 2,22 and 323 have been

shown to be potent CXCR7 modulators. The high-affinity
CXCR7 binder 4 has been used to elucidate the role of
pharmacological CXCR7 intervention in cardiac repair.24 The
macrocyclic peptide-peptoid hybrid 5 was identified as a
potent CXCR7 modulator with high selectivity and oral
bioavailability.25 The work of others as well as our efforts24

have demonstrated that the above-described literature
compounds, while competitively binding with respect to
CXCL12, all induce the recruitment of β-arrestin in cell
systems and thus can be referred to as agonists of the β-arrestin
pathway. At the time we initiated an HTS (high-throughput
screening) campaign to find novel chemical matter for
CXCR7, no suitable tool compound with CXCR7 receptor
binding affinity was available that functionally acted as
antagonist of the β-arrestin pathway. Hence, as part of our
screening strategy we were open to the possibility of
identifying small molecules with novel, hitherto unknown
CXCR7 receptor pharmacology that could enable the
exploration of both CXCL12 displacement and β-arrestin
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signaling activities downstream of CXCR7 in relevant disease
model systems.
Our primary research effort was aimed at modulating the

CXCR7-mediated degradation of circulating CXCL12. We
hypothesized that increasing the bioavailability of CXCL12 in
blood plasma by blocking CXCL12 from binding to CXCR7
and lowering its subsequent degradation would lead to an
increased protection in a disease setting of cardiac injury.
However, it was unclear if the intracellular signaling down-
stream of the β-arrestin recruitment, either activated by β-
arrestin agonism or down-regulated by β-arrestin antagonism,
will lead to different phenotypes with distinct therapeutic
outcomes. While genetic knockout data can be edifying to
study the mechanistic role of CXCR7,26−28 the pharmaco-
logical antagonism of CXCR7 by a small molecule modulator
can have a unique phenotype with therapeutic relevance. In the
course of triaging the chemical matter from HTS based on
their pharmacological profiles, we identified a novel series of
diphenylacetamide compounds that bind competitively with
CXCL12 and act as functional antagonists of the β-arrestin
pathway.
The overall screening cascade to identify novel chemical

matter for modulating CXCR7 receptor pharmacology is
shown in Figure 2. The Pfizer screening library of 2.8 million
small molecules was evaluated in a CXCR7 Tag-lite binding
assay (Cisbio) enabled for high-throughput screening.29 In this
HTRF (homogeneous time-resolved fluorescence) assay,

CXCR7 is labeled with a fluorophore via a small fusion tag
(SNAP-tag) and overexpressed in a cell line. The level of
displacement of fluorescent-labeled CXCL12 by nonlabeled
screening compounds is detected by changes of the
fluorescence signal. Approximately 6,500 primary screening
hits with measurable binding affinity (greater than 40% effect
at 10,000 nM) were identified and further confirmed in a
dose−response format using the same assay format, resulting in
ca. 1,000 confirmed hits. These were selected for evaluation in
an orthogonal filter binding assay, which measures the level of
displacing radiolabeled 125I-CXCL12 from membranes ob-
tained from a cell line overexpressing the CXCR7 receptor.20

Of these, 400 hits were selected for follow-up in a functional
CXCR7 β-arrestin assay to measure their ability to induce β-
arrestin recruitment in a cell line overexpressing the CXCR7
receptor.30 While the majority of hits confirmed as functionally
active in the β-arrestin assay, preliminary results indicated that
a few compounds binding to CXCR7 were inactive in the β-
arrestin assay. Since this assay was initially run in agonist mode
to identify functional β-arrestin agonists, we were interested to
determine if these inactive compounds are potentially
functional antagonists in the β-arrestin assay. To test them in
antagonist mode, CXCL12 at an EC80 concentration (28 nM)
was added as a challenge to compete with the screening
compounds. Since CXCR4 is a related chemokine receptor to
CXCR7 sharing the same ligand CXCL12, we employed a
CXCR4 binding assay using a Jurkat cell line to check for
selectivity of compound hits against CXCR7.
Upon resynthesis (Scheme 1) and repeated testing, only a

single compound, the diphenylacetamide hit 10, was confirmed
to have CXCR7 binding affinity (Ki = 597 nM) using the

Figure 1. Structures of representative chemotypes of CXCR7
modulators described in the literature acting as agonists of the β-
arrestin pathway.

Figure 2. Screening cascade to identify selective CXCR7 modulators
with different pharmacologies.
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radiolabeled 125I-filter binding assay, but without functional
agonist activity (EC50 > 10,000 nM) in the CXCR7 β-arrestin
assay (Table 1). Subsequent hit expansion efforts led to the
identification of additional active analogs structurally similar to
10, which suggested the emergence of a novel chemical series

with a potentially unique β-arrestin antagonist pharmacology.
All diphenylacetamide analogs contain a central ethylene linker
flanked by aromatic groups on both sides. One side has an N-
linked pyrrolidine ring, substituted with the diphenylacetamide
moiety. The other side of the ethylene group is connected to
an O-linked phenol with a heterocycle at the para position.
This heterocycle constitutes the single point of structural
diversity in this analog set. Compound 10 contains a 2-
thiazolyl ring and was found to be the most potent analog.
Replacing the thiazole group with an oxadiazole in 11 (Ki =
4,087 nM) led to an approximately 6-fold loss in affinity
compared to 10. Additional analogs dihydrooxazole 12 and
Me-oxadiazole 13 exhibited weaker binding affinities to
CXCR7, with Ki = 6,544 nM and Ki = 11,757 nM, respectively.
In addition to 10, compounds 11−13 were all inactive (EC50 >
10,000 nM) in the β-arrestin assay.
As the most potent analog in this series, compound 10 was

selected for further in vitro characterization (Table 2).

Running the β-arrestin assay in antagonist mode in the
presence of CXCL12 at EC80 concentration, the functional
antagonist activity was confirmed (IC50 = 622 nM). Since
CXCL12 is also a known ligand for the related chemokine
receptor CXCR4, we tested compound 10 for binding to
CXCR4. No measurable binding affinity against CXCR4 was
detected (IC50 > 15,000 nM), indicating selectivity of 10
toward the CXCR7 receptor. Additional profiling showed that
10 is moderately lipophilic (logD = 3.1) with low passive
permeability (Papp = 1.1 × 10−6 cm/s) and high metabolic
turnover in human and mouse liver microsomes (CLint = 109
μL/min/mg and 737 μL/min/mg, respectively).
While compound 10 demonstrated interesting in vitro

pharmacology, it was not a suitable compound for oral
administration due to its low passive permeability and high
metabolic turnover. Instead, it was dosed subcutaneously in
male CD-1 mice (n = 3) to determine its utility as an in vivo

Scheme 1. Synthesis of Compound 10a

aFor description of synthesis of compounds see the Supporting
Information. Reagents and conditions: (i) 2-bromoethoxy-tert-
butyldimethylsilane, K2CO3, MeCN, 80 °C, 70%; (ii) HCl in dioxane,
CH2Cl2, rt, 41%; (iii) SOCl2, CHCl3, 85 °C, 92%; (iv) Cs2CO3,
DMF, 100 °C, 40%.

Table 1. Biological Activitiesa of CXCR7 HTS Hit 10 and
SAR Analogs

aFor detailed description of assay formats and conditions see the
Supporting Information. bValues are reported as geometric means of
at least three independent experiments with pKi ± SD in parentheses.

Table 2. Characterization of CXCR7 β-Arrestin Antagonist
10

10

CXCR7 Ki (nM)a 597 (6.22 ± 0.27)
CXCR4 IC50 (nM) >15,000
CXCR7 β-arrestin EC50 (nM) agonist mode >10,000
CXCR7 β-arrestin IC50 (nM)a antagonist mode 622 (6.20 ± 0.38)
logDb 3.1
Solubility (μg/mL)c 98.8
Papp (10

−6 cm/s)d 1.1
HLM CLint (μL/min/mg)e 109
MLM CLint (μL/min/mg)f 737

aValues are reported as geometric means of at least three independent
experiments with pKi or pIC50 ± SD in parentheses. blogD was
measured by the shake flask method at pH 7.4. cKinetic stability was
measured at pH 6.5. dPassive permeability was determined using a
Madin−Darby canine kidney (MDCK) cell line. eMicrosomal stability
was determined in human liver microsomes (HLM). fMicrosomal
stability was determined in mouse liver microsomes (MLM).
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tool to interrogate CXCR7 β-arrestin antagonist pharmacology
in mice (Table 3, Figure 3). Following an administered dose of

30 mg/kg a Cmax = 1,450 ng/mL or 2,996 nM was observed.
However, when corrected for mouse plasma protein binding
( f u,p = 0.0075) the unbound maximum plasma exposure was
low (Cu,max = 22 nM). In fact, it was determined to be ∼30-fold
lower than the measured CXCR7 in vitro binding affinity (Ki =
597 nM). Consequently, compound 10 would have to be
further optimized toward improved potency or lowering
metabolic clearance, in order to serve as a suitable in vivo
tool to interrogate the effect of a CXCR7 binder that is a
functional antagonist of the β-arrestin recruitment pathway.
In summary, a high-throughput screening campaign using a

CXCR7 Tag-lite binding assay was conducted to identify
compounds that bind to the CXCR7 receptor. Screening hits
were followed up in a β-arrestin functional assay, wherein a
single hit, diphenylacetamide 10, was confirmed to be binding
to CXCR7 (Ki = 597 nM) selectively over CXCR4 (IC50 >
15,000 nM), but unlike any other CXCR7 modulators was
inactive in the β-arrestin recruitment assay (EC50 > 10,000
nM). Compound 10 was subsequently confirmed as a CXCR7
antagonist of the β-arrestin pathway with moderate activity
(IC50 = 622 nM). This compound showed a suboptimal in
vitro ADME profile with low passive permeability and high
metabolic turnover, which was corroborated by pharmacoki-
netic data in mice. Nonetheless, as a first reported CXCR7
modulator with novel β-arrestin antagonist pharmacology,
compound 10 is a useful in vitro tool to elucidate the effects of
CXCL12 displacement with β-arrestin antagonism in models
for diseases such as cardiac injury and can serve as an
important starting point for physicochemical property and
potency optimization toward a suitable tool compound for
studying CXCR7 receptor pharmacology in vivo.
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