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BACKGROUND AND PURPOSE
Investigators have suggested that the chemokine receptor CCR1 plays a role in multiple myeloma. Studies using antisense and
neutralizing antibodies to CCR1 showed that down-regulation of the receptor altered disease progression in a mouse model.
More recently, experiments utilizing scid mice injected with human myeloma cells demonstrated that the CCR1 antagonist
BX471 reduced osteolytic lesions, while the CCR1 antagonist MLN-3897 prevented myeloma cell adhesion to osteoclasts.
However, information is limited regarding the pharmacology of CCR1 antagonists in myeloma cells.

EXPERIMENTAL APPROACH
We compared several well-studied CCR1 antagonists including AZD4818, BX471, CCX354, CP-481715, MLN-3897 and
PS899877 for their ability to inhibit binding of [125I]-CCL3 in vitro using membranes prepared from RPMI 8226 cells, a human
multiple myeloma cell line that endogenously expresses CCR1. In addition, antagonists were assessed for their ability to
modulate CCL3-mediated internalization of CCR1 and CCL3-mediated cell migration using RPMI 8226 cells. As many GPCRs
signal through β–arrestin-dependent pathways that are separate and distinct from those driven by G-proteins, we also
evaluated the compounds for their ability to alter β-arrestin translocation.

KEY RESULTS
There were clear differences between the CCR1 antagonists in their ability to inhibit CCL3 binding to myeloma cells, as well
as in their ability to inhibit G–protein-dependent and -independent functional responses.

CONCLUSIONS AND IMPLICATIONS
Our studies demonstrate that tissue phenotype seems to be relevant with regards to CCR1. Moreover, it appears that for
CCR1 antagonists, inhibition of β-arrestin translocation is not necessarily linked to chemotaxis or receptor internalization.

Abbreviations
EA, enzyme acceptor; MM, multiple myeloma; MIP-1α, macrophage inflammatory protein-1α; PEN, penicillin; STREP,
streptomycin
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Table of Links

TARGETS LIGANDS

CCR1 BX471

CCR4 CCL3

CCR5 CCL15

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction
Since it was first cloned in 1993 (Neote et al., 1993), the
chemokine receptor CCR1 has been the target of intensive
research. CCR1 is endogenously expressed on a broad range of
immunological cell types, including monocytes, lympho-
cytes, basophils, eosinophils, neutrophils and mast cells. As a
result, CCR1 has been associated with diverse pathologies
related to the immune response, and identifying antagonists
for CCR1 has been an active area of research for many phar-
maceutical companies. Further information on chemokine
receptors including CCR1 can be found at the International
Union of Basic and Clinical Pharmacology (IUPHAR)/BPS
website (http://www.guidetopharmacology.org/). Scientists
from Berlex (now Bayer HealthCare Pharmaceuticals) pro-
vided the first small molecule antagonist for CCR1 in 1998
(Hesselgesser et al., 1998), and since then, numerous inhibi-
tors have been identified (Gladue et al., 2003; Vallet et al.,
2007; Merritt et al., 2009; 2010; Kerstjens et al., 2010; Dairaghi
et al., 2011; 2012; Gardner et al., 2013; Pennell et al., 2013;
Hossain et al., 2014). To date, six compounds targeting CCR1
have undergone clinical trials (Table 1) for multiple sclerosis,
rheumatoid arthritis and chronic obstructive pulmonary
disease (Gladue et al., 2010; Karash and Gilchrist, 2011). While
no CCR1 antagonists have received approval from the US Food
and Drug Administration, two compounds, namely Bristol
Myers Squibb’s BMS817399 and Chemocentrix’s CCX354, are
currently in phase II and phase III trials respectively.

There has been some speculation that CCR1 may play a
role in the progression of multiple myeloma (MM) (Karash
and Gilchrist, 2011; Vallet and Anderson, 2011). MM is the
second most common adult haematological malignancy in
the USA with approximately 20 000 new cases and 11 000
deaths annually and accounts for approximately 10% of all
haematological cancers (Raab et al., 2009). The primary
symptoms for MM include bone pain and osteolytic lesions
that result from the interaction of malignant plasma cells
with bone marrow, resulting in an imbalance between osteo-
clasts, responsible for bone resorption, and osteoblasts,
responsible for bone deposition (Sezer, 2009). Early work by
Lentzsch et al. (2003) demonstrated the in vitro chemotactic
effect of CCL3 on MM cells. Studies have shown that CCL3
(previously known as macrophage inflammatory protein-1α;
MIP-1α), an endogenous ligand for CCR1, is secreted at high
concentrations by MM cell lines as well as patient-derived

MM cells, and levels of CCL3 are elevated in the bone marrow
plasma of most patients with active myeloma (Choi et al.,
2000). DNA array studies show CCL3 mRNA is presently at
much higher levels in the bone marrow and marrow super-
natants from patients with myeloma bone disease than
patients with other haematological malignancies or normal
control individuals (Magrangeas et al., 2003). Furthermore,
levels of CCL3 correlate with the extent of bone disease
(Roussou et al., 2009). Studies with CCR1-neutralizing anti-
bodies indicate that the receptor enhances adhesion of
myeloma cells to bone marrow stromal cells (Oba et al.,
2005). The CCR1 antagonists, BX471 (Oba et al., 2005) and
MLN-3897 (Vallet et al., 2007) impair CCL3-mediated osteo-
clast formation. This is of particular importance given that
osteoclast-mediated bone destruction is a frequent complica-
tion of MM. BX471 has also been shown to inhibit prolifera-
tion of MM cell lines (Lentzsch et al., 2005), and experiments
utilizing scid mice injected with human myeloma cells found
end-term treatment with BX471 resulted in a significant
reduction (40%) of osteolytic lesions (Menu et al., 2006).

We focus our work on six CCR1 antagonists that were
initially identified using competitive binding assays with
CCL3 or CCL15 and HEK cells overexpressing recombinant
human CCR1 (Table 1). Previous work on these allosteric
inhibitors includes (i) measurement of calcium transients; (ii)
chemotaxis of leukocytes; and (iii) leukocyte up-regulation of
CD11b (Gladue et al., 2003; Pease and Horuk, 2009; Merritt
et al., 2010). However, there have been limited studies with
these CCR1 antagonists using assays that are more relevant to
MM (Karash and Gilchrist, 2011). Given the differences
between natural and recombinant GPCR systems (Kenakin,
1996), we performed competitive binding assays with mem-
branes prepared from RPMI 8226 and compared the results
with those obtained with HEK293-EM4 cells stably trans-
fected with a chimeric G-protein that links Gi-coupled recep-
tors to Gq (An et al., 1999) and human CCR1 (HEK_CCR1).
We then initiated studies on CCL3-mediated chemotaxis and
CCR1 receptor internalization using the myeloma cell line
RPMI 8226. Finally, we examined the ability of the CCR1
antagonists to inhibit CCL3-mediated β-arrestin transloca-
tion. When originally identified, translocation of β-arrestin
proteins was thought to limit GPCR signalling by physically
interceding between receptors and G-proteins and inducing
receptor internalization. More recently, researchers have
demonstrated that β-arrestin signalling can also play an
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important role in chemotaxis for some chemokine receptors
(Sun et al., 2002). Thus, we felt it was critical to assess the
effects of CCR1 antagonists on β-arrestin translocation.
Together, our experimental results indicate there are clear
differences between the CCR1 antagonists. Variances were
observed in their ability to inhibit CCL3 binding, as well as
CCL3-mediated functional responses such as receptor inter-
nalization, cell migration and β-arrestin translocation.

Methods

Chemokines
Recombinant carrier free hCCL3 used for all experiments was
purchased from R&D Systems (catalogue number: 270-LD-
050; Minneapolis, MN, USA) and [125I]-CCL3 was obtained
from PerkinElmer (product number: NEX298005UC; Specific
Activity of 2200Ci (81.4TBq)/mmol; Waltham, MA, USA).
Recombinant hCCL3 arrived as a dry powder and was recon-
stituted as a 100 μM stock solution in PBS, distributed into

small aliquots, and stored at −20°C, while the [125I]-CCL3 was
made into an 11 nM stock solution with sterile water accord-
ing to the manufacturer’s instructions.

CCR1 antagonists
With the exception of CP481715, all compounds were syn-
thesized by Dr. Merritt at Kean University. CP481715 was
provided by Pfizer (Groton, CT, USA). The chemical structures
of AZD-4818, MLN-3897 and CCX354 have not been dis-
closed. The putative structure shown in Table 1 for AZD-4818
was one of two possibilities suggested (Norman, 2009) based
on an evaluation of patent applications from AstraZeneca.
While it is not known that this compound is AZD-4818, it is
clearly an advanced analogue based on patent applications
(Hansson et al., 2008; Cooper et al., 2009), and it may be a
dual antagonist for both CCR1 and CCR3 (Hemmerling et al.,
2009). The putative structure shown in Table 1 for CCX354
was a potent compound identified in a patent application
(Pennell et al., 2010), which occurred with high frequency
throughout the application. The putative structure for MLN-
3897 shown in Table 1 is based on patents and presentations

Table 1
Structures of the CCR1 antagonists utilized in these studies

Compound Structure Reported affinity (Ki) References

AZD4818 *
NHMeO

Cl
O

O

HO

ON
OH

O

Cl

Not reported Gladue et al., 2010

CP-481715

N

N
N
H

O O

NH2
OH

OH

F CCL3 IC50 = 74 Nm; used
HEK_CCR1; fluorescently
labelled CCL3 IC50 = 9.1 nM

Gladue et al., 2003; Vallet
et al., 2007

BX-471 O

N
O

N

F

NHCl

O NH2

CCL3 IC50 = 1.0 nM; used
HEK_CCR1

Anders et al., 2002;
Horuk, 2005)

MLN-3897 *

O
N

N

OH
Cl

O

OH

CCL3 IC50 = 2.3 nM; used THP-1
membranes

Carson and Harriman,
2004

CCX354 *

N N
O

N
N

Cl

CF3

Cl

O

CCL15IC50 = 1.5 nM; used
human monocytes

Dairaghi et al., 2011

PS899877 N
N

N

O

N
H

F3C
N

Cl
CCL3 IC50 = 69 nM; used

HEK_CCR1
Merritt et al., 2010

With the exception of CP481715, the compounds were synthesized by Dr Merritt at Kean University based on the referenced publication.
CP481715 was provided by Pfizer.
*Denotes a putative structure based on evaluation of patent applications.
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by Millennium (a wholly owned subsidiary of Takeda Phar-
maceutical Company), and this compound, with only a few
closely related analogues, includes procedures for large scale
synthesis (Carson and Harriman, 2004). All compounds were
made up as 10 mM stocks in DMSO (Sigma-Aldrich, St. Louis,
MO, USA) and distributed into aliquots and stored at −20 or
−80°C until needed. Serial dilutions were made immediately
before the assay in which they were used.

Cell lines
The MM cell lines RPMI 8226 (catalogue number: CCL-155)
and U266 (catalogue number: TIB-196) were purchased from
the American Type Culture Collection (Manassas, VA, USA).
Cells were maintained in RPMI 1640 supplemented with 10%
heat-inactivated FBS (Atlantic Biologicals, Miami, FL, USA),
100 U mL−1 penicillin (PEN; Life Technologies, Grand Island,
NY, USA), and 100 μg mL−1 streptomycin (STREP; Life Tech-
nologies) in an atmosphere of 5% CO2 at 37°C. In agreement
with others (Trentin et al., 2007; Badr et al., 2011), we found
that most RPMI 8226 cells endogenously express both CCR1
and CCR5 when assessed by flow cytometry (Supporting
Information). This was in sharp contrast from U266 cells,
which had a population of cells with either CCR1 or CCR5,
but few cells containing both receptors (data not shown).
A stably transfected cell line HEK293-EM4 (Robbins and
Horlick, 1998) expressing hCCR1 and Gαqi5 was maintained
in DMEM with 10% FBS and PEN/STREP. For β-arrestin
translocation assays, we utilized PathHunter™ hCCR1_CHO
cells (DiscoveRx Corporation, Fremont, CA, USA). The
hCCR1_CHO cells were maintained in DMEM/F12 medium
supplemented with 10% FBS, 1X PEN/STREP, 300 μg mL−1

hygromycin B (Life Technologies), and 800 μg mL−1 geneticin
(Life Technologies) in an atmosphere of 5% CO2 at 37°C.

Binding assay
Membranes were prepared from HEK_CCR1 or RPMI 8226
cells as previously described (Gilchrist et al., 1998) and stored
in aliquots at −80°C until needed. For the competition assays,
membranes were suspended at 10 μg mL−1 in HEM buffer
comprised of 50 mM HEPES, pH 7.5, 1 mM EDTA and 5 mM
MgCl2. Compounds were serially diluted in HEM buffer to a
10× concentration and then added to the membrane mixture.
A final concentration of 2 pM [125I]-CCL3 was added and the
tubes were incubated at 37°C, shaking, for 2 h. Initial experi-
ments were performed to determine that equilibrium had
been reached at the 2 h time point (data not shown). The
bound and free radioligands were separated by filtration
through Whatman GF/C filter paper (Brandel, Gaithersburg,
MD, USA) soaked in TEM2 buffer comprised of 20 mm
Tris-HCl, pH 7.4, 0.5 mM EDTA and 5 mM MgCl2 supple-
mented with 0.3% polyethyleneimine (Sigma-Aldrich) and
20 mg·mL−1 BSA (EMD Millipore, Billerica, MA, USA) using a
tissue harvester (Brandel). Filters were washed twice with
ice-cold TEM2 buffer and then counted (1 min per sample)
using a Packard Gamma Counter (Perkin-Elmer, Waltham,
MA, USA). Binding assays were performed in duplicate, and
non-specific binding was determined by adding cold CCL3
(100 nM) at the same time as the radioligand to some
samples. Data from binding experiments were analysed by
non-linear regression analysis to determine IC50 values

(GraphPad Prism version 6.0, GraphPad Software Inc. San
Diego, CA). For saturation experiments, we used 10 μg mL−1

of membrane prepared from HEK_CCR1 or RPMI 8226 cells
and increasing concentrations of [125I]-CCL3 (0–100 pM) with
and without cold CCL3 (100 nM) to define the non-specific
binding. Binding experiments were carried out at 37°C for 2 h
and the KD and Bmax values were determined using GraphPad
Prism version 6.0. Experiments were conducted in duplicate
and repeated as indicated in Table 2.

Receptor internalization assay
Receptor internalization experiments were performed using
flow cytometry. Staining for surface CCR1 and CCR5 was
performed as recommended by the manufacturer of the
PE-conjugated anti-CCR1 (Clone: 53504; R&D Systems) and
FITC conjugated anti-CCR5 (clone: HEK/1/85a; BioLegend,
San Diego, CA, USA). Briefly, 5 × 106 RPMI 8226 cells were
suspended in RPMI 1640 media with 1% FBS and incubated
with various concentrations of antagonist. After 15 min, the
cells were activated with CCL3 (1 nM) and incubated for 2 h
at 37°C. After being washed with RPMI 1640 media with 1%
FBS, cells were suspended in PBS with 1% FBS and 10 μL of
each mAb was added. Thereafter, cells were incubated for
30 min in the dark at 4°C. Following two washes with PBS
with 1% FBS, samples were analysed on a BD FACScalibur
flow cytometer using Cell Quest software (Becton Dickinson,
Franklin Lakes, NJ, USA). At least 10 000 events were
acquired. Healthy populations were identified and gated on
FITC versus PE plots. For the cell surface expression figure, the
percentage of cells in the upper left quadrant (high CCR1/low
CCR5) without CCL3 exposure was set to 1.0 and the fold
change in fluorescence of the 1 nM CCL3 only (control), and
1 nM CCL3 with increasing concentrations of CCR1 antago-
nist are shown. To calculate the IC50 values (Table 3), the
samples with 1 nM CCL3 (no antagonist) were set to 1.0, and
a non-linear regression analysis was run using GraphPad
Prism version 6.0. Experiments were repeated as indicated in
Table 3.

Chemotaxis assay
MultiScreen®-Migration Invasion and Chemotaxis filter
plates (EMD Millipore) with 8 μm pore size were used for all
chemotaxis experiments. We utilized the fluorescent dye
Calcein AM to label RMPI 8226 cells. The cells were washed
once with HBSS supplemented with 10 mM HEPES (HHBSS)
and suspended at 4 × 106 cells mL−1. Calcein AM (2 μM) was
added, and the cells were incubated for 30 min at 37°C.
Cells were then washed twice with HHBSS before being sus-
pended in HHBSS at 2 × 106 cells mL−1. Labelled cells (50 μL)
were added to the top chambers along with antagonists (or
vehicle controls). The bottom chambers contained 150 μL
control media (HHBSS) or chemoattractant (1 nM CCL3 in
control media). The plate was placed in the 37°C incubator
for 3 h. After 3 h, 50 μL of the cell-containing media were
removed from the bottom chamber and transferred to a
96-well black plate with a clear bottom. This plate was read
using EX490/EM520 on a DTX800 multimode plate reader.
For chemotaxis, each point was performed in quadruplicate
and the number of cells that migrated spontaneously to the
chemotaxis buffer was subtracted. The chemotactic index
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was determined by dividing the number of migrated cells in
the presence of the antagonist by the number of cells that
migrated spontaneously to CCL3. Experiments were per-
formed in quadruplicate and IC50 values calculated using
non-linear regression analysis (GraphPad Prism version 6.0).
For Table 3, the chemotactic index was averaged for tripli-
cate experiments with each compound.

PathHunter β-arrestin translocation assay
To quantitatively assess β-arrestin translocation, we utilized
an enzyme fragment complementation format from Discov-
eRx Corporation (Fremont, CA, USA) in which CCR1 is fused
to a ProLinkTM peptide derived from β-galactosidase, and
β-arrestin 2 is fused to an N-terminal deletion mutant of
β-galactosidase [enzyme acceptor (EA) ]. Following addition
of CCL3, the β-arrestin–EA fusion protein binds activated
CCR1-ProLink. PathHunter hCCR1_CHO cells (DiscoveRx
Corporation) were plated in 96-well half volume white plates
at 1 × 104 cells per well in Optimem (Life Technologies) and
allowed to attach overnight. Initial experiments established
an EC50 of 200 pM for CCL3. Serial dilutions of the antago-
nists were made in Optimem and added to triplicate wells.
The plates were incubated at 37°C with 5% CO2 for 90 min
and then increasing concentrations of CCL3 were added and
the plates incubated at 37°C with 5% CO2 for an additional
60 min. Detection reagent was added and the plate incubated
for 60 min at room temperature. The plates were read using
the luminescent setting on a DTX800 multimode plate
reader. The pKB values were determined using the Gaddum/
Schild equation on GraphPad Prism version 6.0. Experiments
were conducted in triplicate and repeated as indicated in
Table 3.

Statistics
The number of experiments for each assay is stated as n in
the tables. Unless stated otherwise, data in the figures are
expressed as mean ± SEM, as determined by GraphPad Prism
software analysis version 6.0. Values of P < 0.05 were
accepted as significant and were obtained using Student’s
t-test.

Results

Binding studies
Saturation experiments using [125I]-CCL3 were performed
to determine the binding parameters (KD and Bmax) for

HEK_CCR1Gqi5 and RPMI 8226 cell membranes. For RPMI
8226 cells, we determined a KD-value of 3 nM (Log KD

−8.6 ± 1.65, n = 2) and a Bmax value of 2.47 ± 0.57 fmol·mg−1.
Similar experiments using membranes prepared from
HEK_CCR1Gqi5 showed a KD-value of 10 nM (log KD −8.01 ±
2.37, n = 2) and a Bmax value of 2.81 ± 0.26 fmol mg−1. In
[125I]-CCL3 competition binding assays, CCL3 was found to
have an affinity similar to that previously reported (IC50 =
1.5 nM for HEK_CCR1Gqi5; Tsou et al., 1998). We also exam-
ined another MM cell line, U266 and found while the affinity
was similar to that of RPMI 8226 cells (2.38 nM), the Bmax was
considerably reduced (0.4612 ± 0.120 fmol mg−1; data not
shown). This is in agreement with microarray data that indi-
cate CCR1 expression is lower in U266 than in RPMI 8226
cells (GSE6205; Lombardi et al., 2007).

Using membranes from HEK_CCR1Gqi5 cells, we con-
firmed that AZD-4818, BX471, CCX354, CP481715 and
PS899877 are all potent inhibitors of [125I]-CCL3 binding
(Figure 1; Table 2). In the cases of BX471, CP481715 and
PS899877, our findings are similar to those previously
reported with HEK cells (Anders et al., 2002; Vallet et al.,
2007; Merritt et al., 2010). We then examined the compounds
using membranes from RPMI 8226 cells (Figure 2; Table 2;).
While two compounds were equally potent with membranes
from either cell line (BX471, PS899877), the others had a bias
for the recombinant HEK_CCR1 system. In the case of
AZD4818, CCX354 and CP481715, the affinity is significantly
better with membranes from HEK_CCR1 cells than those
from RPMI 8226 cells when tested using an unpaired t-test
with Welch’s correction (P < 0.05). Furthermore, there was a
drastic shift in the rank order of potency between the mem-
branes tested. With HEK_CCR1 membranes we found
MLN3879 > CCX354 ≥ AZD4818 > CP481715 = BX471 >
PS899877 while with membranes from RPMI 8226 cells we
found MLN3879 > BX471 > CP481715 ≥ PS899877 >
AZD4818 > CCX354.

CCL3-mediated CCR1 internalization
As noted previously (Trentin et al., 2007; Badr et al., 2011),
and confirmed through our binding studies, RPMI 8226
cells endogenously express relatively high levels of CCR1.
When treated with CCL3, the receptor is internalized in
both a time-dependent (Supporting Information) and dose-
dependent (data not shown) fashion. This internalization can
be measured using FITC-labelled anti-hCCR1 antibody and
flow cytometry to assess the surface expression of the recep-
tor. CCR1 antagonists were tested for their ability to inhibit

Table 2
Curve-fitting parameters for [125I]-CCL3 competition binding assays

AZD4818 BX471 CCX354 CP481715 MLN-3897 PS899877

pIC50 for HEK_CCR1/Gqi5
membranes

8.629 ± 0.201
n = 2

7.74 ± 0.425
n = 3

8.88 ± 0.198
n = 1

7.971 ± 0.205
n = 3

9.933 ± 0.2217
n = 1

6.985 ± 0.2818
n = 1

pIC50 for RPMI 8226
membranes

6.797 ± 0.3827
n = 3

7.518 ± 0.3415
n = 4

6.507 ± 0.1991
n = 1

7.162 ± 0.2005
n = 6

8.839 ± 0.5723
n = 4

6.948 ± 0.232
n = 3

The table summarizes the pIC50 values of the six CCR1 antagonists analysed using membranes prepared from either HEK_hCCR1 cells or the
MM cell line RPMI 8226.
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CCL3-mediated CCR1 internalization using 1 nM CCL3. A
2 h time point was used for all studies. In the presence of
CCL3 we observed a decrease in the percentage of cells with
surface expression of CCR1 (from 100.0 to 44.6 % ± 2.74, n =

34). Our results indicate that there may be some cross regu-
lation between CCR1 and CCR5 as we found that while CCR1
levels went down with exposure to CCL3 those of CCR5 went
up (data not shown). Incubation of cells with AZD-4818,

Table 3
Curve-fitting parameters for CCL3-mediated receptor internalization, chemotaxis and β-arrestin translocation

AZD4818 BX471 CCX354 CP481715 MLN-3897 PS899877

pIC50 for CCL3-mediated
CCR1 internalizationa

6.91 ± 0.24
n = 4

6.87 ± 1.34
n = 2

6.08 ± 2.39
n = 2

NC 6.07 ± 0.55
n = 3

6.68 ± 0.20
n = 2

pIC50 for CCL3-mediated
chemotaxisb

8.96 ± 0.71
n = 3

8.49 ± 0.36
n = 4

9.06 ± 0.51
n = 4

7.56 ± 0.14
n = 4

9.2 ± 0.10
n = 3

8.32 ± 0.32
n = 3

pkB for β-arrestin
translocationc

8.58 ± 0.59
n = 4

9.15 ± 0.51
n = 7

6.93 ± 0.04
n = 2

8.26 ± 0.98
n = 4

7.74 ± 0.44
n = 8

8.86 ± 0.21
n = 2

The table summarizes the curve parameters of the six CCR1 antagonists analysed. For CCR1 internalization and chemotaxis, the results
provided are the pIC50 mean ± SE for the noted number of independent experiments. In the case of CCR1 internalization ∼10 0000 events
were examined for each experiment. For chemotaxis each point was performed in quadruplicate and the number of cells that migrated
spontaneously to the chemotaxis buffer was subtracted. The chemotactic index was then determined by dividing the number of migrated
cells in the presence of the antagonist by the number of cells that migrated spontaneously to CCL3. Non-linear regression analysis was
performed using GraphPad Prism (version 6.0). For β-arrestin translocation the results provided are the mean equilibrium dissociation
constant (pkB) ± SEM (Christopoulos and Kenakin, 2002) for the noted number of independent experiments, each being performed in
triplicate. NC indicates a curve could not be generated.
aValues obtained with baseline constrained to 1.0 and maximum set to be greater than 2.0.
bValues obtained with baseline constrained to 1.0.
cValues obtained with no constraints on the baseline or maxima of concentration–response curves.

Figure 1
Representative competitive binding results of [125I]-CCL3 with CCR1 antagonists. Membranes prepared from RPMI 8226 cells, which endogenously
express CCR1 or HEK_CCR1Gqi5 were analysed for their binding to 2 pM [125I]-CCL3 in the presence of increasing concentrations of (A) AXD4818,
(B) BX471, (C) CCX354, (D) CP481715, (E) MLN−3897 or (F) PS899877. Non-specific binding was determined in the presence of 100 nM CCL3
and binding shown represents the mean specific binding of replicate samples. Results were normalized such that cpm when no compound was
present was set to 1.0 and data were fit using non-linear regression analysis (see Table 2 for summary pIC50 values).
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BX471, CCX354, MLN-3897 or PS899877 reduced CCL3-
mediated receptor internalization and led to a dose-
dependent recovery of surface CCR1 (Table 3; Figure 2)
although they all required higher concentrations than what
was needed to block binding of 125I-CCL3. In contrast,
CP481715 was unable to block CCL3-mediated receptor inter-
nalization at any concentration tested.

CCL3-mediated chemotaxis
We then examined the CCR1 antagonists for their ability to
inhibit chemotaxis of RPMI 8226 cells in response to CCL3
and found that all compounds inhibited CCL3-mediated
chemotaxis of RPMI 8226 cells (Table 3; Figure 3). This result
is perhaps not surprising given that most of the compounds
had been shown to inhibit cell migration of the monocytic
cell line THP-1. However, there was a difference in the rank
order (MLN3879 ≥ CCX354 ≥ AZD4818 > BX471 > PS899877
> CP481715) when compared with the ability to block [125I]-
CCL3 binding to RMPI membranes. Taken together with the
receptor internalization data, the results indicate the com-
pounds have clear differences in their abilities to serve as
functional antagonists for CCR1. Some residual chemotaxis is
evident, but it is important to point out that RPMI 8226 cells
also express CCR5, which is known to respond to CCL3.

CCL3-mediated β-arrestin translocation
When originally identified, translocation of β-arrestin pro-
teins was thought to play a role in limiting GPCR signalling

by (i) physically interceding between the receptor and the
G-protein; and (ii) by inducing receptor internalization. More
recently, researchers have demonstrated that for a variety
of GPCRs, β-arrestin proteins also mediate G–protein-
independent signalling, including activation of small GTP-
binding proteins and members of the MAPK cascade (DeWire
et al., 2007). Notably, β-arrestin has been shown to play an
important role in cell migration for some chemokine recep-
tors. In an effort to determine if there were differences
between the CCR1 antagonists in their ability to inhibit
CCL3-mediated G–protein-independent signalling, we exam-
ined their effects using a β-arrestin 2 translocation assay. For
this work, we utilized the DiscoveRx Corporation PathHunter
assay, which employs enzyme fragment complementation
and required that we move to a recombinant system, specifi-
cally, an hCCR1_CHO cell line stably transfected with
β-arrestin 2–EA and CCR1-ProLink fusion proteins. As has
been shown recently by others (Rajagopal et al., 2013), we
found there was a dose-dependent increase in β-arrestin
translocation in response to CCL3. However, we should note
their work utilized a cell line expressing β-arrestin 1.

Cells were pre-exposed to the CCR1 antagonists at 0, 10 or
100 nM. After 90 min, increasing concentrations of CCL3
were added. To quantify the antagonists’ potency, pKB values
were calculated using the Gaddum/Schild allosteric EC50 shift
(GraphPad Prism; Kenakin et al., 2006). Our results (Figure 4;
Table 3) demonstrate that the effects of the compounds
were varied, with some compounds resulting in a rightward
shift of the curve, with no effect on the Emax (PS899877,
CP481715), while other compounds showed both a shift to
the right as well as a decrease in the maximal response
(AZD4818, BX471, MLN-3897). Perhaps most surprising was
the complete lack of effect on β-arrestin by CCX354
(Figure 4). Thus, while most of the CCR1 antagonists
inhibited CCL3-mediated β-arrestin translocation in a dose-
dependent manner, CCX354 had no effect at the concentra-
tions tested.

Discussion and conclusions

The recent emergence of CCR1 as a potential target for MM
coupled with the lack of published information on the
molecular mechanisms of action for most CCR1 antagonists
has highlighted the need for information to better define
their pharmacology in myeloma cells. We examined six com-
pounds, five of which entered into clinical trials (Karash and
Gilchrist, 2011), for their ability to inhibit binding of the
radiolabelled ligand [125I]-CCL3 to membranes prepared from
an MM cell line (RPMI 8226) that endogenously expresses
CCR1. While BX-471 (Vaidehi et al., 2006) and CP481715
(Allegretti et al., 2008) are often regarded as allosteric modu-
lators, no study on how any of the compounds tested alter
the dissociation rate of an orthosteric ligand has been pub-
lished. These same six compounds were then compared for
their ability to alter CCL3-mediated receptor internalization
and chemotaxis using RPMI 8226 cells. Finally, we examined
the effects of the compounds on CCL3-mediated β-arrestin
translocation using the PathHunter CHO cell line stably
transfected with β-arrestin–EA and CCR1-ProLink fusion
proteins.

Figure 2
CCL3 induces CCR1 internalization in MM cells that can be modu-
lated with CCR1 antagonists. Membrane expression of CCR1 in RPMI
8226 cells was determined by flow cytometry analysis using a CCR1-
specific mAb, examining ∼100 000 events for each experiment.
Results from a single representative experiment for each compound
are shown (see Table 3 for summary pIC50 values). Results with and
without 1 nM CCL3 show the decrease in CCR1 surface expression
after 2 h with the ligand.
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Results from our experiments indicate membranes from
myeloma cells had a different rank order of potency for the
six antagonists than membranes from HEK_CCR1 cells. Inter-
estingly, BX471 and PS899877 showed similar potency of
[125I]-CCL3 binding with both cell types while AZD4818,
CCX354, CP481715 and MLN-3897 were better inhibitors
when HEK_CCR1 membranes were tested. Similar cell
lineage-dependent effects have been noted for other
chemokine allosteric inhibitors (Allegretti et al., 2008), high-
lighting the need to carefully choose the cells to be screened
during drug development. Our competition binding studies
using the myeloma cell line, which express both CCR1 and
CCR5, also suggest that CCX354 may not be completely
selective for CCR1.

CCL3 induces a chemotactic response of RPMI 8226
myeloma cells that was inhibited in a dose-dependent
manner by all six of the CCR1 antagonists tested. This con-
trasted with what was observed with other functional
responses such as CCL3-mediated receptor internalization,
which indicated that CP481715 did not inhibit CCL3-
mediated receptor internalization and CCX354 did not alter
CCL3-mediated β-arrestin translocation.

We found that for all of the compounds, the amount
needed to inhibit binding of [125I]-CCL3 to membrane was
different than that needed to inhibit CCL3-mediated chemo-
taxis and/or CCL3-mediated β-arrestin translocation. For
example, the IC50 for PS899877 inhibition of [125I]-CCL3
binding was 105 and 149 nM for HEK and RPMI membranes,

respectively, while the IC50 for CCL3-mediated RMPI 8226
chemotaxis was only 4.8 nM. Similarly, the IC50 for BX471
inhibition of [125I]-CCL3 binding was 47 and 58 nM for HEK
and RPMI membranes, respectively, while the IC50 for CCL3-
mediated RMPI 8226 chemotaxis was only 3 nM. The discon-
nect between how a compound affects CCL3 binding versus
functional responses is not unexpected with allosteric modu-
lators (May et al., 2007) as they may promote conformations
of the receptor that alter its ability to interact with the orthos-
teric ligand or with intracellular partner proteins.

When the CCR1 antagonists were evaluated for their
ability to alter β-arrestin translocation, we found that most
inhibited CCL-3-mediated β-arrestin translocation in a dose-
dependent manner. However, our studies indicate that
CCX354 was unable to inhibit CCL3-mediated β-arrestin
translocation. It is possible that this antagonist is not as
effective at blocking GPCR kinase-mediated phosphorylation
of the receptor (Neel et al., 2005). β-arrestin signalling has
been shown to be involved in receptor internalization and
chemotaxis through other chemokine receptors. Yet our
results demonstrating CCX354 did not block arrestin trans-
location, but was effective at inhibiting CCL3-mediated
chemotaxis (IC50 = 0.9 nM) while CP481715 was able to
inhibit arrestin translocation (IC50 = 5.5 nM), but not CCR1
internalization suggest that for CCR1 these events may not
necessarily be linked. Based on our results, studies comparing
the CCR1 antagonists for their ability to inhibit CCL3-
mediated MAPK phosphorylation, a pathway often mediated

Figure 3
Inhibition of CCL3-mediated chemotaxis of MM cells. RPMI 8226 cells were challenged with CCL3 in a transwell chemotaxis chamber system.
CCL3 evoked a concentration-dependent chemotaxis of RPMI 8226 cells. CCR1 antagonists, incubated with the RPMI 8226 cells in the top
chambers inhibited chemotaxis to 1 nM CCL3 present in the lower chambers. Data shown are the mean for a single representative experiment
performed in quadruplicate (see Table 3 for summary of pIC50 values).
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through β-arrestin, are warranted. It is also important to note
that recent work by two independent groups suggests CCR1
may constitutively interact with β-arrestin 1 (Rajagopal et al.,
2013) and β-arrestin 2 (Gilliland et al., 2013).

In conclusion, we achieved potent inhibition of [125I]-
CCL3 binding as well as CCL3-induced chemotaxis, and
receptor internalization using an MM cell line expressing
endogenous CCR1 with multiple compounds from several
different chemotypes. We found that neither HEK nor RPMI
8226 binding assays were consistently predictive of potency
in functional responses (Figure 5). There appears to be biased
antagonism with some compounds such as BX471 and
PS899877, showing preference for reducing myeloma cell
migration and β-arrestin translocation over CCR1 internali-
zation or β-arrestin translocation. This type of biased inhibi-
tion was recently shown for CCR4 (Ajram et al., 2014).
Moreover, our work supports the growing body of evidence
demonstrating that allosteric antagonists stabilize unique
receptor conformations. Taken together, our findings indicat-
ing there are clear differences between the CCR1 antagonists

highlights the need to assess compounds using a spectrum of
assays. Given that CCR1, like many of the chemokine recep-
tors, can be activated by a plethora of ligands (CCL3, CCL4,
CCL5, CCL6, CCL7, CCL9, CCL14, CCL15, CCL16, CCL23),
we hope, in the future, to examine whether the six antago-
nists examined alter responses to additional ligands or if like
other allosteric compounds they are probe-dependent. It will
also be interesting to determine if CCX354, which was ini-
tially identified using CCL15 (Table 1), has a different
response pattern (Figure 5) when CCL15 is used as the acti-
vating ligand rather than CCL3.
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Figure S1 An example of the raw results from flow cytom-
etry to measure CCL3-mediated receptor internalization for
RPMI 8226 cells. Shown are the four quadrants with the
upper left being those cells with high CCR1 expression and
CCR5 expression; the lower right being those cells with high
CCR5 expression and low CCR1 expression; the upper right
being those cells with high CCR1 and high CCR5 expression;
and the lower left being those cells that are not expressing
CCR1 or CCR5. Panel A is untreated RPMI 8226 cells and
panel B is RPMI 8226 cells exposed to 1 nM CCL3, a
chemokine capable of activating both CCR1 and CCR5, for
2 h.
Figure S2 CCL3-mediated internalization is time-
dependent. The percentage of cells expressing high levels of
CCR1 (upper left quadrant) decreases following exposure to
1 nM CCL3.
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