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Abstract

The species specificity of a smal molecule antagonist for the human CCR1 chemokine receptor, 2-2-diphenyl-5-(4-
chlorophenyl)piperidin-1-yl)valeronitrile (CCR1 antagonist 1), has been examined using cloned CCR1 receptors from various species.
The compound was able to bind to rabbit, marmoset, and human CCR1, and was able to block the functional activation of these receptors.
However, it failed to significantly displace radiolabeled macrophage inflammatory protein-la (MIP-1a) binding to mouse CCR1 at
concentrations up to 10 wM. These data suggested that the antagonist binding site is well-conserved in rabbit, marmoset and human
CCRY1, but not in mouse CCR1. The functional selectivity and mechanism of action for CCR1 antagonist 1 were further characterized.
CCRI1 antagonist 1 blocked the increase in intracellular Ca2™ stimulated by CCR1 agonists, but had no effect on N-formyl-Met—Leu—Phe
(FMLP), monocyte chemotactic protein-1 (MCP-1) and stromal-derived factor 1o (SDF1a)-induced Ca?* mobilization, demonstrating
functional selectivity for CCR1. Since CCR1 antagonist 1 is a functional antagonist of marmoset and rabbit CCR1 receptors, it should be

possible to test its efficacy in animal models of disease. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The chemokines are a group of small proteins that play
an important role in leukocyte-trafficking during immune
response (Schall, 1994; Baggiolini, 1998). They can be
classified into four groups, CC, CXC, C, and CX,C,
according to the positions of the cysteines at the N-terminus
of the molecule (Schall, 1994). The chemokines produce
their biological effects by activating specific receptor pro-
teins on their target cells (Horuk, 1994). To date, atotal of
16 chemokine receptors, including nine CC chemokine
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receptors and five CXC chemokine receptors, have been
identified (Mackay, 1996; Luster, 1998). All of these
receptors belong to a G-protein-coupled receptor superfam-
ily (Dohiman et al., 1991).

Chemokines have been implicated in the pathogenesis
of chronic inflammatory diseases, such as multiple sclero-
sis and rheumatoid arthritis. For example, expression of
RANTES and macrophage inflammatory protein-1a (MIP-
la) correlated with the disease onset in a mouse experi-
mental autoimmune encephalomyelitis model of multiple
sclerosis (Godiska et al., 1995). A recent study by Karpus
et al. (1995) demonstrated that antibodies to MIP-1a pre-
vented the development of both acute and relapsing para-
Iytic disease as well as infiltration of mononuclear cells
into the central nervous system. Treatment with MIP-1a
antibody was also able to ameliorate the severity of ongo-
ing clinical disease. These results led the authors to con-
clude that MIP-1a plays an important role in this T-cell-
mediated disease.
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A number of studies have also suggested a role for
RANTES in rheumatoid arthritis. Both RANTES mRNA
and protein appear to be upregulated in rheumatoid arthri-
tis (Rathanaswami et al., 1993; Snowden et al., 1994).
Antibodies against RANTES significantly decreased the
severity of ongoing clinical disease in a rat adjuvant-
induced rheumatoid arthritis model (Barnes et al., 1998).

These studies provided strong evidence for an important
role of the chemokines, RANTES, and MIP-1a in chronic
inflammatory diseases. Since MIP-1a and RANTES are
ligands for CCR1, antagonists for this receptor may prove
to be useful in treatment of these diseases. In our previous
report, we identified a novel series of smal molecule
antagonists for human CCR1 receptor. In this study, we
further characterize the pharmacological properties of one
of these compounds, 2-2-diphenyl-5-(4-chlorophenyl)-
piperidin-1-yl)valeronitrile (CCR1 antagonist 1), report the
cloning of CCR1 receptor from marmoset and rabbit, and
discuss the selectivity of CCR1 antagonist 1 for CCR1
receptors from a number of animal species. The study will
provide useful information for testing the efficacy of CCR1
antagonists in animal disease models in vivo.

2. Materials and methods

2.1. Materials

Unlabeled chemokines were from Peprotech (Rocky
Hill, NJ). **°I-labeled chemokines were obtained from
New England Nuclear (Boston, MA).

2.2. Synthesis of compounds

CCR1 antagonist 1 was synthesized as previously de-
scribed (Hesselgesser et al., 1998).

2.3. Cloning of marmoset and rabbit CCR1 genes

2.3.1. Marmoset CCR1 gene cloning

Previous studies had shown that the mouse and human
CCRL1 genes are highly conserved and contain no introns
(Gao et a., 1993; Neote et a., 1993). A number of
polymerase chain reaction (PCR) primers were synthesized
based on the 5 and 3 ends of the human coding region. In
addition, these primers contained mostly untransated re-
gions and only a few bases of the 5" or 3’ coding regions.

One par of primers (5-CCAGAGAGAAGCCGG-
GATGGA-3 and 5-GGTCTGAGTCAGAACCCAGC-3)
resulted in a PCR fragment of ~ 1100 bp with marmoset
genomic DNA as substrate. Cloning and sequencing of this
fragment indicated an open reading frame of 355 amino
acids with high homology to both human (91%) and
mouse (75%) CCR1 proteins.

2.3.2. Rabbit CCR1 gene cloning

A PCR dtrategy similar to that used above for cloning
of the marmoset gene was unsuccessful for the rabbit gene.
Instead, degenerate primers were designed to the highly
homologous transmembrane segments 2 and 5 of the hu-
man, mouse, and marmoset CCR1 genes. Using these
primers (5-TTYCTNTTYACNCTNCCNTTYTGGAT-3
and 5-GGNGTNACRCARCARTGNGTRTANGC-3
jTwhereY =CorT;N=A, G Cor T;R=A, T, or G
in a PCR reaction with rabbit genomic DNA as template,
we were able to amplify and clone a 650-bp fragment with
high homology to the human, marmoset, and mouse CCR1
genes. This fragment was used to screen 300,000 plagues
from a rabbit genomic DNA library (Stratagene, La Jolla,
CA) using standard methods. Two clones with homology
to the 650-bp probe were purified and their DNA subjected
to Southern analysis with a variety of restriction enzymes
(BamH1, Kpnl, EcoR1, and Bglll). For each enzyme,
both clones gave the same pattern of fragments homolo-
gous to the 650-bp CCR1 probe. From one-phage DNA, a
2800-bp Bglll fragment was cloned into pBluescript
SK(+) and sequenced to reved a rabbit CCR1 gene
containing a 1053-bp open reading frame. The amino acid
sequence of rabbit CCR1 showed 82, 79, and 76% homol-
ogy to the human, marmoset, and mouse receptor se-
quences, respectively (Table 1). The nucleotide sequences
reported in this manuscript have been submitted to the
Genebank /EBI data bank with accession numbers AF
127527 (rabbit) and AF 127528 (marmoset).

2.4. CCR1 expression vectors

Human CCR1 cDNA was obtained as described (Neote
et al., 1993) and ligated into a mammalian expression
vector containing the myeloproliferative sarcoma virus
promoter followed by the SV40 origin of replication, the
human cytomegaloviral enhancer with the Puromycin-N-
acetyl-transferase gene (puromycin resistance) and Hy-
gromycin B gene (hygromycin resistance) similar to that
described previously (Perez et al., 1994). The marmoset
and rabbit CCR1 receptor genes were cloned into the same
mammalian expression vector, pBBS242, as described for
human CCR1 (Hesselgesser et al., 1998).

2.5. Cdl lines

The human monocytic cell line, THP-1, and the human
embryonic kidney (HEK) 293 cell line were obtained from

Table 1
Sequence identity of human, marmoset, rabbit and mouse CCR1 receptors
(% homology)

Human Marmoset Rabbit Mouse
Human - 91 82 80
Marmoset 91 - 79 5
Rabbit 82 79 — 76
Mouse 80 75 76 -
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the American Type Culture Collection and were cultured
as previously described (Hesselgesser et al., 1998). For
binding assays, the cells were harvested and washed once
with phosphate-buffered saline solution. Cell viability was
assessed by trypan blue exclusion and cell number was
determined by counting the cells in a hemocytometer.

2.6. CCR1-expressing cells

The transfection and selection of HEK 293 cells stably
expressing human CCR1 have been previously described
(Hesselgesser et al., 1998). HEK 293 cells stably express-
ing marmoset and rabbit CCR1 were generated using a
method similar to that described for human CCRL1 cells
(Hesselgesser et al., 1998). The population of clones was
pooled and used in subsequent experiments. Stable trans-
fectants were tested for their ability to bind **°I-labeled
MIP-1a and RANTES, and to respond biologicaly to
these ligands by measuring changes in intracellular Ca?*
concentrations. HEK 293 cells expressing mouse CCR1
were a kind gift of Dr. Phillip Murphy and Dr. Ji-Liang
Gao (Gao and Murphy, 1995).

2.7. Chemokine binding studies

The binding assays were performed by either filtration
or centrifugation methods as previously described (Hes-
selgesser et al., 1998). Non-specific binding was deter-
mined in the presence of either 100 nM or 1 .M unlabeled
ligand. The binding data were curve-fitted with the com-
puter program, IGOR (Wavemetrics), to determine the
affinity and number of sites.

2.8. Measurement of extracellular acidification with the
mi crophysiometer

Extracellular acidification was measured in a micro-
physiometer as previously described (Hesselgesser et al.,
1998). HEK 293 cells transfected with marmoset CCR1
were cultured in Alpha Minimum Essentiad Medium sup-
plemented with 10% heat-inactivated fetal bovine serum,
150 pg/ml hygromycin, and 2 mM glutamine. HEK 293
cells transfected with rabbit CCR1 were cultured in 50:50
Dulbecco’s Modified Eagle Medium /F12 medium supple-
mented with 10% heat-inactivated fetal bovine serum and
150 wg/ml hygromycin. HEK 293 cells transfected with
human CCR1 were cultured in 50:50 Dulbecco’s Modified
Eagle Medium/F12 medium supplemented with 10%
heat-inactivated fetal bovine serum, 150 pg/ml hy-
gromycin and 5 p.g/ml puromycin. The transfected cells
were harvested by aspirating off the medium, rinsing the
cellswith 25 ml of phosphate-buffered saline solution, and
adding 1 ml of versene to the flask. Cells were dislodged
from the flask and rinsed with 10 ml of complete medium.
The cell suspension was collected into a 15-ml centrifuge
tube and centrifuged at 800 rpm for 5 min. Prior to

centrifugation, an aliquot of cell suspension was removed
for a trypan blue dye exclusion cell count. The cells were
resuspended to 2 x 10° cells mi~! and inoculated into
FNC COATING MIX® (BRFF, Jamsville, MD)-coated
polycarbonate cell capsules. The cell capsules were incu-
bated overnight at 37°C. To measure the rate of acidifica
tion, the cell capsules were assembled and loaded into the
chambers of the microphysiometer.

2.9. Cytosolic Ca?* measurements in HEK 293 cells

HEK 293 cells expressing CCR1 were plated on poly-
p-lysine-coated black-wall 96-well plates (Becton Dickin-
son, Franklin Lakes, NJ) at 80,000 cells/well and were
cultured overnight. Cells were then loaded with 4 pM
Fluo-3 (Molecular Probes, Eugene, OR), a Ca®*-sensitive
fluorescence dye, for 60 min at 37°C in Hanks balanced
sadts solution (Gibco, Grand Island, NY) containing 20
mM HEPES, 3.2 mM Ca&" chloride, 1% fetal bovine
serum, 2.5 mM probenecid, and 0.04% pluronic acid. The
excess dye was removed by gently washing four times
with Hanks balanced salts solution containing 20 mM
HEPES, 25 mM probenecid, and 0.1% bovine serum
albumin, using a Denley washer (Labsystems, Franklin,
MA). THP-1 cells were loaded in tubes by incubation for
60 min at 37°C with Hanks balanced salts solution contain-
ing 20 mM HEPES, 1% fetal bovine serum and 4 pM
Fluo-3. The excess dye was removed by gently washing
the cells three times. Cells were plated at a density of
200,000 cells/well into black-wall 96-well plates (Corn-
ing/Costar, Acton, MA) and the plates were spun for 5
min at 800 X g. Changesin intracellular free-Ca2" concen-
tration were measured with Fluorometric Imaging Plate
Reader (FLIPR) (Molecular Devices, Sunnyvale, CA) im-
mediately after addition of agonist at 37°C or room tem-
perature for HEK 293 or THP-1 cells, respectively. To
examine the antagonistic activity of CCR1 antagonist 1,
the cells were pretreated with the compound for 15 min
before addition of agonist.

2.10. Lactate dehydrogenase release

HEK 293 cells expressing CCR1 were plated at a
density of 5x 10° cells/well in six- well tissue culture
plates. The cells were grown to 70% confluency and
treated with CCR1 antagonists up to a concentration of 10
M for 24 h. The cell-free supernatants were measured for
lactate dehydrogenase activity using a kit from Sigma (St.
Louis, MO) as per manufacturer’s instructions.

2.11. WST-1 staining

Cdlls were incubated with compound for 24 and 72 h
followed by addition of 10 wl of WST-1 (Boehringer



a4
Mannheim) into 100 wl of culture medium. After 1 h of

incubation with the dye at 37°C, the OD was measured by
the SpectraMax plate reader at 440 nm.

3. Resaults
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Table 2

The K; of inhibition of radiolabeled MIP-1a binding to HEK 293 cells
expressing CCR1 receptors by MIP-1a and CCR1 antagonist 1

HEK 293 cells expressing CCR1 receptors from various species were
incubated for 30 min a room temperature with ?*I-MIP-1a in the
presence of increasing concentrations of unlabeled MIP-1la or CCR1
antagonist 1. The binding reactions were terminated by centrifugation of
cells through a paraffin/oil mixture. The Ky or K; were determined
from dose curves with computer program IGOR. Data are given as
+ SEM.

3.1. Cloning of CCR1 receptors from rabbit and marmoset

We have previously identified and described a novel
CCR1 antagonist, (2-2-diphenyl-5-(4-chlorophenyl)piperi-
din-1-ylvaleronitrile), designated CCR1 antagonist 1. In

Species Ky of MIP-1a K; of inhibition of MIP-1a
binding (nM) binding by compound (nM)

Human 2402 40+ 6

Rabbit 43+17.8 245+ 60

Marmoset 81+23 4514191

Mouse 32+35 > 10,000

order to examine the species selectivity of this antagonist,
CCR1 receptors were cloned from rabbit and marmoset.
As expected, these receptors were highly homologous
(Table 1 and Fig. 1). However, as shown in Fig. 1, the
rabbit receptor is missing 12 nucleotides corresponding to
four amino acids in the cytoplasmic tail region of the
protein. In order to determine whether this ‘‘deletion’’
existed in the true CCRL1 receptor, a number of PCR and
sequencing experiments, utilizing additional genomic
clones, rabbit genomic DNA, and rabbit lymphocyte polyA
RNA, were carried out (PK and HP, unpublished results).
All of these experiments indicated the existence of this
deletion in the rabbit CCR1 receptor.

3.2. Species selectivities of the CCR1 antagonist 1

The selectivities of the CCR1 antagonist 1 for human,
mouse, rabbit and marmoset CCR1 were examined using
stably transfected HEK 293 cells expressing these CCR1
receptors (Table 2 and Fig. 2). In competition binding
experiments, the CCR1 antagonist 1 was able to displace
human *°I-MIP-1a. from human, rabbit, and marmoset
CCR1 with K; of 40, 245, and 451 nM, respectively.
However, the CCR1 antagonist 1 was unable to displace

Human CCR1 1 PNTTEDYDITITEFDY|G ATP&%KVNERAFGAQLLPPLYSLV 44
Marmoset CCR1 1 TTEDY TEEDY[S|DATPCHKANERAFGAKILLPPLYSLM 44
Rabbit CCR1 1 YDTTTENMDY[E/DT|TP CQKVAVJRAF GAQLLPPLYSLM 44
Mouse CCR1 1 1ISIDFITEJAYIPITTTEFDY|GIDSITPCOKTAVRAFGAGILLPPLYSLM 44
HumanCCR1 45 [FVIGLVGNI[LVVLVLMQYKRLKNMTSI YLLNLATSDLLFLFTLP| 88
Marmoset CCR1 45 |F VI GLVGNI|LVMMVLMOYKRL|KNMTSI YLLNLAI SDLLFLFTLP| 88
Rabbit CCR1 45 [FVIGLVGNVLVVLVLM RLIRSMTSIYLLNLAISDLLFLFTLP| 88
Mouse CCR1 45 | M HR QS| F Pl ss
HumanCCR1 89 [FWT DY|KILKDDWVF GDAMCK|I[CSGFYY|T[GLYSETFFITLLTIDRY] 132
Marmoset CCR1 89 |[FWI[S]Y|QL DWVF%C MLSGEYY|T|IGLYSELFFIILLTIDRY| 132
Rabbit CCR1 89 |FWI DY[R|L KDDWYVF G CKIFILSGIUYYMGLYSEMFF I I LLTI DRY| 132
Mouse CCR1 89 [EWI DYIK| I LILSGFYYILIGLYSETFFIILLTIDRYl 132
HumanCCR1 133 [LAT VHAVFALRARTVTIFQVI TSI I[IWALATLASMPGLYF|SKTQW 176
Marmoset CCR1 133 |L Al VHAVFALRARTVTIFGVLTS I L/IMMLAI LASILIPGLYFIAKTQW 176
Rabbit CCR1 133 |LAl VHAVFALRARTMS|FGI MTSI[VIWAL[TI L AAI|P GFRIF[S|KT QW 176
Mouse CCR1 133 LIgl! i P|A F 176
Human CCR1 177 ElﬁTH TCSLHF PHES UREWKIL[FQALKLNLE[GLVLPLLVMI[I[CYT 220
Marmoset CCR1 177 |E[JTHR[TCSLHF PHE SR QEWKIL|[F QALKLNLLGLVLPLLVMIIMCYT| 220
Rabbit CCR1 177 |EF THY[TCSLHFPHESLJR QF QALKLNILGLVLPLLVMVMVCYT 220
Mouse CCR1 177 |EF THRITC S[PIHF PIY KIS LIK RIFEQALKLNULGLTILPLLVMIJIICY[A 220
HumanCCR1 221 [GI I[TLLRRPNEKKSKAVRLIFVIMI[TFFLFWTPYNL TI[L]I[S|VF] 264
Marmoset CCR1 221 |G I I|K[I LLRRPNEKKSKAVRLIFVIMI{I FFLFWTPYNLT[T|L|I|S|VF| 2864
Rabbit CCR1 221 |GI I|QI LLRRPNEKKS[RIAVRLI FVIMLI FFLEWTPYNLTILILUMS|AF| 264
Mouse CCR1 221 |GI IRl LL RRP[SIEKKIVKAVRL I FJAITLLEF LILWTPYNLISVF F| 264
HumanCCR1 265 [QDF[CF JHE[CE QSIRHLDLAMQVTEVI AYTHCCVNP VI YJAF VGERF| 308
Marmoset CCR1 265 |QDF|LF T|Y GCE QGRQLDL AlI|{QVTEMI AYTHCCVNP VI Y|AF VGERF| 308
Rabbit CCR1 265 |QD|S|LF TINQCE QSJKQLDLAI[QVTEVI AYTHCCVNPVI YIMF VGERF| 308
Mouse CCR1 265 FTINQ KHLDL AMQVTEVI AYTHCCVNP[ILI Y/MFVGERE| 308
Human CCR1 309 RKYLRQLFHRRV UVMKWLPFLSVDRLER SSTSPSTGEHE@S 352
Marmoset CCR1 309 R|KHL R QL F HRIRIVAIVHL|IMKWLPFLSVDRLER|ASS[T|SPSTGE HEMS| as2
Rabbit CCR1 309 QKYLRQLFH---- TY|L|AKWLPFLS LER|ASSIMSPSTIAEHELS| 348
Mouse CCR1 309 WKY LR QL FI[QRIHVAI PILUAKWLPFLSVDQLER ISPSTGEHELS| 352
Human CCR1 353 |AGF 355
Marmoset CCR1 353 |(AGF 355
Rabbit CCR1 349 |AGF 351
Mouse CCR1 353 |A 355

Fig. 1. Structure alignment of CCR1 from human, marmoset, rabbit and mouse.
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Fig. 2. CCR1 antagonist 1 displaced radiolabeled human MIP-1a binding
from human, rabbit, marmoset, and mouse CCR1 receptors. HEK 293
cells expressing CCR1 receptors from various species were incubated for
30 min at room temperature with ?*I-MIP-1a in the presence of
increasing concentrations of CCR1 antagonist 1. The binding reactions
were terminated by centrifugation of cells through a paraffin /oil mixture.
Binding shown represented specific binding as percent of tota binding.
Specific binding was around 10% of total **°1-MIP-1a added.

2%1_MIP-1a from mouse CCR1. Even at a concentration
of 10 wM, it only displaced 16% of total *°I-MIP-1a
binding to mouse CCR1. In contrast to these data, MIP-1«
was able to bind to all four CCR1 receptors, including
mouse, with high affinity (Table 2). These data demon-
strated that the CCR1 antagonist 1 binding site is relatively
well-conserved in human, marmoset, and rabbit receptors,
but not in mouse receptors.

In addition to MIP-1a and RANTES, other ligands that
bind to CCR1 with high affinity include monocyte chemo-
tactic protein-3 (MCP-3). Thus, we carried out competition
binding assays to determine whether the CCR1 antagonist
1 could displace *°1-MCP-3 from cells expressing human
CCR1. Competition binding studies showed that the CCR1
antagonist 1 could displace *°1-MCP-3 binding from hu-
man CCRL1 in a concentration-dependent manner with a K;
of 40 nM compared to a K4 for MCP-3 of 0.8 nM (Fig.
3). These data suggested that the CCR1 receptor antagonist
1 was able to displace al of the known CCR1 ligands that
we tested.

To show that CCR1 antagonist 1 is a functional antago-
nist for human, rabbit, and marmoset CCR1, the effect of
the compound on MIP-1la-induced extracellular acidifica-
tion rate was measured by microphysiometry on THP-1
cells and HEK 293 cells expressing rabbit and marmoset
CCR1 receptors (Fig. 4). Pretreatment of cells with 10 ..M
CCR1 antagonist 1 for 30 min completely inhibited the
extracellular acidification rate induced by MIP-1a in all
cases (Fig. 4) with no agonistic activities observed (data
not shown). In addition, CCR1 antagonist 1, at doses of 1
and 10 pwM, was able to inhibit MIP-1a induced Ca?*
mobilization in cells expressing human and rabbit CCR1
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Fig. 3. CCR1 antagonist 1 displaced radiolabeled human MCP-3 binding
to the human CCR1 receptor. HEK 293 cells expressing human CCR1
receptor were incubated for 30 min at room temperature with ***1-MCP-3
in the presence of increasing concentrations of unlabelled MCP-3 or
CCR1 antagonist 1. The binding reactions were terminated by filtration of
cells through a GFB glass fiber filter soaked in 3% polyethyleneimine.
The data shown are specific binding as a percentage of total binding+ SD.
Specific binding was around 10% of total 2°|-MCP-3 added. The resuilts
shown in each case were from two separate studies.
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(data not shown). These data were consistent with that
obtained with the microphysiometer. In contrast, even at
10 wM, CCR1 antagonist 1 did not inhibit MIP-la-in-
duced Ca?* transients in cells transfected with mouse
CCRA1 (data not shown), consistent with the data obtained
in the receptor binding assay.

3.3. Functional selectivities of the CCR1 antagonist 1

The functional selectivity of the CCR1 antagonist 1 was
examined in THP-1 cells. These cells were known to
express a number of chemokine receptors as well as other
G-protein-coupled receptors. THP-1 cells were treated with
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Fig. 4. CCR1 antagonist 1 inhibited the ability of MIP-1« to increase the
acidification rate of THP-1 cells expressing human CCR1 and HEK 293
cells expressing rabbit and marmoset CCR1. Cells were pretreated with
CCR1 antagonist 1 at 1, 10, and 10 .M followed by 1, 10, and 30 nM of
MIP-1a for human, rabbit, and marmoset CCRL1 cells, respectively. The
increase in acidification rate was monitored using a microphysiometer.
Data have been normalized as percentage biological response. Data
shown are representative from at least two separate studies.
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CCR1 antagonist 1 for 15 min at 37°C and then maximal
or submaximal concentrations of various receptor agonists
were added. The increase in intracellular free-Ca?* con-
centration was measured using FLIPR. No intrinsic agonist
activity was observed when the CCR1 antagonist 1 was
added at a concentration of 1 wM (data not shown). In
contrast, CCR1 antagonist 1 pretreatment completely
blocked MIP-1a and RANTES-induced Ca?* mobilization
with an IC, of approximately 150 nM well in line with its
predicted K; from receptor binding studies. However, the
compound at a concentration of up to 10 wM had no effect
on intracellular free Ca2* concentration induced by N-for-
myl-Met—Leu—Phe (FMLP), monocyte chemotactic pro-
tein-1 (MCP-1), and stromal-derived factor la (SDFla)
(Fig. 5. The Ca?* signal induced by MCP-3, another
CCR1 agonist, was only partially inhibited by the CCR1
antagonist 1in THP-1 cells (Fig. 5). However, in HEK 293
cells expressing human CCR1, the CCR1 antagonist 1 was
able to completely block the MCP-3-induced Ca2* tran-
sients (Fig. 6). The IC, for the compound to block a
CCR1 response on CCR1 transfected cells was approxi-
mately 600 nM.

3.4. Schild analysis of the CCR1 antagonist 1

The mechanism of the antagonistic effect of CCR1
antagonist 1 was examined on CCRL1 transfected cells by
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Fig. 5. CCR1 antagonist 1 inhibited the ability of MIP-1a and a number
of G-protein-coupled receptor agonists to increase Ca?t transients in
THP-1 cells. Fluo-3-loaded cells were pretreated with increasing concen-
trations of CCR1 antagonist 1 for 15 min followed by a number of
agonists at maximal or submaximal concentration (10 nM FMLP, 3 nM
MIP-1a, 1 nM MCP-1, 30 nM RANTES, 30 nM SDFla and 30 nM
MCP-3). The changes in fluorescence representing the change in Ca?*
concentration were measured by FLIPR at room temperature. Data shown
were average fluorescence counts (percent of the counts in the absence of
CCR1 antagonist 1)+ SD. They are representative from at least two
separate studies.
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Fig. 6. CCR1 antagonist 1 inhibited the ability of CCR1 agonists,
MIP-1a, RANTES and MCP-3, to increase Ca2* transients in HEK 293
cells expressing human CCR1. Fluo-3-loaded cells were pretreated with
increasing concentrations of CCR1 antagonist 1 for 15 min and then
stimulated with CCR1 agonists, MIP-1a (30 nM), RANTES (300 nM)
and MCP-3 (100 nM). The changes in fluorescence representing the
changes in Ca?* concentration were measured by FLIPR at 37°C. Data
shown were average fluorescence counts (percent of the counts in the
absence of CCR1 antagonist 1) + SD.

Schild analysis (Arunlakshana and Schild, 1959). The con-
centration—response curves for Ca?* transients induced by
MIP-1a in the presence of increasing concentrations of
CCR1 antagonist 1 were determined (Fig. 7). CCR1 antag-
onist 1 shifted the concentration—response curves to the
right and also decreased the maximal responses, suggesting
insurmountable antagonism.

—— None
| —e— 0.6 uM Antagonist 1
—+— 1.3 uM Antagonist 1
20000 —&— 2.5 uM Antagonist 1
—=— 5 uM Antagonist 1
16000 [H —=— 10 uM Antagonist 1

12000

8000

4000 |-

Fluorescence counts

Log [MIP-1a] (M)

Fig. 7. Concentration-response curves for the ability of MIP-la to
increase Ca2* transients in HEK 293 cells expressing human CCR1 in
the presence of increasing concentrations of CCR1 antagonist 1. Fluo-3-
loaded cells were pretreated with increasing concentrations of CCR1
antagonist 1 for 15 min followed by increasing concentrations of MIP-1a.
The changes in fluorescence representing the changesin Ca2* concentra-
tion were measured by FLIPR a 37°C. Data shown were average
fluorescence counts. The results shown are representative from three
separate studies.
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3.5. Effect of the CCRL antagonist 1 on general cell
toxicity

To demonstrate that CCR1 antagonism by the CCR1
antagonist 1 was not due to the cellular toxicity of the
compound, CCR1 transfected cells were treated with the
antagonist at concentrations up to 10 M for 24 and 72 h,
and cellular toxicity was monitored by measuring both
lactate dehydrogenase release and WST-1 staining. No
toxicity was observed under any conditions tested (data not
shown), suggesting that the inhibition of CCR1 antagonist
1 on CCR1 activation was not due to cellular toxicity.

4, Discussion

CCR1 could be a therapeutic target for autoimmune
diseases like multiple sclerosis and rheumatoid arthritis
since its ligands, MIP-1a and RANTES, have been impli-
cated in these diseases (Karpus and Kennedy, 1997; Kar-
pus et a., 1995; Plater-Zyberk et a., 1997; Barnes et al.,
1998). Thus, a potent and selective CCR1 antagonist could
be useful as a potentia therapy. We have previously
identified and described a novel CCR1 antagonist, CCR1
antagonist 1 (Hesselgesser et al., 1998). This compound
was able to displace the binding of the CCRL1 ligands,
MIP-1a, and RANTES, to human CCR1 receptors to a
similar degree with a K; of approximately 40 nM. Further,
it showed concentration-dependent inhibition of MIP-1a
and RANTES-induced extracellular acidification, Ca?*
mobilization, and cellular migration demonstrating func-
tional antagonism. Finaly, the CCR1 antagonist 1 showed
selectivity for human CCR1 when tested against a large
panel of seven transmembrane domain receptors.

Although the studies described above identified poten-
tiadl CCR1 antagonists, the further utility of these com-
pounds will depend on being able to demonstrate their
effectiveness in animal models of disease. Several small
mammals including mice, rabbits and marmosets have
been used in animal models of multiple sclerosis and
rheumatoid arthritis. Mouse CCR1 has been cloned but
rabbit and marmoset CCR1 receptors are unknown. Thus,
we set out to clone rabbit and marmoset CCR1, and to
examine the species selectivity of CCR1 antagonist 1 for
these CCR1 receptors compared to human CCR1. The
results suggested that CCR1 antagonist 1 is a functional
antagonist for human, rabbit, and marmoset CCR1, but not
for mouse CCR1 (Figs. 2 and 4).

Although CCR1 were highly conserved among various
species, comparison of the sequences for human, mar-
moset, and rabbit, with mouse CCR1, reveadled several
radical substitutions in mouse CCR1, compared to the
other receptors (Fig. 1). It is interesting to speculate that
perhaps, substitutions that are in the N-terminal region of
mouse, CCR1 including Thr® to Phe, Asp® to Pro, Asp™
to Ala, could be involved in antagonist binding. This

region of CCR1 has been shown to contain some determi-
nants for ligand binding (Pease et a., 1998) and it is
possible that the acidic Asp residues could, eg., be in-
volved in ionic interactions with the basic nitrogen in the
piperadine ring of the CCR1 antagonist 1. In addition,
there are several substitutions in the second extracellular
loop of mouse CCR1 including two substitutions of charged
residues His' to Thr, and GIu'®! to Lys, together with a
Leu/GIn'*® to Arg, that might also be candidates for
antagonist binding. However, elucidation of the molecular
basis for the species selectivity of CCR1 antagonist 1 will
require the generation and testing of human/mouse
chimeric CCR1 receptors.

There have been numerous reports in the literature of
peptide and non-peptide G-protein-coupled receptor antag-
onists that demonstrate species selectivity. In many cases,
the molecular basis for this selectivity turns out to be one
or two amino acid substitutions. For example, two sub-
stance P antagonists exhibit opposite rank orders of po-
tency for the human and rat tachykinin NK; receptors
(Fong et al., 1992). Analysis of mutant receptors revealed
that substitution of two residues Val**® to Leu and 11e*° to
Ser in the transmembrane domain of the human tachykinin
NK; receptor is necessary and sufficient to reproduce the
antagonist binding affinities of the rat receptor. Molecular
cloning and ligand binding studies have shown that the
differences in binding affinity of the classical o ,,-adren-
oceptor antagonist, yohimbine, to mouse and human o ,,-
adrenoceptor is due to a single conservative Cys®! to Ser
change in the fifth transmembrane domain (Link et 4.,
1992). Pharmacological analysis of mutant V2 vasopressin
receptors revealed that residues 202 and 304 fully control
the species selectivity of the rat vs. the human receptor for
peptide vasopressin antagonists (Cotte et a., 1998).

In previous studies, we had demonstrated that the CCR1
receptor antagonist 1 had greater than 200-fold selectivity
for CCR1 compared with 25 other G-protein-coupled re-
ceptors tested in receptor binding assays (Hesselgesser et
al., 1998). Here, we further examined the functional selec-
tivity of the CCR1 antagonist 1 in THP-1 cells (Fig. 5).
These data suggested that the CCR1 antagonist 1 demon-
strated greater than 100-fold selectivity for CCR1 over
FMLP receptor, CCR2 and CXCR4 in a receptor func-
tional study, in agreement with the results obtained from
receptor binding studies (Hesselgesser et a., 1998).

Interestingly, the Ca?* signal induced by MCP-3, an-
other CCR1 agonist, was only partially inhibited by the
CCR1 antagonist 1 in THP-1 cells (Fig. 5). This can be
explained by the presence of CCR2 receptors on THP-1
cells. The CCR2 can be activated by MCP-3, but CCR1
antagonist 1 does not block CCR2 activation. This hypoth-
esis was supported by the data presented in Fig. 6. In cells
which express only the human CCR1 receptor but not
CCR2, the CCR1 antagonist 1 was able to completely
block the MCP-3-induced Ca" transients (Fig. 6). The
IC5, for the compound to block a CCR1 response on
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CCR1-transfected cells was approximately 600 nM, which
was different from that obtained from THP-1 cells (IC, =
150 nM). The discrepancy in 1C, values was not com-
pletely understood. However, it is likely due to the fact
that the stimulating concentration of agonists used in the
assay was higher in CCR1-transfected cells compared to
that used in THP-1 cells, leading to an increase in the IC,
value obtained for CCR1 antagonist 1 in transfected cells.

Schild analysis demonstrated that CCR1 antagonist 1
decreased both affinity and maximal response of Ca?*
transients induced by MIP-1a (Fig. 7), the antagonism was
very likely to be heterotropic-cooperative non-competitive
inhibition, implying that antagonist and agonist bound to
separate, but interacting, sites (Horn et al., 1998). The
results are not surprising since the chemical structure of
CCR1 antagonist 1 does not resemble the natural ligands
of CCRL. It has been described for a number of G-protein
coupled receptors that the binding sites on the receptor for
agonist are distinct from that for antagonist (Beinborn et
al., 1993; Gether et al., 1993; Kong et al., 1994). For
example, Gether et al. (1993) demonstrated that non-con-
served residues in transmembrane segment VV and VI were
essential for the binding of tachykinin NK , receptor antag-
onist, CP96345, on the tachykinin NK , receptor, but were
not important for the binding of the natural peptide ligand,
substance P.

In summary, we have identified CCR1 receptor genes
from rabbit and marmoset. The sequence information has
provided us with the advantage to study the species selec-
tivity of CCR1 antagonist 1. Using the stably transfected
cells expressing CCR1 from various species, we have
demonstrated that CCR1 antagonist 1 is a potent, func-
tional, selective, insurmountable CCR1 antagonist that
binds with high affinity to human, rabbit, and marmoset
CCRL1. In contrast, CCR1 antagonist 1 has only very low
affinity for the mouse CCR1. The species specificity of
this compound has provided the basis for choosing an
animal disease model to test the efficacy of this compound
in vivo. This class of potent and selective CCR1 antago-
nists should provide insight into developing small molecule
therapy for autoimmune diseases such as multiple sclerosis
and rheumatoid arthritis.
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