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ABSTRACT

The leukocyte infiltrate of human and murine epithelial cancers is
regulated by chemokine production in the tumor microenvironment. In
this article, we tested the hypothesis that chemokine receptor antagonists
may have anticancer activity by inhibiting this infiltrate. We first char-
acterized CC chemokines, chemokine receptors, and the leukocyte infil-
trate in the 410.4 murine model of breast cancer. We found that CCL5
(RANTES) was produced by the tumor cells, and its receptors, CCR1 and
CCR5, were expressed by the leukocyte infiltrate. As Met-CCL5 is an
antagonist of CCR1 and CCR5 with activity in models of inflammatory
disease, we tested its activity against 410.4 tumors. After 5 weeks of daily
treatment with Met-CCL5, the volume and weight of 410.4 tumors was
significantly decreased compared with control-treated tumors. Met-CCL5
was also active against established tumors. The total cell number obtained
after collagenase digestion was decreased in Met-CCL5-treated tumors as
was the proportion of infiltrating macrophages. Furthermore, chemokine
antagonist treatment increased stromal development and necrosis. Our
results provide direct evidence that macrophages contribute to tumor
development and are the first indication that chemokine receptor antag-
onists may provide novel strategies in cancer prevention and treatment.

INTRODUCTION

Human and murine epithelial cancers contain a leukocyte infiltrate
(1, 2) and express a complex network of cytokines and chemokines
(3). Leukocytes attracted into the tumor microenvironment by che-
mokines secrete cytokines, growth factors, angiogenic factors, and
proteases. Hence, tumor associated leukocytes are just as likely to
contribute to growth and spread of the malignancy than to a host
antitumor response (1, 4, 5).

In human cancer, CC chemokines are the major determinants of
macrophage and lymphocyte infiltration in carcinomas of the breast,
ovary and cervix, and in sarcomas and gliomas (reviewed in Refs. 1,
6, 7). In breast cancer, for instance, epithelial tumor cells produce
CCL5 (RANTES), and this expression correlates with disease pro-
gression (8). Human breast cancer cell-derived CCL5 promotes
macrophage migration to tumor sites and matrix metalloproteinase-9
production by the tumor-associated macrophages (9, 10).

We have found that a transplantable model of breast cancer, 410.4,
also produces high levels of CCL5. 410.4 murine breast carcinoma
cells produced this chemokine in vitro, and when grown in BALB/c
mice, 410.4 tumors developed an infiltrate of macrophages, CD8
lymphocytes, and neutrophils. These infiltrating cells expressed
CCR1 and CCR5, the two major receptors for CCL5.

To obtain direct evidence for a tumor-promoting role of chemo-
kines and tumor-infiltrating leukocytes, we studied the action of an
antagonist of CCR1 and CCR5, Met-CCL5, in the 410.4 model. We
show here, for the first time, that a chemokine receptor antagonist can
slow tumor growth and reduce the macrophage infiltrate. We suggest

that chemokine receptor antagonists may provide novel strategies in
cancer treatment by modulating the relationship between host and
tumor cells.

MATERIALS AND METHODS

In Vitro Culture of 410.4 Cells. 410.4 mammary carcinoma cells were
grown in DMEM (Life Technologies, Inc.) supplemented with 10% FCS
(Autogen Bioclear, Calne, United Kingdom) in endotoxin-free conditions in a
humidified atmosphere at 37°C (5% CO2). For growth of 410.4 cells in mice,
cells were trypsinized and washed twice in DMEM/10% FCS and suspended
at 1 � 107 cells/ml. For in vitro experiments, 410.4 cells were trypsinized and
washed twice with DMEM/10% FCS. A total of 5 � 105 cells/well was plated,
left overnight, washed twice with serum-free DMEM, and then cultured in
DMEM for the times indicated in the experiments.

Growth of Tumors in Mice and Treatment with Met-CCL5. Female
BALB/c mice from the Special Pathogen-Free Unit, Clare Hall Laboratories
(South Mimms, United Kingdom), 6–8 weeks of age were used in all exper-
iments. The mice were housed in sterile individually ventilated cages at 20°C.
All individually ventilated cage supplies were sterilized and autoclaved before
entering the cage. Female BALB/c mice received injections of 410.4 cells
(1 � 106 total cells) into the right flank. The growth of the 410.4 mammary
tumor was evaluated by measuring the tumor every other day. Mice were killed
if the tumors grew beyond an area of 1.44 cm2. Met-CCL5 was purified as
previously described (11, 12) and was prepared at 100 �g/ml in 3 mg/ml
mouse serum albumin (MSA; Sigma) made in sterile endotoxin-free PBS.
Mice were injected with 0.1 ml (10 �g) i.p. every day for the duration of the
treatment regime. Control mice received injections of 3 mg/ml mouse serum
albumin.

Preparation of RNA from Cells and Tumor Tissue. For 410.4 cells,
FACS3-sorted cells, and frozen tumor tissue, RNA was extracted using solu-
tion D as described previously (13). RNA was DNase treated with 10 units of
DNase (Pharmacia Biotech, Milton Keynes, United Kingdom) following man-
ufacturer’s instructions.

Real-Time RT-PCR. DNase treated RNA (2 �g) was reverse transcribed
with Moloney murine leukemia virus reverse transcriptase (Promega,
Southampton, United Kingdom) according to manufacturer’s instructions and
diluted to 100 �l with nucleotide-free water. Multiplex real-time analysis was
performed using either CCR1 or CCR5 (FAM) and 18 s rRNA (VIC)-specific
primers and probes with the ABI Prism 7700 Sequence Detection System
instrument and software (PE Applied Biosystems, Warrington, United King-
dom). Primers and probe for mouse CCR1 (NM_009912) and CCR5
(NM_009917) were designed using Primer Express 1.5a (PE Applied Biosys-
tems) from sequences submitted to GenBank. The sequences and concentra-
tions of primers and probe are as follows: CCR1, forward, 5�-AGGCCCAGT-
GGGAGTTCAC-3�, (300 nM); reverse, 5�-TCCACTGCTTCAGGCTCTTGT-
3�, (300 nM); probe, 5�-CACCGTACCTGTAGCCCTCATTTCCCC-3�, (200
nM); CCR5, forward, 5�-AGGCCATGCAGGCAACAG-3�, (300 nM); reverse,
5�-TCTCTCCAACAAAGGCATAGATGA-3�, (300 nM); and probe, 5�-
CTCTTGGAATGACACACTGCTGCCTAAACC-3�, (200 nM).

PCR was carried out with the TaqMan Universal PCR Master Mix (PE
Applied Biosystems) using 2 �l of cDNA in a 25-�l final reaction volume. The
cycling conditions were an incubation at 50°C for 2 min, followed by 10 min
at 95°C and 40 cycles of 15 s at 95°C, and 1 min at 60°C. Experiments were
performed in triplicate for each sample. CCR1 or CCR5 were normalized
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(�Ct) to 18 s rRNA by subtracting the cycle threshold (Ct) value of 18 s rRNA
from the Ct value of CCR1 or CCR5.

RPA Analysis of Chemokines or Chemokine Receptors. RPA analysis
of chemokines (mCK-5) or chemokine receptors (mCR-5) was performed
using Riboquant RPA kits (PharMingen) according to the manufacturer’s
instructions. One change was made to the protocol, and (�35S) UTP (Amer-
sham International plc.) was used instead of (�32P). The protected fragments
were run on an acrylamide-urea sequencing gel (Bio-Rad), which was then
absorbed onto filter paper and dried under vacuum. The gel was exposed to
Kodak Biomax MS film with a Transcreen LE intensifying screen (Sigma).

Preparation of Protein from Tumors. Whole protein extracts from tu-
mors were prepared by homogenizing the tumor in 1 ml of PBS/TDS [PBS
containing Triton X-100 (1%v/v), sodium deoxycholate (12 mM), SDS (3.5
mM), leupeptin (1 nM), pepstatin (1.5 nM), and phenylmethanesulfonyl fluoride
(0.2 mM; all chemicals from Sigma)]. Samples were incubated on ice for 10
min. Debris was pelleted by centrifugation at 10,000 � g for 10 min. The
supernatant was transferred to a fresh tube and the protein concentration
determined using BCA protein assay (Sigma) and standard BSA concentra-
tions (Sigma). The absorbance at 570 nm was measured by a Opsys MR plate
reader (Dynex Technologies).

ELISA. Quantikine ELISA kits (R&D Systems, Abingdon, United King-
dom) were used. The manufacturer’s instructions were followed always. The
sensitivity of the assays was as follows: murine MIP-2 (CXCL2), 1.5 pg/ml;
and murine RANTES, 2.0 pg/ml. For all ELISAs, the absorbance at 450 nm
was measured and corrected at 570 nm in a plate reader (Opsys MR; Dynex
Technologies).

FACS Analysis of Cells in the Tumors. Freshly excised tumors from
BALB/c mice were incubated with 3 ml of digestion buffer [RPMI 1640, 5%
FCS (Life Technologies, Inc.), 5 mg/ml collagenase D (Boehringer Mann-
heim), and 0.15 mg/ml DNase (Pharmacia Biotech)]. Tumors were minced
with a scalpel and incubated at 37°C for 40 min. Single-cell suspensions were
made by passing the digested tumor pieces through a 19-g and 23-g needle and
then through a cell strainer. Cells were pelleted at 1500 rpm and then resus-
pended in 1 ml of FACS buffer [PBS supplemented with 0.1% BSA, 0.01%
NaN3 (all from Sigma)]. Cell number and viability was assessed using a
modified Neubauer (Graticules Ltd.) and trypan blue, respectively; cells were
adjusted to 50–100 � 105 cells/ml, depending on total cell number. Cells
isolated from tumors and suspended in FACS buffer were blocked with
antimouse CD16/32 FcBlock (BD PharMingen) for 30 min on ice. Cells were
then incubated with an appropriate primary antibody or an isotype-matched
antibody for 30 min on ice, cells were pelleted and washed twice, then
resuspended in FACS buffer. Antibodies used were CD4-FITC (H129.19),
CD8b.2-PE (53-5.8), CD19-PE (1D3), Gr-1-FITC (RB6-8C5), NK1.1-PE
(PK136; all from BD PharMingen) and F4/80-FITC (Serotec). Cells were
analyzed on a FACScan flow cytometer using Cellquest software (Becton
Dickinson). For three-way cell sorting using the MoFlo (DakoCytomation),
CD8b.2-PE, Gr-1-APC (BD PharMingen), and F4/80-FITC (Serotec) were
used to isolate all three cell populations from the same cell pool recovered.

Immunohistochemistry and Quantitative Microscopy. The goat anti-
mouse CCL5 antibody (AF478) was used at 25 �g/ml and was purchased from
R&D Systems; the rat antimouse F4/80 antibody (MCA497R) was used at a
1:200 dilution and was from Serotec (Oxon, United Kingdom). The rat anti-
mouse CCR5 (MC-68) was a kind gift from Matthias Mack (14). Both CCL5
and F4/80 were detected in paraffin-embedded sections with either pressure
cooker antigen retrieval (CCL5) or trypsin digestion (F4/80). Mouse CCR5
was detected on cryostat sections. Sections were incubated with the appropriate
dilution of primary antibody followed by a secondary biotinylated antibody
and streptavidin-HRP (using either Vectastain Elite ABC goat or rat IgG kits;
Vector Labs). Controls were performed using either the secondary antibody
alone, diluted serum from the species of the primary antibody, or isotype-
matched antibodies. The immune complexes were visualized using 3,3�-
diaminobenzidine substrate kit (Vector Labs). Area counts were carried out
using a modified Chalkley array (Graticules Ltd). The modified Chalkley array
consists of 25 randomly arranged points; the proportion of points coincident
with any tissue component is proportional to its area and volume fractions,
which was inserted into one eyepiece of the Nikon Labophot II microscope
(Nikon). Three components within the tumors were assessed: tumor cell
islands; stroma; and areas of necrosis. Areas of necrosis were defined as having
cell debris or apoptotic bodies. For each section, nine areas were assessed with

the modified Chalkley point arranged in a 3 � 3-pattern to give a total area of
2.3 mm2.

Statistical Analysis. For comparisons between control and treated tumor
volumes, the AUC for each individual tumor was calculated using GraphPad
Prism software. Statistical significance between control and treated AUC was
calculated using the nonparametric Mann-Whitney U test. For comparisons
between control and treated tumors weights and also with Chalkley point
analysis, the Mann-Whitney U test was also used.

RESULTS

410.4 Breast Cancer Cells Produce CCL5 in Vitro. Because the
expression of specific chemokines has been correlated with disease
progression in human breast cancer (9), we characterized chemokine
expression in murine 410.4 breast carcinoma cells. RNA was isolated
from 410.4 cells in vitro and analyzed for a subset of chemokines
using RPA that measured six CC, two CXC, and one C chemokines.

As shown in Fig. 1A, 410.4 cells only expressed mRNA for the CC
chemokine CCL5 and the CXC chemokine CXCL2 (MIP-2). CCL5
and CXCL2 protein secretion by 410.4 cells in vitro was confirmed by
ELISA. CCL5 protein could be measured after 2 h, and at 24 h, 35
pg/ml was detected (Fig. 1B). Similarly, CXCL2 protein was secreted
with 65 pg/ml measured in the medium at 24 h (data not shown).

410.4 Tumors Develop a Chemokine Network in Vivo. 410.4
cells develop as a solid tumor in BALB/c mice when injected s.c. (15).
To investigate the chemokine profile of the 410.4 in vivo, tumors were
removed at weekly intervals after 410.4 cell injection. In agreement
with the in vitro observations, CCL5 and CXCL2 mRNA were ex-
pressed at all stages of tumor growth (Fig. 2A). In addition, mRNA for
CCL2 (MCP-1) was also expressed at weeks 1–4 of tumor growth.

Several other chemokines were detected as the tumor developed in
vivo. CCL3 (MIP-1�), CCL4 (MIP-1�), and CCL11 (Eotaxin) were
expressed at weeks 3 and 4 (Fig. 2A).

As CCL5 mRNA was expressed in vitro and in vivo, we measured
the level of CCL5 protein in 410.4 tumors. CCL5 protein was present
at 3, 4, and 5 weeks after tumor cell injection (Fig. 2B). The level of
CCL5 protein was similar at each time point with a range of 600-1200
pg/mg total protein (Fig. 2B). To confirm the identity of CCL5-
producing cells, tumors were collected at 5 weeks, and paraffin

Fig. 1. 410.4 cells express and secrete CCL5 and CXCL2. A, RNA extracted from
410.4 cells grown in vitro was analyzed by RPA for chemokines; 410.4 cells expressed
CCL5 and CXCL2. Lanes a and b are 410.4 mRNA, Lane c is the probe set. B, 410.4 cells
were grown in vitro and cell-free supernatant was collected at time points indicated. CCL5
protein concentration was determined by ELISA.
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sections were analyzed using immunohistochemistry with an anti-
CCL5 antibody. The majority of CCL5 positive cells were epithelial
410.4 cells [Fig. 2C(a)].

Measurement of Chemokine Receptor Expression in Vitro and
in Vivo. To determine which chemokine receptors were present in the
410.4 tumor, we analyzed mRNA from tumors removed at weekly
intervals. Chemokine receptor expression was determined by RPA.
Three CC chemokine receptors were detected at all stages of tumor
growth; CCR1 and CCR5 were expressed and are receptors that bind
CCL5 (Fig. 3A). The other chemokine receptor CCR2, which binds
CCL2, was also detected during tumor development (Fig. 3A). Che-
mokine receptors can also be expressed by tumor cells (16, 17);
however, the 410.4 cell line did not express any CC chemokine
receptors in vitro (Fig. 3A).

The Leukocyte Infiltrate of 410.4 Tumors. Chemokines secreted
by tumors correlate with the type and extent of leukocyte infiltrate (7).
The leukocyte infiltrate in the 410.4 tumor was assessed using colla-
genase D-digested tumors, which were taken at weekly intervals, and
the various cell populations were analyzed by FACS.

As shown in Fig. 3B, a leukocyte infiltrate was present in the
tumors. Three cell populations were present in the tumors at weeks
1–5, CD8� lymphocytes, F4/80� macrophages, and Gr-1� neutro-
phils (Fig. 3B). The cell number for all three leukocyte subsets increased
with each week of tumor growth. NK1.1� NK/NKT cells and CD19� B
cells were only detected at weeks 1 and 2 (Fig. 3B). CD4� lymphocytes
were not present in the tumors at any time point (Fig. 3B).

CCR1 and CCR5 Chemokine Receptors Are Expressed by the
Tumor Leukocyte Infiltrate. To determine whether CD8�, F4/80�,
and Gr-1� leukocyte subsets expressed the CCL5 receptors CCR1 and
CCR5, tumors were disaggregated, cells isolated by FACS sorting,
and RNA was extracted. Expression of the CCL5 receptors CCR1 and
CCR5 was investigated using real-time RT-PCR. All three popula-
tions of infiltrating leukocytes expressed both CCR1 and CCR5 (Fig.
3C). As the tumor cells did not express CCR1 or CCR5 in vitro, we
concluded that the majority of CCR1 and CCR5 mRNA detected in
tumor extracts was derived from the infiltrating cells.

To determine whether neoplastic cells expressed CCR5 in vivo, cryo-
stat sections from tumors were stained for CCL5 using immunohisto-
chemistry. CCR5 was detected on infiltrating cells. However, we could
not detect this receptor on neoplastic cells in any sections tested (Fig. 3D).

A CCR1/5 Antagonist Slows 410.4 Tumor Growth in Vivo.
Because 410.4 cells produced CCL5 and tumor-infiltrating leukocytes
expressed CCR1 and CCR5, we studied the action of an antagonist
against these receptors in vivo.

Met-CCL5 is a well-characterized antagonist for CCR1 and CCR5
and has therapeutic activity in murine models of inflammation (11,
12). In four separate experiments, mice were treated with a daily i.p.
injection of control diluent or Met-CCL5 after tumor cell injection.
Tumor volume was measured at regular intervals. The dose and
schedule of Met-CCL5 was determined by activity of this compound
in models of multiple sclerosis and renal transplant rejection (18, 19).

Treatment of the 410.4 tumor with Met-CCL5 significantly slowed
tumor growth (Fig. 4A). The AUC, calculated for the tumor volume of
each individual mouse, was significantly reduced in Met-CCL5 (1.7533)-
treated mice compared with control (3.0749, P � 0.001, Fig. 4B).

Tumors were also excised and weighed after 5 weeks of growth;
tumor weights were significantly different (median control versus
Met-CCL5, 166 and 71 mg, respectively, P � 0.03; Fig. 4C). In a
subsequent experiment, mice were treated with Met-CCL5 after the
tumor had been growing in vivo for 14 days. This regime also resulted
in a significant decrease in tumor weight (median control versus
Met-CCL5, 166 and 68 mg, respectively, P � 0.01; Fig. 4D). On
macroscopic examination, Met-CCL5-treated tumors were smaller
and considerably paler than control tumors (Fig. 4E).

In addition, treatment of 410.4 cells with Met-CCL5 in vitro had no
effect on cell growth when doses from 1 to 100 �g/ml were tested
(data not shown). This suggests that treatment with Met-CCL5 did not
directly inhibit 410.4 cell proliferation in vivo.

Met-CCL5 Inhibits Leukocyte Infiltration into the 410.4 Tu-
mor. To determine whether Met-CCL5 treatment decreased leuko-
cyte infiltration, the proportion of infiltrating leukocytes was deter-
mined by FACS analysis in disaggregated tumors at 4 weeks of tumor
growth. In Met-CCL5-treated tumors, the percentage of F4/80�

macrophages was significantly decreased from 17.91 to 9.6%
(P � 0.04, Table 1). F4/80� macrophages were also analyzed by
immunohistochemistry. F4/80� macrophages were present around the
periphery of both control and Met-CCL5-treated tumors (Fig. 5, C and
D, respectively). However, Met-CCL5 appeared to prevent macro-
phage migration into the central tumor areas compared with control
(Fig. 5, B and A, respectively). There was also a small increase in the
percentage of CD8� lymphocytes in Met-CCL5-treated tumors com-

Fig. 2. Chemokine profile of 410.4 tumor in
vivo. A, RNA extracted from 410.4 tumors was
analyzed by RPA for chemokines. B, protein was
extracted from tumors and CCL5 protein measured
by ELISA. C, 410.4 tumors at 5 weeks were stained
for CCL5 protein by immunohistochemistry (a)
CCL5 staining (b) negative control, secondary an-
tibody alone (c) negative control, goat serum.
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pared with control tumors (19.61% compared with 16.63%, P � 0.02;
Table 1). Numbers of Gr-1� neutrophils were not significantly dif-
ferent in control and Met-CCL5 tumors. The total number of cells
from Met-CCL5-treated tumors (11.29 � 3.39 � 106 cells/tumor) was
also significantly decreased compared with control tumors
(27.48 � 2.06 � 106 cells/tumor, P � 0.02; data not shown).

Met-CCL5 Reduces Tumor Cell Islands and Increases Necrosis.
H&E sections from control and Met-CCL5-treated tumors were
scored for areas of tumor cell islands, stroma, and necrosis using a
25-point modified Chalkley point array (20). The percentage of the
area occupied by tumor cell islands, stroma, and necrosis was calcu-
lated. In Met-CCL5-treated tumors, there was a significant decrease in
the area occupied by tumor cell islands when compared with control
treated tumors (47.00% compared with 56.35%, respectively,
P � 0.002; Table 2). The areas occupied by stromal cells and necrosis
were increased in Met-CCL5-treated tumors compared with control

tumors. Considered together, there was a significant increase in stro-
mal and necrotic regions in Met-CCL5-treated tumors compared with
control tumors (52.94% compared with 43.65%, respectively,
P � 0.002; Table 2).

DISCUSSION

To our knowledge, this is the first demonstration that a chemokine
antagonist, with documented activity in models of inflammatory dis-
ease, inhibits the growth of an experimental cancer. Our data also
provide direct evidence for the tumor-promoting activity of the
macrophage infiltrate in this experimental breast cancer.

The 410.4 model was originally derived from a spontaneous breast
tumor in a BALBc/cfC3H mouse (21). The leukocyte infiltrate that
develops in this tumor correlates well with that reported for human
breast cancer (22). The major infiltrating leukocyte populations were

Fig. 3. Leukocyte infiltrate and receptor expres-
sion in 410.4 tumor. A, RNA extracted from 410.4
tumors and the 410.4 cell line in vitro was analyzed
by RPA for chemokine receptors. B, 410.4 tumors
were collagenase D digested, and the infiltrate as-
sessed by FACS analysis. 410.4 tumors contained
CD8� lymphocytes, F4/80� macrophages, and
Gr-1� neutrophils. C, CD8� lymphocytes, F4/80�

macrophages, and Gr-1� neutrophils were FACS
sorted from tumors at 4 weeks of tumor growth and
RNA extracted from the sorted cell populations.
The expression of CCR1 and CCR5 on the sorted
cells was determined by real-time RT-PCR. All
three cell types expressed both CCR1 and CCR5.
D, immunolocalization of CCR5 in cryostat sec-
tions from 410.4 tumors (a) and rat IgG2b isotype
control (b) using 3,3�-diaminobenzidine and coun-
terstained with toludine blue. CCR5 was localized
to infiltrating stromal cells such as macrophages
(black arrow) and was not present on neoplastic
cells (red arrow).
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CD8� lymphocytes, F4/80� macrophages, and Gr-1� neutrophils.
Moreover, the chemokine network that develops within the tumors is
similar in the human disease and mouse model (8, 9).

In both human and murine tumors, a substantial proportion of the
cellular content of the tumor, probably as much as 50%, is composed
of host cells: fibroblasts; macrophages; lymphocytes; and endothelial
cells being the most commonly reported (23). This correlates well
with our model where 56% of the area is tumor cell islands and 46%
stromal and necrotic regions. There is considerable evidence that host
cells contribute to growth and spread (5) of the tumor as well as to the
immunosuppressive nature of the tumor microenvironment (2, 24).

The modification of the NH2 terminus of RANTES (CCL5) by the
addition of a single amino acid because of the retention of the
initiating methionine in recombinant CCL5 (Met-CCL5) expressed in
Escherichia coli (25) results in a protein that is able inhibit agonist-
induced activities with nanomolar potency in vitro (26). Concerning
the mechanisms of action of Met-CCL5 in this model, we found a
substantial decrease in the proportion of F4/80� macrophages in
tumors treated with the chemokine receptor antagonist. Furthermore,
F4/80� macrophages were significantly decreased in the central tumor
areas in Met-CCL5-treated tumors but were present on the tumor
edge, which may help to explain the decrease in the percentage of
macrophages in the treated tumors. Met-CCL5 did not significantly
decrease the number of CD8� lymphocytes or Gr-1� neutrophils.
F4/80� macrophages, CD8� lymphocytes, and Gr-1� neutrophils all
expressed CCL5 receptors, namely CCR1 and CCR5. Met-CCL5 is an
antagonist for both CCR1 and CCR5 that may explain the partial
inhibition of macrophage infiltration. The infiltration of CD8� lym-
phocytes or Gr-1� neutrophils was not affected. However, these cells
express other chemokine receptors that could respond to additional
ligands in the tumor microenvironment. For example, 410.4 cells also

secreted CXCL2, a potent neutrophil chemoattractant, and the tumor
expresses CCL2. Neither of these chemokines are affected by Met-
CCL5.

There was a concomitant decrease in the percentage of epithelial
tumor islands in Met-CCL5-treated tumors. Met-CCL5-treated tumors
were also paler in appearance and showed increased areas of necrosis

Fig. 5. Analysis of F4/80� macrophages in control and Met-CCL5-treated tumors.
Immunolocalization of F4/80� macrophages in control (A and C) and Met-CCL5 (B and
D)-treated tumors at 5 weeks of growth. Control tumors are infiltrated with macrophages
in the central tumor area (A) and the edge of the tumor (C). In contrast, Met-CCL5-treated
tumors have few macrophages in central tumor areas (B), but macrophages accumulate at
the tumor edge (D).

Table 2 Analysis of histology of Met-CCL5-treated 410.4 tumors

H&E sections from Met-CCL5 and control treated tumors taken at 5 weeks of tumor
growth were examined for areas of 410.4 cells, stromal cells, and necrosis using a 25-point
modified Chalkley array at �200 magnification. The table shows the percentage area that
was occupied by 410.4 tumor cell islands, stromal cells, and necrotic regions. Met-CCL5-
treated tumors contained significantly lower areas of 410.4 cells (P � 0.002) and higher
levels of stromal and necrotic regions (P � 0.002) compared with control tumors.

% area

410.4 Cells Stromal cells Necrosis Stroma � Necrosis

Control 56.35 � 2.0 31.46 � 1.3 12.20 � 2.7 43.65 � 1.97
Met-CCL5 47.00 � 2.4 35.06 � 2.2 17.87 � 3.6 52.94 � 2.45

(P � 0.002) (P � 0.1387) (P � 0.3500) (P � 0.002)

Fig. 4. Met-CCL5 slows the growth of 410.4
tumors. Mice were treated daily with either control
or 10 �g of Met-CCL5 i.p. after tumor cell injec-
tion. A, graph showing the average tumor volume
of 39 control (F) and 42 Met-CCL5 (E)-treated
tumors; data are the mean � SE. B, table showing
the AUC for tumor volumes of control and Met-
CCL5-treated tumors. Table shows the sample size,
mean, and range of the tumor volumes; Met-CCL5-
treated tumors were statistically smaller compared
with control tumors (P � 0.001). C, graph showing
the scatter and mean (OOOO) of tumor weights
of control (F) and Met-CCL5 (E)-treated tumors;
control tumors were significantly heavier than Met-
CCL5-treated tumors (P � 0.03). D, graph showing
the scatter and mean (OOOO) of tumor weights
of control (F) and Met-CCL5 (E)-treated tumors
with Met-CCL5 treatment beginning 14 days after
tumor cell injection; control tumors were signifi-
cantly heavier than Met-CCL5-treated tumors
(P � 0.01). E, macroscopic appearance of control
and Met-CCL5-treated tumors dissected after 4
weeks of tumor growth.

Table 1 Analysis of leukocyte infiltrate of Met-CCL5-treated 410.4 tumors

410.4 tumors were treated with either control or 10 �g of Met-CCL5 i.p. daily. Tumors
were collagenase D digested, and CD8� lymphocytes, F4/80� macrophages, and Gr-1�

neutrophils were assessed by FACS analysis. Table shows the amount of each leukocyte
population as a percentage of the total tumor cell population. The percentage of F4/80�

macrophages were significantly lower in Met-CCL5-treated tumors (P � 0.04), whereas
the percentage of CD8� lymphocytes was significantly higher (P � 0.02) compared with
control tumors.

Mean % cells per tumor � SD Significance (P)

Control Met-CCL5 Control vs. Met-CCL5

F4/80� 17.91 � 12.12 9.60 � 8.29 0.04
CD� 16.63 � 1.79 19.61 � 3.37 0.02
Gr-1� 11.02 � 11.41 6.85 � 11.41 0.22

8364

CHEMOKINE RECEPTOR ANTAGONISM AND ANTICANCER THERAPY
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2510278/zch02303008360.pdf by guest on 19 M
ay 2023



compared with control-treated tumors. This would suggest an addi-
tional effect on the tumor vasculature. Indeed, there is a study that
endothelial cells express CCR5 (27). However, endothelial cells did
not express CCR5 in our experimental conditions.

Preliminary data (not shown) using RNA from control- and Met-
CCL5-treated tumors and a gene expression profiling system suggest
that treatment with Met-CCL5 may promote apoptosis and decrease
angiogenesis within the tumor. Several antiapoptotic genes, namely
BclII-x, inhibitor of apoptosis survivin, and an inhibitor of tumor
necrosis factor-related apoptosis-inducing ligand-induced apoptosis
(casper/c-FLIP), were all down-regulated in Met-CCL5-treated tu-
mors. Similarly, proteins that have been shown to play roles in
angiogenesis, fibroblast growth factor receptor 2, urokinase-type plas-
minogen activator, and tissue inhibitor of metalloproteinase-1 were all
down-regulated in Met-CCL5-treated tumors. These results may help
to explain the increased areas of necrosis and the macroscopic de-
crease in vasculature observed in Met-CCL5-treated tumors. This
suggests that macrophages contribute factors that are important for
growth, angiogenesis, and survival of the tumors.

Currently, there are some cancer therapies that target endothelial
cells, but little attention is paid to inhibiting the leukocyte infiltrate.
We believe there is justification to extend these observations to a
range of murine tumors, assaying a number of chemokine receptor
antagonists. In developing this novel approach, it will also be impor-
tant to investigate combinations of chemokine antagonists that can
inhibit the influx of different leukocyte populations within a tumor. In
the model described in this article, it would be especially interesting
to combine Met-CCL5 with inhibitors that prevent binding of CCL2
and CXCL2 to their receptors.

ACKNOWLEDGMENTS

We thank Dr. Matthias Mack for the generous gift of the MC-68 antibody;
George Elia for histological processing of the tumor samples; Nick East and
Hazel Holdsworth for technical assistance; Frédéric Borlat for preparation on
Met-CCL5, Mike Bradburn [Cancer Research United Kingdom Medical Sta-
tistics Group, Institute for Health Sciences (Oxford, United Kingdom)] for
assistance with statistical evaluation; and Catherine Simpson and Gary Warnes
for help with cell sorting.

REFERENCES

1. Balkwill, F., and Mantovani, A. Inflammation and cancer: back to Virchow? Lancet,
357: 539–545, 2001.

2. Mantovani, A., Sozzani, S., Locati, M., Allavena, P., and Sica, A. Macrophage
polarization: tumor-associated macrophages as a paradigm for polarized M2 mono-
nuclear phagocytes. Trends Immunol., 23: 549–555, 2002.

3. Wilson, J., and Balkwill, F. The role of cytokines in the epithelial cancer microen-
vironment. Semin. Cancer Biol., 12: 113–120, 2002.

4. Coussens, L. M., and Werb, Z. Inflammation and cancer. Nature (Lond.), 420:
860–867, 2002.

5. Lin, E. Y., Nguyen, A. V., Russell, R. G., and Pollard, J. W. Colony-stimulating
factor 1 promotes progression of mammary tumors to malignancy. J. Exp. Med., 193:
727–740, 2001.

6. Balkwill, F. Chemokine biology in cancer. Semin. Immunol., 15: 49–55, 2003.
7. Vicari, A. P., and Caux, C. Chemokines in cancer. Cytokine Growth Factor Rev., 13:

143–154, 2002.

8. Luboshits, G., Shina, S., Kaplan, O., Engelberg, S., Nass, D., Lifshitz-Mercer, B.,
Chaitchik, S., Keydar, I., and Ben-Baruch, A. Elevated expression of the CC chemo-
kine regulated on activation, normal T cell expressed and secreted (RANTES) in
advanced breast carcinoma. Cancer Res., 59: 4681–4687, 1999.

9. Azenshtein, E., Luboshits, G., Shina, S., Neumark, E., Shahbazian, D., Weil, M.,
Wigler, N., Keydar, I., and Ben-Baruch, A. The CC chemokine RANTES in breast
carcinoma progression: regulation of expression and potential mechanisms of pro-
malignant activity. Cancer Res., 62: 1093–1102, 2002.

10. Robinson, S. C., Scott, K. A., and Balkwill, F. R. Chemokine stimulation of monocyte
matrix metalloproteinase-9 requires endogenous TNF-�. Eur. J. Immunol., 32: 404–
412, 2002.

11. Plater-Zyberk, C., Hoogewerf, A. J., Proudfoot, A. E., Power, C. A., and Wells, T. N.
Effect of a CC chemokine receptor antagonist on collagen induced arthritis in DBA/1
mice. Immunol. Lett., 57: 117–120, 1997.

12. Stumbles, P. A., Strickland, D. H., Pimm, C. L., Proksch, S. F., Marsh, A. M.,
McWilliam, A. S., Bosco, A., Tobagus, I., Thomas, J. A., Napoli, S., Proudfoot, A. E.,
Wells, T. N., and Holt, P. G. Regulation of dendritic cell recruitment into resting and
inflamed airway epithelium: use of alternative chemokine receptors as a function of
inducing stimulus. J. Immunol., 167: 228–234, 2001.

13. Chomczynski, P., and Sacchi, N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem., 162: 156–
159, 1987.

14. Mack, M., Cihak, J., Simonis, C., Luckow, B., Proudfoot, A. E., Plachy, J., Bruhl, H.,
Frink, M., Anders, H. J., Vielhauer, V., Pfirstinger, J., Stangassinger, M., and
Schlondorff, D. Expression and characterization of the chemokine receptors CCR2
and CCR5 in mice. J. Immunol., 166: 4697–4704, 2001.

15. Lalani, E. N., Berdichevsky, F., Boshell, M., Shearer, M., Wilson, D., Stauss, H.,
Gendler, S. J., and Taylor-Papadimitriou, J. Expression of the gene coding for a
human mucin in mouse mammary tumor cells can affect their tumorigenicity. J. Biol.
Chem., 266: 15420–15426, 1991.

16. Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M. E., McClanahan,
T., Murphy, E., Yuan, W., Wagner, S. N., Barrera, J. L., Mohar, A., Verastegui, E.,
and Zlotnik, A. Involvement of chemokine receptors in breast cancer metastasis.
Nature (Lond.), 410: 50–56, 2001.

17. Scotton, C. J., Wilson, J. L., Milliken, D., Stamp, G., and Balkwill, F. R. Epithelial
cancer cell migration: a role for chemokine receptors? Cancer Res., 61: 4961–4965,
2001.

18. Grone, H. J., Weber, C., Weber, K. S., Grone, E. F., Rabelink, T., Klier, C. M., Wells,
T. N., Proudfood, A. E., Schlondorff, D., and Nelson, P. J. Met-RANTES reduces
vascular and tubular damage during acute renal transplant rejection: blocking mono-
cyte arrest and recruitment. FASEB J., 13: 1371–1383, 1999.

19. Matsui, M., Weaver, J., Proudfoot, A. E., Wujek, J. R., Wei, T., Richer, E., Trapp,
B. D., Rao, A., and Ransohoff, R. M. Treatment of experimental autoimmune
encephalomyelitis with the chemokine receptor antagonist Met-RANTES. J. Neuro-
immunol., 128: 16–22, 2002.

20. Curtis, A. S. G. Area and volume measurements by random sampling methods. Med.
Biol. Illus., 10: 261–266, 1960.

21. Dexter, D. L., Kowalski, H. M., Blazar, B. A., Fligiel, Z., Vogel, R., and Heppner,
G. H. Heterogeneity of tumor cells from a single mouse mammary tumor. Cancer
Res., 38: 3174–3181, 1978.

22. Camp, B. J., Dyhrman, S. T., Memoli, V. A., Mott, L. A., and Barth, R. J., Jr. In situ
cytokine production by breast cancer tumor-infiltrating lymphocytes. Ann. Surg.
Oncol., 3: 176–184, 1996.

23. Negus, R. P., Stamp, G. W., Hadley, J., and Balkwill, F. R. Quantitative assessment
of the leukocyte infiltrate in ovarian cancer and its relationship to the expression of
C-C chemokines. Am. J. Pathol., 150: 1723–1734, 1997.

24. Elgert, K. D., Alleva, D. G., and Mullins, D. W. Tumor-induced immune dysfunction:
the macrophage connection. J. Leukoc. Biol., 64: 275–290, 1998.

25. Proudfoot, A. E., Power, C. A., Hoogewerf, A. J., Montjovent, M. O., Borlat, F.,
Offord, R. E., and Wells, T. N. Extension of recombinant human RANTES by the
retention of the initiating methionine produces a potent antagonist. J. Biol. Chem.,
271: 2599–2603, 1996.

26. Proudfoot, A. E., Buser, R., Borlat, F., Alouani, S., Soler, D., Offord, R. E., Schroder,
J. M., Power, C. A., and Wells, T. N. Amino-terminally modified RANTES analogues
demonstrate differential effects on RANTES receptors. J. Biol. Chem., 274: 32478–
32485, 1999.

27. Huang, M. B., Khan, M., Garcia-Barrio, M., Powell, M., and Bond, V. C. Apoptotic
effects in primary human umbilical vein endothelial cell cultures caused by exposure
to virion-associated and cell membrane-associated HIV-1 gp120. J. Acquir. Immune.
Defic. Syndr., 27: 213–221, 2001.

8365

CHEMOKINE RECEPTOR ANTAGONISM AND ANTICANCER THERAPY
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2510278/zch02303008360.pdf by guest on 19 M
ay 2023


