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Abstract

Chemokine receptors (CCRs) are important co-stimulatory molecules found on many blood cells and
associated with various diseases. The expression and function of CCRs on mast cells has been quite
controversial. In this study, we report for the first time that murine bone marrow-derived mast cells
(BMMC) express messenger RNA and protein for CCR1. BMMC cultured in the presence of murine
recombinant stem cell factor and murine IL-3 expressed CCR1 after 5–6 weeks. We also report for the
first time that mBMMCCCR11 cells endogenously express neurokinin receptor-1 and intercellular
adhesion molecule-1. To examine the activity of CCR1 on these BMMC, we simultaneously stimulated
two receptors: CCR1 by its ligand macrophage inflammatory protein-1a and the IgE receptor FceRI by
antigen cross-linking. We found that co-stimulation enhanced BMMC degranulation compared with
FceRI stimulation alone, as assessed by b-hexosaminidase activity (85 versus 54%, P < 0.0001) and
Ca21 influx (223 versus 183 nM, P < 0.05). We also observed significant increases in mast cell
secretion of key growth factors, cytokines and chemokine mediators upon CCR1–FceRI co-
stimulation. These factors include transforming growth factor b-1, tumor necrosis factor-a and the
cytokine IL-6. Taken together, our data indicate that CCR1 plays a key role in BMMC function. These
findings contribute to our understanding of mechanisms for immune cell trafficking during
inflammation.

Introduction

Allergic hypersensitivity is a major public health concern. In
the United States, >54% of tested individuals have an aller-
gic skin response to injected allergens (1), and seasonal oc-
ular allergy affects ;20% of Americans (2). Allergic
responses have two phases: an early phase mediated by
mast cells and a late phase mediated by neutrophils, T cells,
eosinophils and basophils. The inflammatory vascular
responses and immune cell recruitment associated with the
early phase allergic response are largely caused by cyto-
kines and chemokines, including histamine, released by
mast cells. The importance of mast cells in allergic
responses is well understood, but the exact mechanisms of
stimulation and extent of the mast cell role in immunoregula-
tion and acquired immunity have not been fully defined.
In addition to their role in allergic reactions, mast cells par-

ticipate in inflammatory disorders, autoimmunity and innate
immunity (3). Bone marrow-derived mast cells (BMMC) may
have different pathways and mechanisms leading to the var-

ious morphologies and phenotypic characteristics, from im-
mature circulating cells to mature, tissue-homing cells.
These mast cell pathways and life cycles, poorly understood
at this time, may be modified during inflammation. Mecha-
nisms of mast cell inflammatory responses may involve pro-
duction or response to various growth factors and
chemokines. Reports of CC chemokine receptor (CCR) ex-
pression on human mast cells during inflammation (4) and
mast cell regulation via growth factors and cytokines (5, 6)
have initiated questions about mast cell variability in pheno-
type and function.
Mast cells express both CCRs and the IgE receptor FceRI

at the cell surface (4, 6). Although stimulation of FceRI alone
can activate mast cells, optimal degranulation and produc-
tion of downstream chemokines and cytokines requires
co-stimulatory signals (3, 7, 8). These signals may be pro-
vided by CCR1, via its ligand macrophage inflammatory pro-
tein-1a (MIP-1a) and other chemokines. CCR1 is expressed
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on human mast cells in several allergic disease states (7).
Treatment with the CCR1 antagonist BX-471 reduced asth-
matic symptoms in a murine model system (9), and we have
shown that symptoms of ocular allergy are decreased in
MIP-1a-deficient mice or following treatment with MIP-1a
neutralizing antibodies (8). We have previously demon-
strated that co-stimulation of FceRI and CCR1 is required for
optimal degranulation of CCR1-transfected rat basophilic
leukemia (RBL-2H3) (10), the effects of co-stimulation on
mast cells that endogenously express CCR1 remain poorly
defined. BMMC are extensively used in allergic studies, but
their expression of CCR1 has not been fully defined. Tran-
scripts for CCR1 have been observed in cultured BMMC
(11) and human cord blood-derived mast cells (12), but
studies of protein expression have failed to detect CCR1 at
the surface of mouse cells due to lack of an antibody to
mouse CCR1 (13). Yanaba et al. (14) did note increased
CCR1 surface expression on mouse mast cells in the Arthus
reaction, but the data were not shown.
In this study, we investigated the possibility that CCR1 could

be expressed on the cell surface of BMMC cultured in an ap-
propriate combination of cytokines. We cultured the cells in
the presence of IL-3 and stem cell factor (SCF) since both of
these cytokines have been shown to influence mast cell prolif-
eration, maturation and function in vivo (15). After demonstrat-
ing CCR1 expression by the cultured BMMC, we examined
the effects of FceRI-CCR1 co-stimulation on degranulation
and cytokine/chemokine secretion by the mast cells.

Methods

Cell isolation and culture

Female BALB/c mice, 5–8 weeks old, were obtained from
Jackson Laboratories (Bar Harbor, ME, USA) and maintained
in the animal facility of the Emory Clinic Eye Center (Atlanta,
GA, USA). Bone marrow was flushed from the femurs and
tibias of 9-week-old mice using a 26-gage needle and sterile
PBS. Isolated cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Gibco), 100 lg ml�1

streptomycin (Gibco), 100 U ml�1 penicillin (Gibco), 50 lM
2-mercaptoethanol (Sigma, St Louis, MO, USA), 10 ng ml�1

recombinant murine SCF and 5 ng ml�1 recombinant murine
IL-3 (PeproTech, Rocky Hill, NJ, USA). The medium was
changed every third day by centrifuging the cells, removing
the old medium and re-suspending the cells in fresh me-
dium. After 4 weeks of culture, >97% of the floating cells dis-
played a mast cell phenotype, as indicated by c-kit
expression and presence of granules that stained with 0.1%
toluidine blue. Further, after 8 weeks, these BMMC also ac-
quired an adherent phenotype (NimOno BMMC).
Granulocyte lines and freshly isolated macrophages were

also utilized in this study. RBL-2H3 (CRL-2256, American
Type Culture Collection) and CCR1-transfected RBL-2H3
cells were cultured as described previously (10), as were
HMC-1 cells, donated by J. H. Butterfield (Mayo Clinic,
Rochester, MN, USA) (16). A crude macrophage suspension
(>90%), isolated from the peritoneum and spleen of B6
mice, was used as a positive control for CCR1 and CCR5
expression.

Electron microscopy

Cultured cells were fixed in 1.25% glutaraldehyde at room
temperature for 1 h, rinsed in 0.1 M cacodylate buffer, post-
fixed in 1% osmium tetroxide for 1–2 h and washed again in
0.1 M cacodylate buffer. Cells were then en bloc stained
with 2% uranyl acetate for 1 h prior to ethanol dehydration.
After a final incubation in propylene oxide, the cells were
embedded in resin. Sections were cut at a thickness of 1.5
lm and stained with 0.1% toluidine blue to find the area of
interest. Thin sections (80–90 nm) were cut from the appro-
priate section of the block and incubated with 2% uranyl ac-
etate for 30 min and then with lead citrate for 2 min.
Sections were observed using a JEOL 100CXII transmission
electron microscope at 60 kV.

FACS analysis of receptor expression

Surface receptor expression was analyzed by indirect immu-
nofluorescence staining and flow cytometry. All cells were
first fixed with 2% PFA. For surface expression of FceRI, cells
were labeled with anti-DNP IgE clone SPE-7 (D8406, Sigma),
followed by secondary antibody GaM Fab’2 Alexa 488/Alexa
647 (Invitrogen, Carlsbad, CA, USA). CCRs, CCR1, CCR2,
CCR3, CCR4, CCR5 and c-kit, were analyzed using anti-
hCCR1 (MAB145 clone 53504.111), anti-hCCR2 (MAB150
clone 48607.121), anti-mCCR3 (MAB1551 clone 83103.111),
anti-hCCR4 (MAB1567 clone 205410), anti-hCCR5 (MAB184
clone 45529.111) and anti-mSCF R/c-kit (AF1356), all from
R&D Systems (Minneapolis, MN, USA). Murine intracellular
adhesion molecule-1 (ICAM-1) was detected using mouse-
specific YN1/1.7.4 antibody, produced as a rat hybridoma
culture fluid (kindly donated by P. Selvaraj from Emory Uni-
versity, Atlanta, GA, USA), at a 1:2 dilution in PBS:0.1% bo-
vine serum. Neurokinin-1 (NK-1) receptors were detected
using a rabbit polyclonal antibody (ab8873) purchased from
Abcam Inc. (Cambridge, MA, USA). Cells were incubated
with primary antibody or isotype controls at 2 lg ml�1 for 1
h at 4�C, washed, blocked with the Fc blocker 2.4G2 (BD
Pharmingen, San Jose, CA, USA) for 10 min and incubated
with secondary antibodies. The secondary antibodies used
were goat anti-rabbit F(ab’)2; goat anti-mouse IgG2b-Alexa
647 or donkey anti-goat-, donkey anti-rat- or goat anti-
mouse-Alexa 488, as appropriate. The samples were pro-
cessed through a FACScan flow cytometer (BD Biosciences,
San Jose, CA, USA), and data were analyzed using Flow Jo
Software (Tree star, San Carlos, CA, USA).

Immunofluorescent confocal microscopy

BMMC, RBL-2H3 and RBL-CCR1 (5 3 106 cells ml�1) were
fixed with 2% paraformaldehyde for 10 min on ice. The cells
were stained for CCR1, -2, -3, -4 and -5, as well as for c-kit,
mICAM-1 and NK-1, using the purified mAbs described
above. After Fc blocking, samples were incubated with the
appropriate secondary antibodies as described above. Cells
were mounted with DAKO Faramount mounting medium,
kept in the dark at 4�C and analyzed within 5 days. Samples
were examined using the 3100 oil immersion objective of
a Zeiss LSM 510 META fluorescence confocal microscope.
Samples labeled with Alexa 488 were visualized using an
argon laser with a 488 nm wavelength, whereas Alexa
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647-labeled samples were examined using a far-red laser
with a 633 nm wavelength. Z-plane optical sections were
obtained <0.46 lm apart, recorded at 512 3 512 pixels and
reconstructed into three-dimensional images using LSM
Image Browser.

Western blot analysis of BMMC expressing CCR1

Whole-cell lysates were prepared from BMMC, RBL-2H3 and
RBL-CCR1 cells using a lysis solution containing Tris buffer,
nonidet P-40, dithiothreitol and protease inhibitors at pH 7.4.
The lysates were centrifuged and the resulting supernatants
immediately purified using protein G immunoprecipitation.
Protein G beads (Sigma) were mixed with CCR1-specific
antibodies (2 lg 500 ll�1 total volume) and the soluble pro-
tein lysate. The CCR1 was then eluted using a protein G col-
umn (Sigma). The eluate was mixed with Laemmli buffer at
100�C for 2 min and then the proteins were separated by
PAGE and transferred to a polyvinylidene difluoride mem-
brane. After blocking with 0.5% non-fat dry milk (Bio-Rad,
Hercules, CA, USA), the membrane was probed with monoclo-
nal anti-hCCR1 (MAB145 clone 53504.111) or with polyclonal
anti-CCR1 (ab1681, Abcam, Cambridge, MA, USA) diluted
1:1000 into Tris-Tween buffered saline (TTBS)/0.1% Tween, at
4�C for 1 h. The membrane was washed three times in TTBS
and then incubated with a HRP-conjugated anti-mouse or
anti-rabbit secondary antibody. Immunoreactivity was visual-
ized by applying HRP ECL substrate (Pierce, Rockford, IL,
USA) and immediately exposing the membranes to x-ray film.

Reverse transcription–PCR analysis of mRNA expression

Resting and sensitized BMMC were stimulated for 30 min
with 10.0 ng ml�1 dinitrylphenyl human serum albumin
(DNP-HSA; Sigma) and/or various concentrations of
recombinant human MIP-1a (R&D Systems) in Tyrode’s
buffer (DMEM containing 0.1% BSA and 10 mM HEPES).
Total cellular RNA was extracted from 5 3 106 BMMC using
the RNeasy kit (Qiagen, Valencia, CA, USA), following the
manufacturer’s instructions. The real-time PCR reaction was
performed using Qiagen Quantitect SYBR Green reverse
transcription (RT)–PCR kit. The PCR, performed using an
Applied Biosystems 7500 real-time cycler, consisted of an
initial reverse transcription step for 20 min at 50�C, denatur-
ation for 15 min at 95�C and then 40 cycles of 94�C for 15
s, 58�C for 30 s and 72�C for 40 s. The PCR primers used
for CCR1 were 5#-aaggcccagaaacaaagtct-3# and 5#-
tctgtagttgtggggtaggc-3#; CCR3, 5#-aaggacttagcaaaatt-
cacca-3# and 5#-acaccagggagtacagtgga-3#; CCR5,
5#-cgttccccctacaagagact-3# and 5#-acccacaaaaccaaaga-
tga-3#; c-kit, 5#-agaaccttctgcactcaacg-3# and 5#-caaatcatc-
caggtccagag-3#; FceRIa, 5#-gatggtcactggaaggtctg-3# and
5#-ggtgattgttcccatagcag-3#; FceRIb, 5#-tgcagtgctgtttgttttgt-
3# and 5#-cgtcgtcttcggttacattc-3# and mFceRIc, 5#-tgctatgg-
gaacaatcacct-3# and 5#-gccaatcttgcgttacattc-3#. Expression
levels were normalized to that of 18srRNA (primers: 5#-attt-
gactcaacacgggaaa-3# and 5#-tcgctccaccaactaagaac-3#) for
each sample. All primers were chosen to recognize their re-
spective murine complementary DNA sequences. Expres-
sion levels were compared with those of unsensitized,
CCR1+ BMMC.

b-hexosaminidase assay

BMMC and RBL (1 3 106 cells ml�1) were cultured with or
without 100 ng ml�1 (BMMC) or 10 ng ml�1 (RBL/RBL-
CCR1) anti-DNP-IgE mAb (SPE7; Sigma) in 24-well plates
overnight. For CCR1 blocking, control antagonists met-
RANTES (1.25 lg ml�1, R&D systems) and BX471 (4 nM,
donated by Christopher Haskell from Bayer Healthcare Phar-
maceuticals) were added 5 min prior to stimulation. The cells
were stimulated for 30 min with 10.0 ng ml�1 DNP-HSA and/
or various concentrations of recombinant human MIP-1a in
Tyrode’s buffer. After stimulation, b-hexosaminidase activity
was measured by incubating the supernatants with p-nitro-
phenyl N-acetyl-b-D-glucosamide (Sigma) in 0.1 M sodium
citrate buffer (pH 4.5) for 60 min at 37�C. The reaction was
stopped by adding 0.2 M glycine buffer (pH 10.5). The re-
lease of 4-p-nitrophenol was detected by measuring absor-
bance at 405 nm. Total b-hexosaminidase activity was
determined by lysing the cells in Tyrode’s buffer containing
0.1% Triton.

Determination of intracellular Ca2+ levels

RBL-CCR1 cells and BMMC (7 weeks) were harvested and
re-suspended at 1 3 106 cells ml�1 in standard culture me-
dium with or without 10–100 ng ml�1 IgE. After overnight cul-
ture at 37�C, the cells were harvested, washed with HEPES
buffer saline and incubated with 1 lM Indo-1AM (Molecular
Probes) in the presence of 1 lM pluronic acid (Molecular
Probes) for 30 min at room temperature. The cells were than
washed and re-suspended in 1.5 ml HEPES buffer saline. In-
tracellular Ca2+ levels were measured with and without
stimulants using a fluorescence spectrometer (Digilab
Hitachi, F-2500) with an excitation wavelength of 355 nm
and an emission wavelength of 405 and 485 nm. CCR1
antagonists met-RANTES and BX471 were also used as de-
scribed above. Maximal and minimal fluorescence levels
were determined in the presence of 1% Triton X-100 and
100 mM EDTA. Intracellular Ca2+ concentrations were calcu-
lated using the formula [Ca2+] = Kd (F�F1min/F1max�F) (17).

Detection of cytokines and chemokines in cell supernatants

Cells in triplicate wells of a 24-well plate were cultured over-
night in the presence or absence of 100 ng ml�1 anti-DNP
IgE and then were further activated with antigen, MIP-1a or
both for 30 min at 37�C. Cell supernatants were collected
immediately in ice and maintained at �20�C. The murine
and rat cytokines and chemokines IL-1a, IL-1b, IL-2, IL-4,
IL-6, IL-10, IL-13, monocyte chemoattractant protein (MCP)-
1(mJE), MIP-1a, RANTES, tumor necrosis factor-a (TNF-a)
and transforming growth factor b (TGFb)-1 were detected in
the 0.3–2500 pg ml�1 range, with the analysis conducted by
Pierce Biotechnology, Inc. (Woburn, MA, USA). The results
were analyzed using a CCD Imaging system and Search-
Light Array Analyst Software, Pierce Biotechnology, Inc.

Statistical analysis

All data are expressed as the mean 6 SEM, and the com-
parisons between different treatments were analyzed for sta-
tistical significance by one-way analysis of variance with the
Tukey’s multiple comparison test using Graphpad Prism 5.
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Fig. 1. BMMC cultured in SCF and IL-3 display a mast cell phenotype. BMMC were isolated from femurs and tibias of 6-week-old BALB/c female
mice and cultured with mSCF and mIL-3 for 5 weeks. (A) BMMC sections 1.5 lm thick were stained with toluidine blue and examined using
a Zeiss Axioplan 2 light microscope at 3100 magnification, controlled with Zeiss Axiovision software for automatic signal acquisition. The scale
bar at the bottom corner represents 20 lm. (B) BMMC sections 80–90 nm thick were examined using a JEOL 100CXII transmission electron
microscope at 60 kV. The image shows typical mast cell morphology with a large eccentric nucleus surrounded with dense material concentrated
around the periphery. Several dense cytoplasmic granules are also visible. The scale bar represents 1.7 lm. (C) Flow cytometry was used to
examine surface expression of FceRIa and c-kit. The control peak (‘C’) is indicated for each antibody. Data are represented in log values
indicating mean fluorescent intensity (MFI). The data were analyzed using FACScan flow cytometry software. (D) Surface distribution of FceRIa
(green) and c-kit (red) was determined by immunostaining and confocal microscopy at 3100 magnification.
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Differences with P values <0.05 were considered to be
statistically significant.

Results

CCL3/MIP-1a plays a critical role in mast cell activity in vivo
(8) and enhances FceRI-mediated mast cell functions in
CCR1-expressing RBL cells in vitro (10). Since BMMC are
typically used to model mast cell activity, we sought to deter-
mine if CCR1 is expressed and functional on these cells.
We also wished to characterize the function of BMMC co-
stimulated with antigen and the CCR1 ligand MIP-1a. Since
mast cell phenotypes differ depending on their histological
sites and growth environments in vivo (18), we suspected
that culture conditions could play a critical role in CCR ex-
pression and functional characteristics of the BMMC. We
chose to culture the BMMC in IL-3 and SCF, as these factors
have been shown to stimulate mast cell production of che-
mokines and CCRs (11), and IL-3 has been shown to in-
crease macrophage CCR1 expression (19).

After culturing the BMMC with IL-3 and SCF for 4 weeks,
we analyzed typical histology, morphology and expression
of surface markers characteristic of the mast cell phenotype.
Mast cells were 98% pure after 4 weeks of culture in BMMC
medium supplemented with IL-3 and SCF, as evidenced by
positive toluidine blue staining (Fig. 1A). Analysis with elec-
tron microscopy demonstrated that the cells displayed typi-
cal mast cell microstructural details for the granules,
nucleus, cytoplasmic content, size and cytoplasmic mem-
brane (Fig. 1B). We next assessed cell surface expression
of mast cell markers. Consistent with a mast cell phenotype,
FceRI and c-kit were expressed at the cell surface, as
assessed by FACS analysis (Fig. 1C) and confocal micros-
copy (Fig. 1D).
Interestingly, CCR1 was expressed by some of the BMMC

cultured for 5 weeks, though the expression was heteroge-
nous (Fig. 2A, left panel). CCR1 expressed on BMMC at
6 weeks of culture formed a distinct peak on the flow cytom-
etry histogram, indicating that a large proportion of the
BMMC expressed this receptor (Fig. 2A, right panel). The

Fig. 2. BMMC cultured in IL-3 and SCF express CCR1 protein. (A) Flow cytometry was used to examine cell surface expression of CCR1 in
BMMC cultured for 5 weeks (left panel) and 6 weeks (right panel) in SCF and IL-3. The control peak (‘C’) is indicated for each antibody. Data are
represented in log values indicating mean fluorescent intensity (MFI). (B) Surface distribution of CCR1 was determined for RBL-CCR1 cells (left
panel) and BMMC cultured for 6 weeks in SCF and IL-3 (right panel), using immunofluorescence and confocal microscopy at 3100
magnification. (C) Western analysis was conducted using total cell lysates eluted from a protein G column and incubated with mAb and
polyclonal (pAb) antibody. The two anti-CCR1 antibodies were incubated with lysates from RBL-CCR1 cells, BMMC and human mast cells (HMC-
1). RBL-2H3 cells served as a negative control. With both antibodies the bands were observed at 58 kDa. The mAb is specific for human CCR1,
whereas the pAb is specific for human and murine CCR1.
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BMMC continued to express CCR1 over additional weeks of
culture, and this phenomenon was observed consistently
with three batches of BMMC isolated from different mice
grown during the same time period (data not shown). The
exact time point at which CCR1 expression commenced
was somewhat variable, but by 6 weeks, all BMMC batches
expressed CCR1. Protein expression was confirmed by con-
focal immunocytochemistry (Fig. 2B) and by immunoblotting
with two different antibodies (Fig. 2C). RBL-2H3 used as
a negative control was not fluorescent.
To further characterize the BMMC, we examined expres-

sion of a variety of molecules, related to co-stimulatory sig-
nal transduction. All batches of BMMC expressed both c-kit
and FceRI. Of the three FceRI subunits, FceRIc displayed
10-fold higher expression than FceRIa, as assessed by real-
time RT–PCR, and FceRIa expression was 2-fold higher than
that of FceRIb (Fig. 3). No significant difference was found
among subunits of a, b and c between resting and stimula-
tion for all conditions tested (data not shown). Of the three
batches of BMMC tested, CCR2, CCR4 and CCR5 were
each expressed by only one batch, with CCR5 being
expressed only at very low levels in that single culture, and
CCR3 was never observed (data not shown). CCR1 was
therefore the predominant CCR expressed by these BMMC.
Interestingly, the BMMC cultured for 6 weeks did express
both ICAM-1 and NK-1, as assessed by both flow cytometry
(Fig. 4A) and confocal immunofluorescence (Fig. 4B). This
is the first report of these molecules being expressed by
BMMC and may have impact on mast cell functions.

Since we are particularly interested in the effects of FceRI-
CCR1 co-stimulation on mast cell activity, we examined the
effects of BMMC stimulation on expression of cell surface
receptors. The BMMC were first sensitized by overnight ex-
posure to anti-DNP-IgE. Next, the cells were exposed to
MIP-1a, which stimulates CCR1, and/or DNP-HSA, which
cross-links and stimulates FceRI. Levels of CCR1 messenger
RNA (mRNA) were slightly, but not significantly, higher fol-
lowing stimulation with MIP-1a or DNP-HSA compared with

Fig. 3. FceRIc is the predominant FceRI subunit on BMMC cultured
with IL-3 and SCF. Triplicate samples were collected from unstimu-
lated cells. Real-time mRNA detection was performed using an
Applied Bioscience thermocycler 7500. Expression was quantified
using the Delta-delta CT calculation method and represented as fold
increase. Expression levels were normalized to that of 18srRNA. For
analysis of fold-change differences, everything was compared with
unsensitized CCR1 expression set as 1 as shown in Fig. 5,
***P < 0.0001.

Fig. 4. ICAM-1 and NK-1 are expressed at the surface of BMMC
cultured with IL-3 and SCF. (A) Flow cytometry was used to examine
cell surface expression of ICAM-1 (left panel) and NK-1 (right panel)
in BMMC cultured for 6 weeks in SCF and IL-3. The control peak (‘C’)
is indicated for each antibody. Data are represented in log values
indicating mean fluorescent intensity (MFI). (B) Surface distribution of
ICAM-1 (left panel) and NK-1 (right panel) was determined for BMMC
cultured for 6 weeks in SCF and IL-3, using immunofluorescence and
confocal microscopy at 3100 magnification.

Fig. 5. CCR1 mRNA is expressed by BMMC, and the levels vary with
stimulation; CCR3 mRNA is not expressed by the BMMC under any
stimulation conditions. Triplicate samples were collected from
unstimulated cells or from cells stimulated for 30 min at 37�C. Real-
time mRNA detection was performed using an Applied Bioscience
thermocycler 7500. Expression was quantified using the Delta-delta
CT calculation method and represented as fold increase. Expression
levels were normalized to that of 18srRNA. For analysis of fold-change
differences, CCR1 expression on unsensitized BMMC was set as one.
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resting or sensitized, unstimulated conditions (Fig. 5). CCR3
expression remained negligible for all stimulation conditions
tested (Fig. 5). Levels of c-kit mRNA were not significantly
different in any of the stimulation conditions (data not
shown).
To examine the functionality of the CCR1 expressed on our

BMMC, we examined cell degranulation and increase in
Ca2+ influx following activation of FceRI, CCR1 or both. In
the histamine release assay, co-stimulation of FceRI and
CCR1 caused a significant increase in BMMC b-hexosamini-
dase release, to 85% activity compared with the 54% activity
observed with FceRI stimulation alone (P < 0.0001; Fig. 6B).
These results were comparable to those observed for RBL-

CCR1 cells (Fig. 6A). Interestingly, MIP-1a alone caused only
a small amount of histamine release in BMMC (16% b-hexos-
aminidase activity, Fig. 6B), whereas the MIP-1a response
was much stronger with RBL-CCR1 cells (61% activity;
Fig. 6A). The error bars are too small to visualize.
A similar pattern was observed for calcium influx. BMMC

displayed a significant increase in calcium influx when co-
stimulated (223 nM with co-stimulation versus 183 nM with
FceRI activation, P < 0.05; Fig. 6D), a degree of influx com-
parable to that observed for RBL-CCR1 cells (Fig. 6C).
Again, MIP-1a alone caused a response with the RBL-CCR1
cells (Fig. 6C) but not the BMMC (Fig. 6D). CCR1 blocking
experiments using antagonists BX471 and met-RANTES

Fig. 6. Mast cell stimulation is highest upon co-stimulation of FceRI and CCR1 as assessed by functional assays. Percent b-hexosaminidase
release was increased in (A) RBL-CCR1 cells and (B) BMMC following DNP-HSA cross-linking of FceRI and/or stimulation of CCR1 with MIP-1a
for 30 min at 37�C. Degranulation was greatest when cells were co-stimulated with both ligands. Assays were performed twice independently,
with conditions tested in triplicate using 40 000 BMMC (6 weeks old) per well. Data from one typical experiment are shown, ***P < 0.0001. To
assess calcium mobilization, intact RBL-CCR1 cells (C) and 7-week BMMC (D) were sensitized with 10 ng ml�1 or 100 ng ml�1 anti-DNP IgE
(SPE-7), loaded with Indo 1-AM, and stimulated with antigen (10 ng ml�1 DNP-HSA) and/or MIP-1a (50 ng ml�1). The intracellular rise in calcium
was immediately observed from 0 s to 5 min. Traces are representative of two independent experiments.
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further confirmed CCR1-mediated functions as shown in
Table 1.
These results clearly show that CCR1 and FceRI coopera-

tively mediate optimal degranulation. As a final measure of
CCR1 activity in our cultured BMMC, we examined the ex-
pression of chemokines and cytokines in response to co-
stimulation of CCR1 and FceRI, compared with stimulation
of FceRI alone. IL-6, JE/MCP-1, IL-13, TNF-a and TGFb-1
were all secreted by co-stimulated BMMC at significantly
higher levels than by BMMC in which FceRI alone was stimu-
lated (Fig. 7B). The error bars are too small to be observed.
Only the significant difference between cross-linking
and co-stimulation is shown in results. A similar panel of rat
specific cytokines and chemokines was observed for
RBL-CCR1 cells (Fig. 7A).

Discussion

Growth and function of mast cells depends on cytokines and
growth factors in the external environment. If mast cells
arrive at tissue sites containing SCF (e.g. conjunctiva, brain
or some other parts of the nervous system) and other essen-
tial cytokines (e.g. IL-3, IL-4), the cells may attach and prolif-
erate (20). Subsequent secretion of MCP-1, TNF-a, IL-6 and
other growth factors, together with increased expression of
ICAM-1 and NK-1, may regulate the trafficking of immuno-
regulatory cells at the site of inflammation. CCR1 function
clearly contributes to mast cell activity, and BMMC cultured
in IL-3 and SCF may allow better analysis of mast cell
function.
Human mast cells, basophils and macrophages have

been shown to express CCR1, both as mRNA transcripts
and as cell surface protein (12, 21). In murine mast cells,
CCR1 mRNA has been detected by RT–PCR and by in situ
hybridization (11, 12, 22–24). Researchers have yet to dem-

onstrate in vitro surface expression and function of CCR1 in
murine mast cells using flow cytometry or immunoblotting.
Here, we report for the first time that BMMC display surface
expression of CCR1 and that this receptor is functional.
Given that the previous analyses of CCR1 protein expression
used different mouse strains, SCF sources, durations of cul-
ture and detecting antibodies, it is not surprising that differ-
ences in protein expression might be observed.
One limitation to the study of murine CCR1 expression is

the lack of an antibody specific to mouse CCR1. For this
reason, we used a mAb to human CCR1 and compared it
with a rabbit polyclonal antibody known to recognize both
human and mouse CCR1. Murine CCR1 was detected at 58
kDa (Fig. 1C), very similar in size to human CCR1 (25). DeV-
ries et al. (26), conducting whole genome analysis for CCRs
between species, demonstrated that the human and mouse
genome sequences for CCR1 are 80% homologous. This
similarity between the mouse and human sequences indi-
cates that studies of mouse CCR1 may model function of
this receptor in humans. CCR1 may participate in the patho-
genesis of diseases such as multiple sclerosis, psoriasis,
rheumatoid arthritis, cancer, transplant rejection and kidney
disease (27), and in most of these diseases, murine models
are used for research. Our discovery that appropriately cul-
tured murine mast cells express functional CCR1 may
greatly facilitate research into mast cell contributions to
these diseases.
The expression of ICAM-1 and NK-1 in our BMMC cultures

is particularly interesting given the roles for these proteins in
mast cell activity in vitro and in vivo. ICAM-1 is expressed
by human mast cells (16), and mast cell accumulation at
sites of inflammation is reduced in ICAM-1-deficient mice
(28). IL-4/TNF-a is known to up-regulate ICAM-1 expression
(29) and may promote ICAM-1 expression on our BMMC.
IL-4 secretion was detected in our cultures of unsensitized

Table 1. Peak Ca2+ mobilization and % b-hexosaminidase release after CCR1 blocking

Cells/treatment Without antagonist CCR1 antagonist BX471
(4nM)

CCR1/CCR5 antagonist met-RANTES
(1.25 lg/ml)

Ca+2 influx
(nM)

% b-
Hexosaminidase

Ca+2 influx
(nM)

% b-
Hexosaminidase

Ca+2 influx
(nM)

% b-
Hexosaminidase

RBL-CCR1
Unsen NDa 7.32 1.214 8.24 ND 3.23
UnsenMIP 243.21 6 3.341 56.74 12.432 6 3.647 9.62 3.058 6 1.122 4.14
Sen ND 6.4 2.67 6.4 ND 4.34
SenMIP 267.56 6 13.321 44.22 12.0 6 2.071 12.78 9.408 6 3.126 4.66
Cross-linked 251.506 6 4.451 28.67 127.183 6 7.647 20.91 250.762 6 6.671 17.32
Co-stimulation 316.0 6 4.265 93.14 48.214 6 7.013 53.53 154.0 6 5.906 15.48

BMMC
Unsen ND 6.13 ND 7.12 ND 4.0
UnsenMIP ND 16.54 ND 6.38 ND 4.25
Sen ND 8.98 ND 9.10 ND 3.43
SenMIP ND 13.41 ND 8.34 ND 3.67
Cross-linked 142.950 6 6.413 40.07 132.209 6 6.383 40.34 141.693 6 2.338 13.33
Co-stimulation 215.682 6 8.277 83.12 14.124 6 15.210 31.10 169.491 6 7.208 16.16

RBL-CCR1 and BMMC expressing constitutive and endogenous CCR1, respectively, were sensitized overnight with IgE and challenged with
MIP1a or DNP-HSA or both and also in presence of CCR1 antagonists. Peak intracellular Ca2+ mobilization was determined. Also, degranulation
was determined and % b-hexosaminidase release was determined after 30 min challenge. Data are the means 6 SE of three different
experiments.
aNot detected.
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BMMC (Fig. 6B). NK-1 does not participate in adhesion but
is an important communication molecule. Mast cell
responses to neurite activation are directly correlated with
NK-1 receptor expression in mice (30). The exact functions
for this molecule on mast cells are poorly understood; ex-
pression of NK-1 by BMMC cultured in SCF and IL-3 may
therefore facilitate study of nerve–mast cell communication.
Although others have observed CCR3 expression by mast

cells (5, 31), we observed neither mRNA nor protein expres-
sion of this receptor in our BMMC. CCR3 expression may
be suppressed by the IL-3 in the culture medium or, more
likely, by TGFb. The Tyrode’s buffer used for the functional
assays contains 0.1% BSA, and animal serum may contain
TGFb. Even after subtracting the value of buffer with 0.1%
BSA from all final readings, significant TGFb-1 secretion
was observed under all stimulation conditions in BMMC
(Fig. 4C). Sallusto et al. (32) demonstrated that TGFb inhibits

T cell expression of CCR2, -3 and -5. Interestingly, our
BMMC were also negative for CCR2, -3 and -5.
We examined expression levels of the a, b and c subunits of

FceRI, as the relative subunit levels can promote specific mast
cell activities. Since the c subunit predominated on the BMMC,
FceRIc signaling may be actively involved in regulating cellular
functions. Indeed, Yamasaki et al. (33) demonstrated that
high expression of FceRIc during maturation and differentia-
tion plays a role in mast cell degranulation, survival and sig-
nal transduction. Phosphorylation of FceRc may also amplify
FceRI cross-linking on mast cells (34). The increase in de-
granulation that we observe upon FceRI cross-linking may
therefore be due to higher expression of FceRIc.
In our functional tests for degranulation and calcium influx,

MIP-1a alone did not stimulate b-hexosaminidase release or in-
tracellular calcium influx. Cells that constitutively express
CCR1, where transactivation of FceRI is not required for

Fig. 7. Stimulated BMMC release numerous cytokines and chemokines. Cytokine/chemokine secretion was analyzed for (A) RBL-CCR1 cells and
(B) 6 weeks-cultured BMMC. Each condition was tested using 40 000 cells in triplicate wells, overnight sensitized and/or stimulated with the
appropriate ligands for 30 min at 37�C. Supernatants were collected and stored/transported immediately at �20�C until analyzed. Five
independent experiments were conducted. Of these, three randomly selected experiments were compared for statistical analysis. Error bars
represent SEM, and statistically significant differences were identified using analysis of variance, *P < 0.05. Only the samples showing
significant differences compared with co-stimulation are marked.
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generating CCR1-specific signals, may therefore have differ-
ent responses to MIP-1a than do the BMMC with endogenous
CCR1 expression, in which transactivation of FceRI is required
for generating CCR1-specific signals. Others, too, have found
that chemokines can induce migration rather than degranula-
tion in murine BMMC (31, 35, 36). Hartmann et al. (37) did
not observe increased cytosolic calcium levels following
MIP-1a stimulation of HMC-1 CCR1+ mast cells, but HMC-1
lack FceRI signaling. When the FceRI pathway is active,
CCR1 functions as a co-stimulatory molecule and intracellular
Ca2+ enhancement is observed. Interestingly, Alam et al. (38)
demonstrated that the response of mouse mast cells to
MIP-1a was species dependent. MIP-1a did not induce hista-
mine release in BALB/c-derived mast cells, yet a small but sig-
nificant histamine release was observed for mast cells obtained
from DBA/2 mice. These results are consistent with those of our
study, as our BMMC were isolated from BALB/c mice.
Also, BX471 blocking (Table 1) resulted in low calcium in-

flux upon co-stimulation than cross-linking. This may imply
the cell toxicity; however, the cell viability (trypan blue exclu-
sion) or growth (counting cells at 10 and 30 min) assays af-
ter CCR1 blocking with antagonists showed no difference in
different conditions (data not shown). Thus, it would be ap-
propriate to hypothesize that a certain level of signaling from
CCR1 is important for cell activation.
In our analysis of secreted levels for 20 cytokines and

chemokines, we found that IL-6, IL-13, JE/MCP-1, TNF-a
and TGFb were secreted by BMMC at significantly higher
levels after co-stimulation of FceRI and CCR1, compared
with stimulation of FceRI alone (Fig. 7B). This is the first anal-
ysis of chemokines and cytokines secreted following FceRI–
CCR1 co-stimulation. We did not look at MIP-1a treatment
alone in some tests, as this factor did not cause degranula-
tion of BMMC when applied in the absence of antigen. Our
observation of IL-6 and TNF-a up-regulation in cross-linked
(FceRI-stimulated) BMMC samples compared with unstimu-
lated controls is consistent with previously reported results
(39,40). TGFb-1, whose secretion was enhanced following
co-stimulation or cross-linking in this study, is known to con-
tribute to allergic responses. TGFb-1 regulates the expres-
sion of MCP-1 and plays a significant role in the effector
phase of conjunctivitis by attenuating eosinophil infiltration
(41,42). Further analysis of the function of these factors may
help to define the role of secreted chemokines and
cytokines in driving mast cell differentiation, survival and
ability to recruit neutrophils and other inflammatory cells.
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CCR chemokine receptor
DMEM Dulbecco’s modified Eagle’s medium
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ICAM-1 intracellular adhesion molecule-1
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MIP-1a macrophage inflammatory protein-1a
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RT reverse transcription
SCF stem cell factor
TGFb transforming growth factor b
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