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1 C-C chemokine receptor-1 (CCR1) has been implicated in mediating a variety of in¯ammatory
conditions including multiple sclerosis and organ rejection. Although originally referred to as the
MIP-1a/RANTES receptor, CCR1 is quite promiscuous and can be activated by numerous
chemokines.

2 We used radioligand binding and [35S]-GTPgS exchange assays in membranes from a cell line
transfected to express CCR1 (Ba/F3-hCCR1) to characterize a panel of chemokines (HCC-1, MIP-
1a, MIP-1b, MIP-1d, MPIF-1, MCP-2, MCP-3, and RANTES) as CCR1 ligands. In this
recombinant model, these chemokines displaced 125I-MIP-1a with a wide range of potencies and,
with the exception of MCP-2, acted as full agonists in stimulating [35S]-GTPgS exchange.

3 We then assessed the utility of HL-60 cells cultured with known di�erentiating agents (PMA,
DMSO, dibutyryl-cAMP or retinoic acid) for investigating CCR1 pharmacology. In [35S]-GTPgS
exchange assays, membranes from cells cultured with retinoic acid (4 ± 6 days) were the most
responsive to activation by MIP-1a and MPIF-1. FACS analysis and comparative pharmacology
con®rmed that these activities were mediated by CCR1.

4 Using [35S]-GTPgS exchange assays, intracellular calcium ¯ux and/or whole cell chemotaxis
assays in HL-60(Rx) cells, we validated that MIP-1a was the most potent CCR1 ligand (MIP-
1a4MPIF-14RANTES5MIP-1b) although the ligands di�ered in their e�cacy as agonists. MPIF-
1 was the more e�cacious (MPIF-14RANTES=MIP-1a44MIP-1b). 125I-MIP-1b binding in Ba/
F3-hCCR1 and HL-60(Rx) membranes was competitively displaced by MIP-1a, MPIF-1 and MIP-
1b. The binding Ki for these chemokines with 125I-MIP-1b were essentially identical in the two
membrane systems.

5 Lastly, MIP-1b antagonized [35S]-GTPgS exchange, Ca2+ ¯ux and chemotaxis in HL-60(Rx) cells
in response to robust agonists such as MIP-1a, RANTES and MPIF-1. Based on our results, we
propose that MIP-1b could function as an endogenous inhibitor of CCR1 function.
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by human interferon g; MPIF-1, myeloid progenitor inhibitor factor-1; NAP-2, neutrophil activating peptide-2;
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Introduction

Chemoattractant cytokines (chemokines) are important
mediators of in¯ammatory responses, stimulating leukocyte

function via activation of G protein-coupled receptors.
Di�erent classes of chemokines have been de®ned by the
arrangement of conserved cysteine (C) residues within the
mature proteins. The C-X-C chemokines have one amino

acid residue separating the ®rst two conserved cysteine
residues which are adjacent in C-C chemokines. Chemokine
receptors bind multiple ligands with the C-C chemokine

receptors tending to be more indiscriminate than the C-X-C
receptors.

CCR1 was cloned from human promyelocytic leukaemia
HL-60 cells di�erentiated to a monocytic phenotype with the
phorbol ester, PMA (Neote et al., 1993). CCR1 has been
implicated in mediating a variety of in¯ammatory conditions

including multiple sclerosis and organ rejection (Trebst et
al., 2001; Rottman et al., 2000; Horuk et al., 2001a) through
the use of genetic knockouts (Rottman et al., 2000) and

receptor antagonism with small molecules (Horuk et al.,
2001b) or modi®ed chemokines such as Met-RANTES
(Ajuebor et al., 2001; Elsner et al., 1997). CCR1 expression
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overlaps with that of another C-C receptor, CCR5 on a
variety of cells including monocytes and T cells although
coexpression of the receptors is not absolute. For example,

dendritic cells express only CCR5 while neutrophils and
eosinophils express CCR1 (Rot et al., 1992; Lee et al., 2000;
Sarau et al., 1997). As CCR1 was cloned in di�erentiated
HL-60 cells, several ensuing studies on CCR1 expression and

function utilized this cell model (Van Riper et al., 1994;
Ti�any et al., 1998). The latter study by Ti�any et al. (1998)
showed that both CCR1 and CCR3 were upregulated when

HL-60 cells were di�erentiated into eosinophilic cells by
culture with butyric acid. The authors reported extremely
high numbers of binding sites for the CCR1 ligand,

macrophage in¯ammatory protein-1a (MIP-1a/CCL3)
(650,000 receptors/cell) though the binding a�nity was quite
low (42 nM).

Originally described as the MIP-1a/regulated upon
activation, normal T cells expressed and secreted
(RANTES/CCL5) receptor, CCR1 is in fact quite promiscu-
ous. Published ligands include the MIP-1a homologue

(LD78b), haemo®ltrate CC chemokine 1 (HCC-1/CCL14)
and its proteolytic fragment HCC-1(9 ± 74), monocyte
chemotactic protein-2 and 3 (MCP-2/CCL8, MCP-3/CCL7),

MIP-1d (CCL15) and various forms of myeloid progenitor
inhibitor factor 1 (MPIF-1; CCL23) (for review see Murdoch
& Finn, 2000). CCR5 is also activated by multiple ligands

including RANTES, MIP-1a and macrophage in¯ammatory
protein-1b (MIP-1b/CCL4). MIP-1b has been widely viewed
as CCR5-speci®c (Murdoch & Finn, 2000; Ward &

Westwick, 1998). Nonetheless, there are reports that MIP-
1b binds to CCR1 without inducing signi®cant receptor
activation (Neote et al., 1993; Ben-Baruch et al., 1995; Sarau
et al., 1997). Interestingly, while MIP-1b alone was inactive,

it attenuated the proliferative e�ects of MIP-1a in co-
incubations with myeloid progenitor cells and macrophages
(Broxmeyer et al., 1991; 1993; Fahey et al., 1992). The

mechanism of this inhibition was not elucidated in these
studies.
Currently, it remains to be seen which of the chemokines

identi®ed as CCR1 ligands are physiologically relevant and
many have neither been extensively nor comparatively
described. In this paper, we de®ne retinoic acid-di�erentiated
HL-60 cells as a convenient model for elucidating CCR1

pharmacology. We used radioligand binding, [35S]-GTPgS
exchange, intracellular calcium ¯ux and whole cell chemo-
taxis to characterize an extensive panel of chemokines as to

their a�nity, potency and e�cacy as CCR1 ligands. We
observed that MIP-1b was pharmacologically very compar-
able to the receptor antagonist, Met-RANTES at CCR1.

MIP-1b was a very weak agonist and as such could
antagonize CCR1 activation by MIP-1a, MPIF-1 and
RANTES.

Methods

Cells and cell culture

Murine IL-3 dependent pro-B cells Ba/F3 were maintained in

RPMI 1640 medium (Life Technologies, Gaithersburg, MD,
U.S.A.) supplemented with 10% foetal bovine serum, 2 mM

L-glutamine, 100 mg ml71 streptomycin, and 100 u ml71

penicillin, 50 mM 2-mercaptoethanol and 2 mg ml71 of
recombinant mouse IL-3 (Biosource International, Camarillo,
CA, U.S.A.). HL-60 cells are a human promyelocytic

leukaemia cell line which can be di�erentiated into
neutrophilic/eosinophilic/monocytic/macrophagic by altering
their culture conditions (Collins, 1987). HL-60 cells were
maintained in DMEM medium supplemented with 10%

foetal bovine serum, 2 mM L-glutamine, 100 mg ml71 strepto-
mycin and 100 u ml71 penicillin (Life Technologies, Gaithers-
burg, MD, U.S.A.). HL-60 cells were induced to di�erentiate

into either macrophagic cells by culturing in the presence of
20 nM phorbol 12-myristate 13-acetate (PMA), or granulo-
cytic cells by co-culture with 1.2% DMSO, 750 mM dibutyryl-

cAMP or 1 mM 13-cis-retinoic acid (Sigma, St. Louis, MO,
U.S.A.) (Breitman et al., 1980; Dufer et al., 1989).

Stable expression of recombinant CCR1 and CCR5

Full-length human CCR1 cDNA was generated from
DMSO-treated HL-60 cells by PCR using oligonucleotide

sequence derived from a published sequence (Genbank
accession number L09230). Full-length CCR5 cDNA origin-
ally cloned from PBMC (Deng et al., 1996) was obtained

from Dr Nathaniel Landau (Aaron Diamond Research
Institute, New York, NY, U.S.A.). The cDNAs were each
sub-cloned cloned into the mammalian expression vector

pME18Sneo, a derivative of the SRa expression vector
(Takebe et al., 1988) and sequenced. Ba/F3 were transfected
by electroporation and stable clones selected by resistance to

G418 (1 mg ml71, Life Technologies, Gaithersburg, MD,
U.S.A.).

Cell membrane preparation

Ba/F3-CCR5 membranes were prepared as previously
described (Cox et al., 2001). Brie¯y, cells were pelleted,

resuspended in a lysis bu�er (10 mM HEPES, pH 7.5 and
Complete1 protease inhibitors (Boehringer Mannheim,
Indianapolis, IN, U.S.A.) and incubated on ice for 5 min.

The cells were transferred to a 4639 cell disruption bomb
(Parr Instrument, Moline, IL, U.S.A.) and disrupted with
1500 psi nitrogen for 30 min on ice. Following removal of
large cellular debris by centrifugation at 5006g for 5 min,

cell membranes in the supernatant were pelleted by
centrifugation at 100,0006g for 30 min. Membranes were
resuspended in lysis bu�er containing 10% sucrose and

stored at 7808C.
Ba/F3-CCR1 and HL-60 cell membranes were prepared as

previously described (Hipkin et al., 1997). Cells were pelleted

by centrifugation, incubated in homogenization bu�er (mM):
Tris-HCl 10, EDTA 5, EGTA 3, pH 7.6) and 1 mM PMSF
for 30 min on ice. The cells were then lysed with a Dounce

homogenizer using stirrer type RZR3 polytron homogenizer
(Caframo, Wiarton, Ontario, Canada) with 12 strokes at
900 r.p.m. The intact cells and nuclei were removed by
centrifugation at 5006g for 5 min. The cell membranes in

the supernatant were then pelleted by centrifugation at
100,0006g for 30 min. The membranes were then resus-
pended in glygly bu�er (mM): glycylglycine 20, MgCl2 1,

sucrose 250, pH 7.2), aliquoted, quick frozen and stored at
7808C. Protein concentration in membrane preparations was
determined using the method of Bradford (1976).
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[35S]GTPgS binding assay

The exchange of guanosine 5'-[g-35S]-triphosphate
([35S]GTPgS, triethylammonium salt; speci®c activity=1250 -
Ci mmol71; NEN Boston, MA, U.S.A.) was measured using
a scintillation proximity assay (SPA) as previously described
(Cox et al., 2001). For each assay point, 2 ± 4 mg of

membrane was preincubated for 30 min at room temperature
with 300 mg wheat germ agglutinin-coated SPA beads (WGA-
SPA; Amersham, Arlington Heights, IL, U.S.A.) in SPA

binding bu�er (mM): HEPES 50, CaCl2 1, MgCl2 5, NaCl
125, 0.002% NaN3, 1.0% BSA). The beads and membranes
were transferred to a 96-well Isoplate (Wallac, Gaithersburg,

MD, U.S.A.) and incubated with the indicated concentrations
of guanosine 5'-diphosphate (GDP), 0.3 nM [35S]GTPgS in the
presence or absence of various chemokines for 60 min at

308C. Membrane-bound [35S]-GTPgS was measured using a
1450 Microbeta Trilux counter (Wallac, Gaithersburg, MD,
U.S.A.).

Radioligand binding assay

Carrier-free 125I-MIP-1a and 125I-MIP-1b (speci®c activi-

ty=2200 Ci mmol71) were obtained from New England
Nuclear (Boston, MA, U.S.A.). Radioligand competition
and saturation binding assays were done using SPA

technology (as described above). Membranes (0.5 ± 6 mg per
assay point) in SPA binding bu�er were preincubated for
30 min at room temperature with 300 mg WGA-SPA (450 mg
for 6 mg membranes), transferred to a 96-well Isoplate and
further incubated at room temperature with the radioligand
and the indicated concentrations of chemokines for 3 ± 6 h.
Unless otherwise indicated, the incubation bu�er contained

3 mM GDP and 0.3 nM GTPgS. Where indicated, a mouse
anti-CCR5 monoclonal antibody (clone 45531.111; R&D
Systems, Minneapolis, MN, U.S.A.) was added 30 min prior

to addition of chemokines and radioligand. Ligand a�nities
from competition binding experiments were calculated from
binding IC50 using the Cheng-Pruso� equation (Cheng &

Pruso�, 1973).

Flow cytometric analysis of surface chemokine receptor
expression

HL-60 cells were harvested, washed once in Dulbecco's
phosphate-bu�ered saline (Life Technologies) containing 1%

bovine serum albumin (w v71) and 0.01% sodium azide
(Sigma, St. Louis, MO, U.S.A.). Cells were incubated with
normal mouse serum (to block nonspeci®c antibody binding)

followed by saturating amounts of ¯uorochrome-conjugated
anti-chemokine receptor antibodies (R&D Systems, Minnea-
polis, MN, U.S.A.) for 30 min at 48C. Background

¯uorescence was determined by staining cells with irrelevant,
¯uorochrome-conjugated isotype control antibodies. Cells
were then washed and the samples analysed with a
FACSCalibur (Becton-Dickinson Immunocytometry Systems,

Mountain View, CA, U.S.A.).

Chemotaxis

Chemokines were reconstituted in Dulbecco's phosphate-
bu�ered saline (10 ± 25 mM stock). Chemotactic responses

were determined by modi®cation (Schwarz et al., in
preparation) of a protocol described by Frevert et al.
(1998). The bu�er for both chemokine dilution and cell

resuspension consisted of HL-60 culture medium (as
described above) diluted at 1 : 10 ratio into Iscove's DMEM.
The assays were performed as previously described (Frevert
et al., 1998) using 96-well ChemoTx microplates (NeuroP-

robe1, Inc., Gaithersburg, MD, U.S.A.) with a 5 mM ®lter as
per manufacturer's instructions with 125,000 cells per well.
Cells were allowed to migrate towards the indicated

concentrations of chemokines for 2 h at 378C in a humidi®ed
CO2 (5%) chamber. For agonist assays, the chemokine was
present in the lower wells. For antagonist assays, the

chemokine used as antagonist (e.g., MIP-1b) was present in
both the upper and lower wells. The number of cells which
migrated into the lower wells was quantitated using a

CellTiter961 AQueous Non-Radioactive Cell Proliferation
Assay kit (Promega, Madison, WI, U.S.A.) according to
the manufacturer's instructions.

Calcium flux

Cells were suspended in Dulbecco's phosphate-bu�ered saline

(26107 ml71) and incubated at room temperature with
3 mg ml71 FURA-2-AM (Sigma, St. Louis, MO, U.S.A.) in
the dark for 1 h. The cells were then washed and resuspended

in Hank's balanced salt bu�er (Life Technologies, Gaithers-
burg, MD, U.S.A.) with 1% foetal calf serum (v v71). The
cell suspension (46106 cells in 200 ml) was added to 1.6 ml of

pre-warmed assay bu�er (Hanks' balanced salt solution with
10 mM HEPES and 1.6 mM CaCl2) in a cuvette with
continuous stirring at 378C. Chemokines were added as
106 concentrated stock solutions to reach indicated ®nal

concentrations. Calcium mobilization was measured in a
Perkin-Elmer LS-50B Luminescence Fluorometer (Norwalk,
CT, U.S.A.). Wavelengths for excitation 1, excitation 2, and

emission are 340, 380 and 510 nm, respectively. The emission
was calculated as a ratio of ¯uorescence intensities measured
at 340 and 380 nm.

Materials

Chemokines were purchased from R&D Systems Inc.

(Minneapolis, MN, U.S.A.). The Act-2 variant of MIP-1b
(Cat no. 271-BME) and the 66 amino acid LD78a form of
MIP-1a (Cat no. 270-LD) were used in these studies.

Nonlinear regression analysis of the data and calculation of
EC50 and Ki was performed using Prism 2.0c (GraphPad
Software, San Diego, CA, U.S.A.). All other reagents were of

the best grade available and purchased from common
suppliers.

Results

CCR1 binding and activation in Ba/F3-CCR1 membranes

Our initial studies were performed using a murine ProB cell
line, Ba/F3, stably transfected to express human CCR1 (Ba/

F3-CCR1). To measure receptor expression and a�nity, Ba/
F3-CCR1 membranes were incubated in binding bu�er (as
described in Methods) containing the indicated concentra-
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tions of 125I-MIP-1a in the absence or presence of excess
unlabelled chemokine. Receptor-bound radioligand was
measured using Scintillation Proximity Assay (SPA) technol-

ogy (as described in Methods). No radioligand binding was
detectable in membranes from parental Ba/F3 cells (data not
shown). Saturation analysis demonstrated that CCR1 was
highly expressed in Ba/F3-CCR1 membranes

(7.1+1.2 pmol mg71; n=2; data not shown) and bound
125I-MIP-1a with expected high a�nity (KD=32+7 pM, n=2;
data not shown). A [35S]GTPgS exchange assay was

developed to measure CCR1 activation using the same
incubation conditions (see above) with the addition of 3 mM
GDP and 0.3 nM [35S]-GTPgS. 125I-MIP-1a binding a�nity

decreased slightly in the presence of GDP and unlabelled
GTPgS with no e�ect on Bmax (KD=85+35 pM,
7.8+0.4 pmol receptor mg71; n=2; data not shown). In
125I-MIP-1a competition binding assays, MIP-1a bound with
the highest a�nity (Figure 1 and Table 1) followed by MPIF-
1, MCP-3 and MIP-1b (Ki520 nM). HCC-1 and MIP-1d
bound with intermediate a�nity (25 ± 50 nM). The apparent

binding a�nity of MCP-2 was much lower than has been
reported (Gong et al., 1997) (Figure 1b; Ki4300 nM).
However, MCP-2 did not inhibit 125I-MIP-1a binding to

nonspeci®c levels (possibly due to ligand aggregation). This
was also the case for RANTES (Figure 1a), which can self-
aggregate at higher concentrations (Proudfoot et al., 1999).

As a result, calculation of binding Ki from binding IC50 by
the Cheng-Pruso� equation (Cheng & Pruso�, 1973) is not
appropriate for MCP-2 and RANTES.

Functionally, chemokine potency in stimulating [35S]-
GTPgS exchange varied considerably (Figure 1, Table 1).
MIP-1a was very potent (EC50=15 ± 25 pM) while RANTES,
MPIF-1, and MCP-3 stimulated a half-maximal response in

the low nanomolar range. Both MIP-1b, and MCP-2 were
reasonably potent (EC50=10 ± 20 nM) while MIP-1d and

HCC-1 were less so (EC50=39 ± 50 nM). In this recombinant
system, all the chemokines tested with the exception of MCP-
2 appeared fully e�ective in stimulating [35S]-GTPgS binding.

There was no measurable stimulation of [35S]-GTPgS binding
with the chemokines examined in this study in membranes
from untransfected Ba/F3 cells (data not shown).

The effect of HL-60 cell differentiation upon receptor
activation with MIP-1a and MPIF-1

Distinguishing partial from full agonists in transfectants can
be problematic as partial agonists can behave as full agonists
with higher receptor expression (Whaley et al., 1994;

Gonsiorek et al., 2000). Therefore, we attempted to identify
a cell which endogenously expresses CCR1 at more relevant
levels for further characterization of the more potent CCR1

ligands (MIP-1a, RANTES, MIP-1b and MPIF-1). To this
end, we assessed putative CCR1 expression and functionality
in di�erentiated HL-60 cells. HL-60 cells are promeylocytic

Figure 1 Competition and [35S]-GTPgS bindings in Ba/F3-CCR1 membranes. Membranes (2 ± 4 mg/well) from Ba/F3-CCR1 cells
were incubated in binding bu�er at 308C (as described in Methods) with the indicated concentrations of various chemokines and
50 ± 100 pM 125I-MIP-1a, 3 mM GDP and 0.3 nM GTPgS (open symbols, broken lines) or 3 mM GDP and 0.3 nM [35S]-GTPgS (closed
symbols, solid lines). Radioligand binding to the membranes was measured by WGA-SPA scintillation. Data represent the
mean+s.e.mean of triplicate determinations from 2 ± 7 independent experiments and are expressed relative to binding in the absence
of chemokine (B/B0). Ligand a�nities from competition bindings were calculated from binding IC50 using the Cheng-Pruso�
equation.

Table 1 E�ect of chemokines on 125I-MIP-1a and [35S]-
GTPgS binding in Ba/F3-CCR1 membranes

125I-MIP-1a [35S]-GTPgS
Chemokine (Ki+s.e.meana; nM) (EC50+s.e.meana; nM) nb

MIP-1a 0.056+0.013 0.029+0.009 4/7
RANTES N.D.c 1.4+0.2 3
MCP-2 N.D.c 19.8+2 2/2
MCP-3 8.5+0.3 3.8+2.9 2/3
HCC-1 40+10 46.7+7.9 2/3
MIP-1d 33+9 39+0 2/2
MPIF-1 1.3+0.35 1.8+1.1 4/3
MIP-1b 17.1+2.8 11.9+1.7 6/7

aFor duplicate experiments, Ki/EC50+range. bExperiments/
data set; Ki/EC50.

cNot determined.
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leukaemia cells which can be di�erentiated into macrophagic

or granulocytic cells by varying their culture conditions
(Breitman et al., 1980; Dufer et al., 1989). HL-60 cells were
grown in the presence or absence of 20 nM PMA for 2 days
to stimulate macrophagic di�erentiation or with 1.2%

DMSO (3 days), 750 mM dibutyryl-cAMP (3 days) or 1 mM
13-cis-retinoic acid (5 days) to encourage granulocytic
di�erentiation. Membranes were then prepared for the initial

assessment of CCR1 expression by analysis of [35S]-GTPgS
exchange in response to MIP-1a and MPIF-1. As can be seen
in Figure 2a, membranes from HL-60 cultured for 5 days

with 1 mM retinoic acid were the most responsive to MIP-1a.
As MIP-1a could activate other chemokine receptors such as
CCR5, we also assessed the response to MPIF-1 which is

more CCR1-selective (Nardelli et al., 1999). Stimulation with
MPIF-1 was also more striking upon cell di�erentiation with
retinoic acid (Figure 2b). The time course of retinoic acid
di�erentiation is shown in Figure 2c. MIP-1a was ine�ective

in stimulating GTPgS exchange in membranes from undi�er-
entiated cells (day 0) although a signi®cant stimulation was
evident upon 24 h di�erentiation. The response to MIP-1a
was maximal by day 4 and maintained through day 6. In
competition bindings, there was a parallel increase in 125I-
MIP-1a binding in these membranes with no apparent change

in binding a�nity (data not shown). Saturation binding
isotherms in day 5 membranes con®rmed expression of high
a�nity binding sites for 125I-MIP-1a (Figure 3a;

KD=13+4 pM, 1.08+0.02 pmol mg71 membrane; n=2). As
MIP-1b displaced 125I-MIP-1a with good a�nity, we initiated
competitive binding assays using the same conditions using
125I-MIP-1b in both Ba/F3-hCCR1 and HL-60(Rx) mem-

branes. Measurable 125I-MIP-1b binding in both systems was
inhibited in a concentration-dependent manner by MIP-1b,
MIP-1a and MPIF-1 (Figure 3b). Chemokine binding Ki with
125I-MIP-1b were equivalent in HL-60(Rx) and Ba/F3-hCCR1
cell membranes (Ba/F3-MIP-1b=6.0+0.35 nM, MIP-
1a=0.023+0.007 nM, MPIF-1=0.73+0.12 nM; HL-60(Rx)-

MIP-1b=13+6 nM, MIP-1a=0.026+0.001 nM, MPIF-

1=0.80+0.10 nM, n=3) and were essentially identical to
their binding Ki with

125I-MIP-1a (see Table 1).

Characterization of chemokine receptor expression in
differentiated HL-60 cells

Based on functional and binding data, HL-60 cells di�er-

entiated with retinoic acid for 5 days (de®ned as HL-60(Rx))
were used in subsequent experiments. We tested the e�ect of
MIP-1a, MPIF-1, RANTES and MIP-1b on [35S]GTPgS
exchange in HL-60(Rx) membranes. The rank order of
potencies (Figure 4; MIP-1a44MPIF-1%RANTES5MIP-
1b) was consistent with that measured in Ba/F3-CCR1,

strongly suggesting that CCR1 also mediated the response in
the HL-60(Rx) membranes). Under these assay conditions,
MIP-1a, MPIF-1 and RANTES were equally e�cacious in
stimulating [35S]-GTPgS binding in the HL-60(Rx) mem-

branes. Contrary to the Ba/F3-CCR1 data (Figure 1), MIP-
1b exhibited only partial agonism.
MPIF-1 appears selective for CCR1 (Nardelli et al., 1999)

and the rank order of chemokine potencies in the HL-60(Rx)
membranes were consistent with CCR1 activation. None-
theless, MIP-1a, MIP-1b and RANTES could activate

receptors other than CCR1 such as CCR5 (Ward &
Westwick, 1998; Murdoch & Finn, 2000). Consequently, we
initiated ¯ow cytometric and functional analysis to determine

chemokine receptor expression on HL-60(Rx) cells. Using
chemokine receptor antibodies, we found that undi�eren-
tiated HL-60 cells had no discernable expression of CCR1
(Figure 5, top left) consistent with our observation that these

cells do not respond to MIP-1a (Figure 2c). There was no
demonstrable surface expression of CCR6 and a small
amount of CCR2 expression (data not shown). There is

little, if any, detectable CCR5 expression (Figure 5, bottom
left). Following di�erentiation with retinoic acid, there was a
selective upregulation of CCR1 expression (Figure 5, top

Figure 2 E�ect of MIP-1a and MPIF-1 on [35S]-GTPgS exchange in di�erentiated HL-60(Rx) membranes. (a, b) Membranes (2 ±
4 mg/well) from HL-60 cells pretreated with retinoic acid, DMSO, PMA or dibutyryl-cAMP or (c) from HL-60 cells pretreated with
retinoic acid for 0, 1, 4, 5 or 6 days were incubated in binding bu�er containing 3 mM GDP with 0.3 nM [35S]-GTPgS and the
indicated concentrations of MIP-1a (a, c) or MPIF-1 (b). Incubations were performed at 308C for 60 min. [35S]-GTPgS binding to
the membranes was measured by WGA-SPA scintillation. Data represents the mean+s.e.mean binding of triplicate determinations
from a representative experiment (n=2±3) expressed relative to binding in the absence of chemokine (B/B0).
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right), consistent with our functional data (Figures 2 and 4).
Again, CCR6 expression was not evident whilst CCR2 levels

remained constant (data not shown). CCR5 expression
remained negligible (Figure 5, bottom right). Functionally,
MCP-1 (CCL2) and eotaxin (CCL11) were ine�ective in

stimulating [35S]-GTPgS exchange in the HL-60(Rx) mem-
branes (data not shown) precluding the involvement of CCR2
and CCR3. IL-8 (CXCL8) and GRO-a (CXCL1) stimulated

[35S]-GTPgS binding (data not shown) suggesting the
expression of CXCR1 and CXCR2, consistent with a

granulocytic phenotype.
Although HL-60(Rx) cells seemed devoid of surface CCR5

expression (Figure 5), we wanted to categorically exclude

CCR5 participation in the stimulation of cellular activation
by MIP-1a, RANTES and MIP-1b in these cells. We
compared the chemokine pharmacology in the HL-60(Rx)

cells versus that in a Ba/F3 cell line transfected to express
hCCR5 (Ba/F3-CCR5). Predictably, RANTES
(EC50=0.27+0.13 nM), MIP-1a (EC50=3.9+2.4 nM) and

MIP-1b (EC50=5.8+2.7 nM) stimulated [35S]-GTPgS ex-
change in Ba/F3-CCR5 membranes (n=2, Figure 6). In
contrast to the response in the HL-60(Rx) membranes, MIP-
1b was the most e�cacious agonist in Ba/F3-CCR5

membranes, RANTES (rather than MIP-1a) was the most
potent and MPIF-1 was inactive. Thus, chemokine potency
and e�cacy in HL-60(Rx) membranes is consistent with the

pharmacology of CCR1 but not CCR5. Nevertheless, we
assessed the e�ect of a neutralizing anti-CCR5 monoclonal
antibody (a-CCR5; clone 45531.111) on [35S]-GTPgS exchange

in the HL-60(Rx) and Ba/F3-CCR5 membranes. In Ba/F3-
CCR5 membranes, a-CCR5 inhibited [35S]-GTPgS exchange
stimulated by MIP-1b (Figure 7), RANTES and MIP-1a;
(data not shown). Co-incubation of HL-60(Rx) membranes
with up to 50 mg ml71 a-CCR5 had no measurable e�ect on
the stimulation of [35S]-GTPgS exchange by MIP-1a, MIP-1b,
MPIF-1 (Figure 7) or RANTES (data not shown). Analogous

studies using a neutralizing anti-CCR1 antibody would be the
more direct approach to test the involvement of CCR1 in
mediating the functional response to these chemokines.

Unfortunately, thorough review of the literature and follow-
ing our own studies (data not shown), we concluded that a
CCR1-neutralizing antibody is currently unavailable.

Figure 3 Radioligand binding analysis in HL-60(Rx) membranes. (a) Membranes (1 mg/well) were incubated in binding bu�er (as
described in Methods) with the indicated concentrations of 125I-MIP-1a in the absence (total binding) or presence of 100 nM
unlabelled MIP-1b (nonspeci®c binding). (b) Membranes from Ba/F3-hCCR1 (4 mg/well; closed symbols) and HL-60(Rx) cells
(6 mg/well; open symbols) were incubated in binding bu�er (as described in Methods) with 0.2 nM 125I-MIP-1b and the indicated
concentrations of MIP-1b (squares), MIP-1a (circles) or MPIF-1 (diamonds). Radioligand binding to the membranes was measured
by WGA-SPA scintillation. Data represents (a) the mean+s.e.mean speci®c binding of triplicate determinations from a
representative experiment (n=2) or (b) the mean+s.e.mean binding of triplicate determinations from a representative experiment
(n=3) expressed relative to binding in the absence of chemokine (B/B0).

Figure 4 E�ect of chemokines on [35S]GTPgS exchange in HL-
60(Rx) membranes. Membranes (4 mg/well) from retinoic acid-
pretreated HL-60 cells were incubated in binding bu�er containing
3 mM GDP with 0.3 nM [35S]GTPgS and the indicated concentrations
of MIP-1a, MIP-1b, RANTES or MPIF-1. Incubations were
performed at 308C for 60 min. [35S]GTPgS binding to the membranes
was measured by WGA-SPA scintillation. Data represents the
mean+s.e.mean binding of triplicate determinations from a
representative experiment (n=2±3) expressed relative to binding in
the absence of chemokine (B/B0).
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Taken together, the data exclude CCR5 and implicate CCR1

as mediating the stimulation of [35S]-GTPgS exchange by MIP-
1a, MIP-1b, RANTES and MPIF-1 in HL-60(Rx) cells.

Characterization of CCR1 pharmacology in HL-60(Rx)
cell membranes

Breivogel et al. (1998) demonstrated that relative to full

agonists, the e�cacy of partial agonists at the cannabinoid
CB1 receptor to stimulate [35S]-GTPgS exchange was more
susceptible to inhibition with elevated GDP concentrations.

As can be seen in Figure 8, receptor activation stimulated by
100 nM MIP-1b (expressed as fold of basal) plateaued at
3 mM GDP and declined as the GDP concentration increased.

The e�cacy of 100 nM RANTES and 10 nM MPIF-1 to
stimulate [35S]-GTPgS exchange were roughly equivalent up
to 3 mM GDP whereupon the greater e�cacy of MPIF-1

became apparent. The response to both RANTES and
MPIF-1 plateaued at 30 mM GDP and then declined. From
these data, we initiated competition bindings with 125I-MIP-
1a and repeated the [35S]-GTPgS binding assays in HL-60(Rx)

membranes (see Figure 4) in the presence of 30 mM GDP The
more potent chemokines identi®ed in the Ba/F3-CCR1
studies were tested (MIP-1a, MIP-1b, RANTES, MCP-3

and MPIF-1). We also characterized methionylated RANTES
(Met-RANTES) which has been used in vivo as a CCR1/
CCR3 antagonist (Proudfood et al., 1999). As was the case in

the Ba/F3-CCR1 membranes, the addition of GDP and

GTPgS reduced the binding a�nity of 125I-MIP-1a without
inhibiting total binding (KD=175+55 pM; Bmax=1026+74 f-
mol mg71, n=2; data not shown). In the presence of 30 mM
GDP, the binding a�nity of the chemokines in HL-60(Rx)
membranes (see Table 2; Figure 9a,b) was lower than that
measured in Ba/F3-CCR1 in the presence of 3 mM GDP (see
Table 1). This decrease in binding a�nities can be attributed

to the increased GDP concentration as co-incubation with
GDP decreased the chemokine binding a�nity in competition
binding assays with 125I-MIP-1a and 125I-MIP-1b in both Ba/

F3-CCR1 and HL-60(Rx) membranes in a concentration-
dependent manner (data not shown). The RANTES binding
Ki was not assessed (see above). It should be noted that the

Met-RANTES Ki was considerably lower than previously
reported (Proudfoot et al., 1999). Therefore, we tested it in
parallel competition bindings using Ba/F3-CCR1 membranes

and found that it displaced 125I-MIP-1a with the same
apparent low a�nity (Figure 9b).
Functionally, MIP-1a was again the most potent chemo-

kine tested in stimulating [35S]-GTPgS (MIP-1a4MPIF-

1%RANTES4MCP-3=MIP-1b44Met-RANTES; Figure
9, Table 2). MPIF-1 was slightly but consistently more
e�cacious in stimulating [35S]-GTPgS than the other

chemokines and therefore would be characterized as a full
agonist (Figure 9; MPIF-14MIP-1a=RANTES=MCP-
344Met-RANTES5MIP-1b).

Figure 5 Fluorescence-activated cell sorting for chemokine receptor expression on HL-60(Rx) cells. CCR1 (top) and CCR5
(bottom) expression on undi�erentiated (left) and retinoic acid-di�erentiated (right) HL60 cells.
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Effect of MIP-1b on chemokine-stimulated [35S]-GTPgS
exchange, Ca2+ flux and chemotaxis in HL-60(Rx) cells

We tested the e�ect of MIP-1b on MIP-1a- and MPIF-1-
stimulated [35S]-GTPgS exchange in HL-60(Rx) membranes.

Membranes were incubated with 30 mM GDP and increasing

concentrations of MIP-1a or MPIF-1 in the presence or
absence of 300 nM MIP-1b. MIP-1b decreased the potency of
both MPIF-1 (Control; 4.4+0.05 nM; MIP-1b-8.2+0.8 nM)

and especially MIP-1a (Control-47+1 pM; MIP-1b-
5.2+1.5 nM) to stimulate GTPgS exchange through CCR1
without altering the maximal response (data not shown;

n=2).
We next assessed the e�ect of chemokines alone or in

combination, on Ca2+ mobilization in HL-60(Rx) cells. Cells

were preloaded with the FURA-2 for 60 min, washed and
incubated with the indicated concentrations of chemokines.
As was the case in the [35S]-GTPgS exchange assays (Figure
9a), MIP-1a and MPIF-1 stimulated an increase in

intracellular Ca2+ in a dose-responsive manner (EC50=0.1 ±
0.3 and 3 ± 10 nM, respectively) (Figure 10a,b) while MIP-1b
was all but inactive (Figure 10c). In some experiments, a

small Ca2+ ¯ux was elicited with 100 nM MIP-1b (data not
shown and Figure 10d) consistent with the weak agonism
de®ned in [35S]-GTPgS exchange assays (Figure 9). RANTES

Figure 6 Chemokine stimulation of [35S]-GTPgS exchange in HL-
60(Rx) and Ba/F3-CCR5 membranes. Membranes (3 mg/well) from
retinoic acid-pretreated HL-60 (open symbols) or Ba/F3-CCR5 cells
(closed symbols) were incubated in binding bu�er containing 3 mM
GDP and 0.3 nM [35S]-GTPgS in the presence or absence of MIP-1a
(circles), MIP-1b (squares), RANTES (triangles) or MPIF-1 (dia-
monds). Incubations were performed at 308C for 60 min. [35S]-GTPgS
binding to the membranes was measured by WGA-SPA scintillation.
Data represents the mean+s.e.mean binding of triplicate determina-
tions from a representative experiment (n=2) expressed relative to
binding in the absence of chemokine (B/B0).

Figure 7 E�ect of anti-CCR5 antibody on [35S]-GTPgS exchange in
Ba/F3-CCR5 and HL-60(Rx) membranes. Membranes (2 ± 4 mg/
point) from Ba/F3-CCR5 (open symbol) or retinoic acid-pretreated
HL-60 cells (closed symbol) were incubated with MIP-1b (10 nM, Ba/
F3-CCR5; 30 nM, HL-60), 1 nM MIP-1a or 10 nM MPIF-1 and the
indicated concentrations of an anti-CCR5 monoclonal antibody (a-
CCR5). All incubations were at 308C for 60 min in binding bu�er
with 3 mM GDP, 0.3 nM [35S]-GTPgS. [35S]-GTPgS binding to the
membranes was measured by WGA-SPA scintillation. Data represent
the mean+s.e.mean speci®c binding of triplicate determinations from
a representative experiment (n=2) expressed relative to binding in the
absence of antibody (B/B0).

Figure 8 E�ect of GDP concentration on chemokine-stimulated
[35S]-GTPgS exchange in HL-60(Rx) membranes. Membranes (3 mg/
well) from retinoic acid-pretreated HL-60 were incubated in binding
bu�er containing 0.3 nM [35S]-GTPgS and the indicated concentration
of GDP in the presence or absence of 100 nM MIP-1b, 100 nM
RANTES or 10 nM MPIF-1. Data represent the mean+range
speci®c binding of triplicate determinations from duplicate experi-
ments expressed relative to binding in the absence of GDP (B/B0).

Table 2 E�ect of chemokines on 125I-MIP-1a and [35S]-
GTPgS binding in HL-60(Rx) membranes

125I-MIP-1a [35S]-GTPgS
Chemokine (Ki+s.e.meana; nM) (EC50+s.e.meana; nM) nb

MIP-1a 0.15+0.07 0.040+0.04 4/4
RANTES N.D. 2.2+0.7 3
MPIF-1 3.2+1.4 2.1+0.7 3/8
MIP-1b 29+1.3 17.1+2.7 4/8
MCP-3 64+11 17.4+2.8 2/2
Met-RANTES 577+157 86+23 3/4

Incubations were done in the presence of 30 mM GDP and
0.3 nM GTPgS (unlabelled in competition bindings) as
described in Methods. aFor duplicate experiments, Ki/
EC50+range. bExperiments/data set; Ki/EC50.
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also stimulated an increase in intracellular Ca2+ in a
concentration-dependent manner (data not shown). Chemo-

kine potency in stimulating Ca2+ ¯ux mirrored that seen in
[35S]-GTPgS exchange assays (MIP-1a4MPIF-1%RANTES).
As MIP-1b bound CCR1 without signi®cant receptor
activation, we tested if MIP-1b would antagonize CCR1

activation by more e�ective agonists. FURA-2-loaded HL-
60(Rx) cells were exposed to MIP-1b (3 ± 100 nM) for 60 s
prior to stimulation with 0.1 nM MIP-1a (&EC50; Figure

10d). MIP-1b suppressed the Ca2+ ¯ux in response to MIP-1a
in a concentration-dependent manner with an EC50=10 ±
30 nM. Ca2+ ¯ux stimulated by 3 nM RANTES or MPIF-1

were similarly reduced by MIP-1b (data not shown). In co-
incubations with MIP-1a, MIP-1b blunted the cellular
response to MIP-1a (Figure 10e) albeit to a lesser extent

than that seen in the pretreatment paradigm (Figure 10d).
We assessed the stability of MIP-1b, MIP-1a and MPIF-1

to stimulate HL-60 (Rx) cell chemotaxis. HL-60(Rx) cells
were placed in the top chamber of a 96-well chemotaxis plate

and incubated for 2 h at 378C with the indicated concentra-
tions of chemokine in the bottom chamber. Cells which
migrated through a 5 mM ®lter into the bottom well were

quantitated by MTS uptake (as described in Methods). Cells
migrated to the chemokines with classic bell-shaped response
curve. MIP-1a was again the most potent chemoattractant

(EC50=0.1 nM vs MPIF-1 EC50=10 ± 30 nM), MPIF-1 was
the most e�cacious and MIP-1b was inactive (Figure 11a).
To see if MIP-1b would also antagonize chemotaxis, cell
migration towards MIP-1a (0, 0.1 or 0.3 nM) was assessed in

the absence or presence of the indicated concentrations of
MIP-1b (Figure 11b). Consistent with the Ca2+ ¯ux
experiments (Figure 10d,e), MIP-1b attenuated MIP-1a-
stimulated chemotaxis in a concentration-dependent manner.
Cell movement to 0.1 nM MIP-1a was inhibited approxi-

mately 50% with 100 nM MIP-1b (53 fold MIP-1b Ki; Table
2). With greater receptor occupancy (300 ± 1000 nM=10 ± 30

fold MIP-1b; Ki; Table 2), MIP-1b completely inhibited
chemotaxis to MIP-1a. As was the case in the GTPgS
exchange assay with Ba/F3-hCCR1 membranes (Figure 1),
MIP-1b was an e�ective agonist in stimulating chemotaxis of

the Ba/F3-hCCR1 cells (data not shown). Therefore,
experiments analogous to those shown in Figure 11b were
not undertaken using the transfected cell line.

Discussion

The studies presented herein characterize chemokine activa-
tion of hCCR1 expressed both in transfected cells and

endogenously in di�erentiated HL-60 cells. MIP-1a, MPIF-1,
RANTES, MCP-3 and MIP-1b were potent ligands of CCR1
although their e�cacy as agonists varied greatly. MIP-1b was
a very weak agonist which behaved very similarly to the

CCR1 agonists, methionylated hRANTES (Met-RANTES;
Proudfoot et al., 1996; 1999; Elsner et al., 1997; Grone et al.,
1999; Ajuebor et al., 2001). Concentrations of MIP-1b
corresponding to 3 ± 30 fold its CCR1 Ki antagonized the
activation of the receptor by more e�cacious chemokines
such as MIP-1a, RANTES or MPIF-1.

For the most part, our studies were carried out using HL-
60 cells di�erentiated with retinoic acid (HL-60(Rx)).
Eosinophilic di�erentiation by culture with butyric acid was
shown to induce both CCR1 and CCR3 expression in HL-60

cells (Ti�any et al., 1998). Retinoic acid induces a more
general granulocytic di�erentiation with little if any func-
tional CCR3 expression (see above). Butyric acid di�erentia-

tion stimulated very high CCR1 expression (650,000
receptors cell71=5 ± 6 pmol mg71 assuming 106 cells&200 mg

Figure 9 E�ect of chemokines on 125I-MIP-1a binding and [35S]-GTPgS exchange. Membranes (2 ± 3 mg/well) from retinoic acid-
pretreated HL-60 or Ba/F3-CCR1 cells were incubated in binding bu�er containing 0.3 nM [35S]-GTPgS (closed symbols, solid lines)
or 200 pM 125I-MIP-1a (open symbols, broken lines), 30 mM GDP and the indicated concentrations of (a) MIP-1a (circles), MPIF-1
(diamonds), RANTES (triangles) or MIP-1b (squares or (b) MPIF-1 (diamonds), MCP-3 (squares) or Met-RANTES (circles or
triangle in Ba/F3-CCR1). Incubations were performed at 308C for 60 min. Radioligand binding to the membranes was measured by
WGA-SPA scintillation. Data (expressed as B/B0) represent the mean+range speci®c binding of triplicate determinations from a
representative experiment (n=2±4) expressed relative to binding in the absence of chemokine (B/B0).
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membrane protein; Ti�any et al., 1998). This level of

expression rivaled that in our Ba/F3-CCR1 cells
(7 pmol mg71; Figure 3) and exceeded CCR1 expression
measured in the HL-60(Rx) cells (1 pmol mg71). In the Ba/
F3-CCR1 membranes, all the chemokine tested which bound

with any a�nity at CCR1 acted as a full agonist in
stimulating [35S]-GTPgS exchange and e�ectively stimulated
chemotaxis in whole cells (data not shown). However, with

decreased endogenous receptor expression in the HL-60(Rx)
cells, it was possible to fully delineate the chemokine
pharmacology at CCR1 ligands both in terms of potency

and e�cacy. We found that MPIF-1 rather than MIP-1a or
RANTES was the most e�cacious agonist although MIP-1a
was 25 ± 55 fold more potent. Other chemokines were as

e�cacious as MIP-1a but considerably less potent (i.e.
RANTES and MCP-3). The observation that MPIF-1 was
a full agonist bolsters the ®nding by MacPhee et al. (1998)
that MPIF-1 was more e�ective than MIP-1a in stimulating

chemotaxis and Ca2+ ¯ux in human eosinophils (MacPhee et
al., 1998). Recently, a truncated form ofMPIF-1 (MPIF-1(24 ±
99)) was reported to be considerably more active than the

long form (MPIF-1(1 ± 99)) used in our studies (Berkhout et
al., 2000). Experiments on the pharmacology of MPIF-1(24 ±
99) are ongoing.

In the literature, MIP-1b is often cited as a CCR5-speci®c

chemokine (Murdoch & Finn, 2000; Ward & Westwick, 1998)
although MIP-1b binding to CCR1 was noted in other
studies (Neote et al., 1993; Ben-Baruch et al., 1995; Sarau et
al., 1997). Indeed, we found that both MIP-1b and 125I-MIP-

1b bound CCR1 with a higher or similar a�nity than did a
number of more recognized CCR1 ligands such as MCP-3,
MIP-1d or HCC-1. That being said, the a�nity MIP-1b for

CCR1 was 5 ± 10 fold lower than what is reported for CCR5
(1 ± 2 nM; (Raport et al., 1996; Blanpain et al., 2000)). In
[35S]GTPgS exchange assays in HL-60(Rx) membranes, MIP-

1b was a very weak agonist and was essentially inactive in
stimulating calcium signalling or chemotaxis in whole cells.
As such, MIP-1b acted as a CCR1 antagonist in blocking

Ca2+ ¯ux or cell migration in response to the more e�ective
CCR1 ligands. In calcium ¯ux experiments, the stimulation
of intracellular Ca2+ in response to 0.1 nM MIP-1a (%EC50)
in the HL-60 cells was signi®cantly blunted with pre-exposure

to 10 ± 30 nM MIP-1b and completely blocked with 100 nM
MIP-1b. These concentrations of MIP-1b are quite high
relative to the e�ective concentrations of MIP-1a and MPIF-

1 required to activate CCR1 and it is not known if these
levels of MIP-1b are physiologically relevant. Nevertheless,
these concentrations of MIP-1b are in the range required to

Figure 10 E�ect of chemokines on intracellular calcium in HL-60(Rx) cells. Retinoic acid-pretreated HL-60 cells were incubated
with FURA 2-AM for 60 min, washed, incubated at 378C and stimulated with the indicated concentrations of MIP-1a (a), MPIF-1
(b) or MIP-1b (c) or pre-incubated with the indicated concentrations of MIP-1b followed by 0.1 nM MIP-1a (d) or co-incubated
with the indicated concentrations of MIP-1b and 0.1 nM MIP-1a (e). Chemokine additions are marked with an arrowhead. Data are
of two independent experiments. The ¯uorescence was monitored as ratio of ¯uorescence intensities measured at 340 and 380 nm.
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maximally activate CCR5 signalling pathways including Ca2+

¯ux (Blanpain et al., 2000), tyrosine kinase activation (Ganju
et al., 1998) and stimulation of GTPgS exchange (Figure 6).
Chemokine receptor antagonism by chemokines has been

described before. For example, MCP-3 was proposed to

function as a CCR5 antagonist (Blanpain et al., 1999) and
Martinelli et al. (2001) showed that eotaxin (CCL11) was
weak agonist at CCR2b and as such antagonized cell

chemotaxis to 1 nM MCP-1 (CCL2). In that study, signi®cant
antagonism was seen with 1 nM eotaxin. This result was
surprising as receptor occupancy by eotaxin based on its

a�nity for CCR2 (8 ± 12 nM) would be relatively low. The
CXCR3 ligands, IP-10, Mig and I-TAC, were characterized
as antagonists at CCR3 (Loetscher et al., 2000). I-TAC

bound CCR3 with the highest a�nity of the three (Ki=70±
80 nM) and inhibited eotaxin-stimulated Ca2+ ¯ux and
chemotaxis, albeit with elevated concentrations (100 ±
1000 nM). Again, the chemokine levels required to block

CCR3 activation are very high but appropriate given the
a�nity of these ligands for the receptor. Indeed, high levels
of certain chemokines are required for activation of their

cognate receptors. Low micromolar concentrations of BCA-1
(CXCL13) and Mig (CXCL9) are required to maximally
activate CXCR5 and CXCR3, respectively (Legler et al.,

1998; Weng et al., 1998; Trentin et al., 1999) while
chemotaxis of cells expressing CCR10 was maximal with
300 nM CTACK (CCL27) and VIC (CCL28) (Pan et al.,

2000).
If chemokine receptor antagonism by chemokines is

possible in situ, is it physiologically relevant? The high
concentrations of MIP-1b required to block CCR1 activation

indicates that interference in receptor signalling could only
occur in close proximity to the in¯ammatory site. This would
be the only location at which MIP-1b expression could be

high enough to be functionally relevant as a CCR1
antagonist. Moreover, MIP-1b antagonism of CCR1-
mediated chemotaxis could only be pertinent in cells that

do not co-express CCR5 such as activated neutrophils

(Bonecchi et al., 1999; Lee et al., 2000; Cheng et al., 2001;
Combadiere et al., 1996), eosinophils and natural killer cells
(Rot et al., 1992; Combadiere et al., 1996; Inngjerdingen et
al., 2001). Functionally, these cells respond to MIP-1a but

not to MIP-1b (Cheng et al., 2001; Maghazachi et al., 1994).
Macrophages and myeloid progenitor cells, express CCR1
and possibly CCR5 although they are relatively unresponsive

to MIP-1b. Broxmeyer et al. (1991) showed that MIP-1a
inhibited myeloid progenitor cell proliferation. MIP-1b had
no e�ect alone but suppressed the e�ects of MIP-1a. In

analogous studies, Fahey et al. (1992) demonstrated that
mMIP-1b alone was ine�ective in stimulating tumour
necrosis factor (TNF) secretion by macrophages but

attenuated the stimulatory e�ects of MIP-1a on TNF
secretion in co-incubations. In these prior studies, the
mechanism(s) by which MIP-1b moderated the actions of
MIP-1a were not resolved.

In conclusion, we characterized a di�erentiation protocol
for HL-60 myeloid cells as a convenient and prototypical
model for de®ning the pharmacology of endogenously

expressed hCCR1. We classify MPIF-1 as a full agonist on
CCR1 and MIP-1b as a potent but weak agonist at this
receptor. As such, MIP-1b could inhibit Ca2+ ¯ux and

chemotaxis in HL-60(Rx) cells in response to MIP-1a,
RANTES and MPIF-1. Based on our results, we propose
that MIP-1b may have the capacity to serve as an

endogenous inhibitor of CCR1 function in certain in¯amma-
tory settings.

We would like to thank Drs Joe Hedrick and Phillip Murphy for
their helpful discussions on these studies.

Figure 11 Chemokine stimulation of HL-60(Rx) cell chemotaxis. Retinoic acid-pretreated HL-60 cells in the upper wells of a 96-
well chemotaxis apparatus were allowed to migrate towards (a) the indicated concentrations of MIP-1b, MIP-1a or MPIF-1 or (b)
0, 0.1 or 0.3 nM MIP-1a in the absence or presence of the indicated concentrations of MIP-1b. After 2 h at 378C, the cells in the
bottom chamber were quanti®ed. Data (expressed in absorbance units at 490 nm) represent duplicate determinations from a
representative experiment (n=2).
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