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a b s t r a c t

Chemokines and their receptors have been studied in several solid tumor models as mediators of inflam-
mation. In turn, inflammation has been implicated in the promotion and progression of tumors, and as
such, chemokines have been proposed as novel molecular targets for chemotherapy. While the expres-
sion of these molecules has been described in tumor cells, endothelial cells, macrophages and neutro-
phils, less attention has been paid to the expression profile of these molecules by T lymphocytes in the
periphery or infiltrating the tumor. Using the D1-DMBA-3 murine mammary adenocarcinoma model,
we aimed to better characterize the differential expression of chemokines and/or their receptors in the
host and in the tumor microenvironment, and specifically, in the T cells of tumor-bearing mice compared
to normal control animals. We found that T lymphocytes from tumor-bearing mice express the pro-
inflammatory chemokines, CCL2, CCL5 and CXCL2, as well as the chemokine receptors, CCR1, CCR2,
CCR3 and CXCR2.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

All tumors, benign or malignant, are comprised of two main
components: the neoplastic population and the reactive stroma
surrounding that population. Mounting evidence continues to
implicate the perivascular and vascular elements, as well as the
inflammatory infiltrate of tumors, as contributors to tumor pro-
gression and metastasis [1–8]. Chemokines expressed by the tumor
cells recruit a variety of immune cells, including lymphocytes,
which may be immunoregulatory or suppressive, or may enrich
the chemokine milieu by secreting chemotactic molecules that
contribute to the inflammatory process. It has been suggested that
the inflammatory reaction at the breast tumor site enhances tumor
growth and progression [9]. Since chemokines are known to have
angiogenic and growth promoting characteristics, we sought to
determine the role of tumor burden on T cell chemokine and

chemokine receptor expression using the D1-DMBA-3 mammary
adenocarcinoma model.

Chemokines are grouped into four families (C, CC, CXC and
CX3C), based on the grouping of cysteine residues near the N-ter-
minus of these proteins [10]. The CC or b chemokines are a large
superfamily of small, inducible, secreted, pro-inflammatory cyto-
kines that are expressed by various cell types including monocytes,
endothelial cells and fibroblasts [11]. CCL2/monocyte chemoat-
tractant protein-1 (MCP-1) is upregulated in different tumor cell
types, including breast, prostate and melanoma cells [12–15].
CCL5/Regulated upon Activation Normal T cell Expressed and Se-
creted (RANTES) is expressed by T lymphocytes, as well as some
tumor cells, and has been shown to have a controversial role in
breast tumor progression. Soria et al. have established a positive
correlation in breast cancer between aggressiveness of the tumor
and tumor-derived CCL5 [16,17], whereas Jayasinghe et al. have re-
ported that tumor-derived CCL5 does not contribute to breast can-
cer progression [18]. While many of these studies correlated
tumor-derived chemokines to disease progression, there are far
fewer analyses of lymphocyte-derived chemokines in a tumor
model. We have recently reported that CCL2 is elevated in the T
lymphocytes of mammary tumor-bearing mice [19]. In this report,
we further expand on CC chemokine expression in T lymphocytes
of mammary tumor-bearing mice.
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The CXC chemokines have been shown to regulate angiogenesis
in both a positive and negative manner, depending on the presence
or absence of an ELR motif (glutamic acid–leucine–arginine) in the
amino terminus. The ELR positive chemokines that promote angio-
genesis include CXCL1, -2, -3, -5, -6, -7 and -8 [20]. IL-8, the func-
tional human analog of murine CXCL2/macrophage inflammatory
protein-2 (MIP-2), promotes the growth and invasiveness of breast
cancer cells [21–23]. CXCL2 is produced by macrophages, endothe-
lial cells, epithelial cells and tumor cells [24]. However, it is not
known whether lymphocytes from tumor bearers are induced to
produce this chemokine. In this study, we determined whether
CXCL2 is expressed by T lymphocytes of tumor-bearing mice.

Leukocytes are recruited to sites of inflammation and specific
microenvironments within secondary lymphoid tissues based on
chemokine and chemokine receptor expression patterns [25,26].
Previous studies have established similarities between the func-
tions of chemokine receptors in the physiologic homing of leuko-
cytes and in the roles of these receptors in cancer metastasis
[27]. Since leukocyte infiltration into tumors is regulated by che-
mokine production in the tumor microenvironment [28], chemo-
kine receptor expression by lymphocytes may play a role in
tumor infiltration, and in shaping the tumor microenvironment
via inflammation. For example, it has been well documented that
CCR2 and its principal ligand, CCL2, induce monocyte infiltration
and promote inflammation [29], while Huang et al. have found that
breast, gastric and ovarian tumor growth is enhanced by CCR2+

myeloid suppressor cells attracted to the liver by hepatocyte-pro-
duced CCL2 [30]. Furthermore, Robinson et al. reported that CCL5
was produced by 410.4 murine breast cancer cells, and that its
receptors, CCR1 and CCR5, are expressed by the leukocyte infil-
trates which contribute towards tumor growth [28]. Because che-
mokine and chemokine receptor expression is crucial for
lymphocyte migration, we evaluated the expression of chemokine
receptors in T lymphocytes and how that expression relates to
tumor infiltration.

2. Materials and methods

2.1. Mice and cell lines

Eight to twelve weeks of age BALB/c mice used in these studies
were obtained from Charles River Laboratories (Charles River Lab-
oratories International Inc., Wilmington, MA). Animals were cared
for and used according to the guidelines of the National Institutes
of Health at the animal facility at Florida Atlantic University. The
D1-DMBA-3 tumor, syngeneic to BALB/c mice, is a transplantable
mammary adenocarcinoma derived from a non-viral, noncarcino-
gen-induced preneoplastic nodule after treatment with 7,12-
dimethylbenzanthracene [31]. The D1-DMBA-3 tumor is
immunogenic to the host of origin and nonmetastatic to the spleen,
but metastases to the lung and bone marrow do occur. The DA-3
mammary tumor cell line was derived in our laboratory from the
D1-DMBA-3 tumor and was maintained in DMEM/high glucose,
10% characterized heat inactivated FCS, 100 U/ml of penicillin,
100 lg/ml of streptomycin and OPI media supplement (Sigma
Chemical Co., St. Louis, MO). Tumors were implanted in BALB/c
mice by subcutaneous injection of 1 � 106 tumor cells resulting
in a measurable tumor 7–10 days post-implantation.

2.2. Purification of splenic T cells

Spleens were compressed in Teflon tissue homogenizers and
the resulting single cell suspensions were pelleted at 300g, sub-
jected to hypotonic shock for red cell removal, washed and
counted. Macrophages were removed from the cell suspensions

by plastic adherence in pre-warmed RPMI-1640, 5% FCS at 37 �C
for 1 h in a CO2 incubator. The non-adherent T lymphocytes were
purified on nylon wool columns according to the method of Julius
et al. [32] and by positive selection using the MACS magnetic sep-
aration system (Miltenyi Biotec, Auburn, CA) according to the man-
ufacturer’s instructions. Briefly, single-cell suspensions in cold PEB
buffer (PBS supplemented with 2 mM EDTA and 0.5% BSA) were
incubated with supermagnetic microbeads conjugated to anti-
mouse CD90 (Thy1.2), anti-mouse CD4, or anti-mouse CD8 mAb
at 4 �C for 15 min. Cells were washed twice and loaded onto the
magnetic separation columns. The columns were washed three
times with cold PEB buffer, and the positively selected Thy1.2+,
CD4+, or CD8+ T cells were then eluted. After purification, the cells
were routinely >95% viable, as assessed by trypan blue exclusion.
FACS analysis using a Becton Dickinson LSR analyzer and anti-
mouse FITC-CD90, anti-mouse FITC-CD4 and anti-mouse PE-CD8
antibodies (BD Biosciences Pharmingen, San Diego, CA) confirmed
the populations to be P93% Thy1.2+, P94% CD4+ and P90% CD8+ T
lymphocytes.

2.3. Cell culture

After purification, splenic T cells were cultured for 2 h, 4 h, or
overnight at 2 � 106 cells/ml in complete media consisting of
RPMI-1640, 10% FCS, 100 U/ml penicillin, 100 lg/ml streptomycin
and 50 mM 2-ME. Cell-free supernatants were removed and stored
at �80 �C until use. Some of the T lymphocyte cultures were stim-
ulated with Concanavalin A (Con A, Sigma Chemical Co., St. Louis,
MO) or with recombinant murine CCL2/MCP-1 (rmCCL2/MCP-1)
(PeproTech Inc., Rocky Hill, NJ).

2.4. RNA analyses

Total RNA was isolated using TriReagent (Molecular Research
Center Inc., Cincinnati, OH). The detection and quantification of
chemokine ligand and receptor mRNA species was analyzed by
RNase protection assay using the RiboQuant Multiprobe RPA kit
(BD Biosciences Pharmingen) according to the manufacturer’s
instructions. Briefly, 20 lg RNA was hybridized overnight to the
[a-32P]UTP-radiolabeled anti-sense RNA probe set, which had been
synthesized from the following template sets: mCK-5 murine che-
mokine, mCR-5 murine chemokine receptors, and a custom de-
signed probe set which included CXC receptors CXCR2, -4 and -5
(all from BD Biosciences Pharmingen), after which single-stranded
RNA and free probe were digested by RNase A and T1. Subse-
quently, protected RNA was purified and resolved on a 5% denatur-
ing polyacrylamide gel. The chemokine transcripts were identified
by the length of the respective fragments. The quantity of each spe-
cies was determined by the intensity of the appropriately-sized,
protected probe fragment. Equivalence of loading was ascertained
by the intensity of the fragments for the housekeeping genes, L32
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for each
lane. Blots were exposed to Kodak BioMax autoradiography film
(PerkinElmer Life And Analytical Sciences Inc., Waltham, MA)
overnight.

2.5. Cytokine ELISA

Cell culture supernatants, tumor cystic fluid, and sera were ana-
lyzed for murine chemokine protein levels by OptEIA™ ELISA (BD
Biosciences Pharmingen) for CCL2, and analyzed for CXCL-2 and
CCL5 protein levels by DuoSet� ELISA development systems (R&D
Systems, Minneapolis, MN) according to manufacturers’ instruc-
tions. Absorbance at 450 nm with wavelength correction at
570 nm was read on a Tecan SLT Rainbow Reader (Lab Instruments,
Research Triangle Park, NC) and OD values of samples were
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converted to picograms against a standard curve of known quanti-
ties of recombinant murine chemokines.

2.6. Western blot analyses

T lymphocytes were cultured for 3 h in media alone or media
with 10 lg/ml Con A. Total protein from T cells of normal and tu-
mor-bearing mice was isolated as previously described [19]. Pro-
tein concentration was normalized by comparison with BSA
standards (Sigma Chemical Co.). The proteins were resolved on
10% SDS–polyacrylamide gels under reducing conditions and
transferred to Protran nitrocellulose-1 membrane (0.45 lm pore
size; Schleicher & Schuell, Keene, NH) using a Trans-Blot electro-
phoretic cell (Bio-Rad, Hercules, CA). The membranes were blocked
for 1 h at room temperature in PBS containing 5% nonfat dry milk
and 0.05% Tween 20, and subsequently incubated at room temper-
ature for 1 h with rabbit anti-mouse CCR1, -2 and -3 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) and CXCR2 (AbCam Inc., Cam-
bridge, MA). Blots were washed for 30 min with five changes of
1� TBS–0.1% Tween 20 solution followed by 1 h incubation at
room temperature with HRP-conjugated anti-rabbit IgG (Santa
Cruz Biotechnology Inc.). Blots were washed again for 30 min and
incubated for 3 min with Supersignal West Pico chemiluminescent
substrate (Pierce, Rockford, IL). The results were visualized by
exposing blots to BioMax autoradiographic film. The membranes
were then stripped and reprobed with anti-mouse-b-Actin Abs
(Sigma Chemical Co.) to confirm equivalent protein loading.

2.7. Immunohistochemistry

To obtain frozen sections, tumors were quickly dissected,
embedded in Tissue-Tek� O.C.T. compound (Sakura Finetek U.S.A.
Inc., Torrance, CA), frozen in chilled isopentane (�50 �C) and stored
at �80 �C. Sections through the tumors were cut in a cryostat
(�20 �C) at 16 lm, collected onto Superfrost�/Plus charged slides
(Fisher Scientific, Pittsburgh, PA), post-fixed in 4% paraformalde-
hyde for 10 min and then air dried. Cut tissue sections were stored
at �20 �C. Sections were blocked in 4% BSA in 0.1 M phosphate buf-
fer (PB) [33], pH 7.4, for 30 min, then labeled with anti-CD3 using
goat polyclonal antibody to CD3 (Santa Cruz Biotechnology Inc.) di-
luted 1:50 in PB containing 3% BSA and rabbit anti-CCR1 polyclonal
antibody specific for CCR1 (Abcam Inc.) diluted 1:100 and incu-
bated overnight at 4 �C. For lymphocyte subset study, sections
were labeled with rat anti-CD8 (Santa Cruz Biotechnology Inc.) di-
luted 1:50 and goat anti-CCL5 (15 lg/ml) (R&D Scientific) in PB
containing 3% BSA. Labeling was localized using rabbit-, rat- or
goat-specific donkey IgGs conjugated to AlexaFluor 488 or 568 di-
luted 1:1000 (Molecular Probes, Eugene, OR). Sections were cover-
slipped with Vectashield (Vector Laboratories, Burlingame, CA),
and examined using an Olympus AX-70 fluorescence microscope
equipped with appropriate barrier filters (ChromaTech) for view-
ing the individual emission wavelengths, as well as for simulta-
neous localization of both fluorescent labels. Photomicrographs
were taken using a Magnafire digital camera system. Double la-
beled sections were examined using a Bio-Rad Radiance 2100 Laser
Scanning Confocal Microscope (Bio-Rad Laboratories Inc., Hercules,
CA). Digital images were imported in Adobe Photoshop, with minor
adjustments made for brightness. Controls for staining included
the omission of primary antisera.

2.8. In situ hybridization: co-localization of CD3 and CCL5 or CCR3

Tissue was first processed for detection of CD3 immunoreactiv-
ity (IR) to identify T cells, then the expression of cytokine and
receptor mRNA was localized by in situ hybridization of [35S]-la-
beled cRNAs. All buffers used for immunohistochemistry were

removed for RNAses by DEPC treatment and autoclaving.
Cryosections (20 lm) were fixed in 4% paraformaldehyde in
0.1 M PB (pH 7.4) for 15 min and blocked in 5% BSA in PB for
60 min. Sections were then incubated overnight at 4 �C in goat
antibody to murine CD3 (1:50 dilution in 5% BSA in PB) followed
by treatment with biotinylated rabbit anti-goat IgG (both Santa
Cruz Biotech Inc.) for 2 h at room temperature. Antibody binding
was localized using avidin–biotin–HRP with diaminobenzidine
(DAB) as chromagen, using kit reagents according to the manufac-
turer’s instructions (Santa Cruz Biotech Inc.). Following immuno-
staining, slides were processed for in situ hybridization and
emulsion autoradiography (Kodak NTB) as described in detail by
Guthrie et al. [34], with the RNA probes added to the hybridization
incubation at a concentration of 1 � 107 cpm/ml. The 360 base
CCR3 riboprobe was complementary to positions of 241–601 of
the GenBank sequence NM_009914. The CCL5 cRNA comprised
214 bases complementary to positions 61–254 of GenBank se-
quence BC_033508. Autoradiographic exposure intervals ranged
from 4 to 8 weeks. Localization of silver grains, indicative of
[35S]-cRNA hybridization, and brown DAB reaction product, indic-
ative of CD3-IR, was assessed by microscopic examination using
an Olympus AX-70 microscope equipped with a Magnafire digital
camera system. Images were imported into Adobe Photoshop for
adjustments in brightness and contrast and assembly of composite
images.

2.9. Statistical analyses

Data are expressed as the mean ± SD. Statistical significance
was determined using two-tailed Student’s t tests. Values of
p < 0.05 were considered statistically significant.

3. Results

3.1. Expression of CCL2, CCL5 and CXCL2 in tumor-bearing mice

Prior to assessing the contribution of T cells to the inflammatory
cytokine mileu within the host and the tumor microenvironment,
we wanted to identify any chemokine secretion by the tumor cells
themselves. As various breast cancer cell lines are reported to ex-
press CCL2, CCL5 and CXCL12 [35,36], we screened for the expres-
sion of various CC and CXC chemokines using multi-probe RNase
protection assays (RPA). Analyzes of the DA-3 mammary tumor cell
line, derived from the parental D1-DMBA-3 tumor, revealed that
the tumor cells constitutively expressed low levels of CCL5 and
CXCL2 mRNA, but not CCL2 (Fig. 1A).

To validate protein secretion of the mRNA expressed by the
tumor cells, we evaluated the production of CXCL2 and CCL5 pro-
teins in the tumor cystic fluid and in the sera from control BALB/
c and D1-DMBA-3 tumor-bearing mice, using ELISAs. CXCL2 was
secreted in moderate quantities of 334 ± 80 pg/ml in the tumor
cystic fluid of 3-week tumor bearers; however, there was no signif-
icant production of CCL5 within the fluid (65 ± 4 pg/ml, Fig. 1B).
We have previously shown that CCL2 is expressed by tumor-
infiltrating T lymphocytes of the D1-DMBA-3 tumor [19]. Thus,
we also looked at CCL2 production within the tumor cystic fluid
and found high levels of CCL2 protein, 3133 ± 351 pg/ml, in that
fluid (Fig. 1B). The expression of CXCL2 and CCL5 mRNA by the tu-
mor cells, and the production of CXCL2 within the tumor cystic
fluid, did not correspond to higher levels of protein in the sera from
3-week tumor bearers (Fig. 1C). While there were no significant
differences in the levels of CXCL2 and CCL5 protein in the sera from
control and tumor-bearing mice, the levels of CCL2 were signifi-
cantly elevated in tumor-bearing animals, confirming earlier
experiments [19] (Fig. 1C).
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3.2. Expression of CCL2, CCL5 and CXCL2 is increased in T cells from
tumor-bearing mice

Our previous studies have shown that proinflammatory factors
produced by the tumor directly affect the expression of CCL2 in T
lymphocytes [19]. To gain insight into differential chemokine
expression in T cells from mammary tumor-bearing mice, RPAs
were performed on total RNA isolated from purified T lymphocytes
from normal and tumor-bearing mice, as described in Section 2. As
shown in Fig. 2A, the gene expression of CCL5 differed between the
T cells of control and tumor-bearing mice. Since mRNA of CCL5 ap-
peared to be down-regulated in tumor bearers’ T cells, both consti-
tutively and upon activation with Con A, we investigated whether
the protein levels of this chemokine were likewise altered. Con-
trary to expectation, the protein levels in unstimulated splenic T
cells of normal mice were lower compared to the protein levels
from non-activated splenic T cells of tumor bearers. Furthermore,
the protein levels of CCL5 were significantly increased in Con A
stimulated cells of tumor bearers as determined by ELISA
(Fig. 2B). A possible explanation for these results is that the mRNA
expressed in unstimulated T cells of normal mice may be silenced,
preventing translation of the mRNA. Conversely, post-translational
modification may be occurring in the T cells of tumor bearers,
resulting in increased protein levels.

We have previously reported an increase in the expression of
CCL2 in tumor-bearing mice compared to normal BALB/c mice
[19]. In this study, we confirmed that Thy1.2+ cells from normal
mice did not express CCL2 constitutively, while Thy1.2+ cells from
mice bearing mammary tumors did. Furthermore, a significant in-
crease in CCL2 mRNA expression was observed in tumor bearers’ T
cells cultured with 10 lg/ml Con A (Fig. 2A). While negligible
amounts of CCL2 protein were produced by normal T cells, T cells
of mammary tumor bearers were capable of producing high levels
of CCL2 protein (Fig. 2C). Treatment with 10 lg/ml Con A was re-
quired to induce this CCL2 protein secretion. These results were
consistent with other reports that mitogenic stimulation dramati-
cally increased CCL2 secretion by freshly isolated human PBMCs
[37] and myelomonocytic cell lines [38]. These results also con-
firmed that secretion of CCL2 parallels increased mRNA expression

upon activation with Con A. Increased levels of CCL2 have corre-
lated with angiogenesis and tumor progression in breast cancer
models [39].

We next analyzed the expression of CXCL2, an angiogenic che-
mokine which has potent chemotactic activity for neutrophils
[24]. A substantial increase in mRNA expression of this chemokine
was demonstrated by T cells of tumor-bearing mice, both constitu-
tively and with stimulation (Fig. 2A). To determine whether the in-
creased mRNA expression of CXCL2 translated into enhanced
protein levels, ELISAs were performed. Consistent with the mRNA
levels, there was a significant difference in the secretion of this
chemokine between normal and tumor bearers’ T cells, with higher
levels of CXCL2 protein secretion observed in tumor bearers’ T cells
cultured with Con A (Fig. 2D). However, the higher constitutive lev-
els of CXCL2 mRNA seen in the RPAs did not translate into corre-
sponding increases in constitutive protein levels in tumor
bearers’ T cells. Possible explanations for the decreased protein
secretion by the T cells of tumor-bearing mice may include de-
creased mRNA stability, inefficient mRNA translation, or increased
proteosomal activity leading to protein degradation in the tumor
bearers’ T cells.

Although there were differences at the mRNA level of XCL1,
CCL3 and CCL4 between the control and 3-week tumor-bearing
mice, there were no significant differences at the protein level
(data not shown). We therefore focused our attention on CCL2,
CCL5 and CXCL2 for the remainder of the studies.

3.3. Chemokine receptor expression is altered in tumor bearers’ T
lymphocytes

We then set out to characterize how mammary tumor burden
alters chemokine receptor expression. In order to assess the
expression of these receptors by splenic T lymphocytes, an RPA
consisting of probes for the mRNA of CCR1, -1b, -2, -3, -4 and -5,
along with two housekeeping genes, was utilized. Fig. 3A shows
that the CCL2 receptors, CCR1, -2 and -3, were up-regulated in
the tumor bearers’ T cells compared to normal T cells, both consti-
tutively and with stimulation. The expression of CCR5 and CCR4

Fig. 1. Expression of proinflammatory chemokines in mammary tumor-bearing mice. (A) DA-3 mammary tumor cells express CCL5 and CXCL2, but not CCL2 mRNA. (B)
Production of CCL2 and CXCL2 protein in the tumor cystic fluid of 3-week tumor bearers. (C) CCL2 protein levels are increased in the circulation of 3-week mammary tumor-
bearing mice. These data are representative of at least three independent experiments with at least six mice per group. ⁄Significant difference (p < 0.005) between control and
tumor bearers’ serum levels of CCL2.
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was not significantly different between normal and tumor bearers’
T cells.

The T lymphocytes from both normal and tumor bearers were
then analyzed for chemokine receptors at the protein level. Be-
cause very few murine antibodies are available for the flow cyto-
metric analysis of chemokine receptor expression, Western blots
were performed to analyze the protein levels of chemokine recep-
tors using whole cell lysates of splenic T lymphocytes from normal
and mammary tumor-bearing mice. Consistent with the gene
expression analyses, the protein levels of CCR1, -2 and -3 were ele-
vated in the T cells of tumor bearers compared to those of normal
mice (Fig. 3B).

Additionally, we evaluated the expression of CXCR chemokine
receptors using a multi-probe RPA consisting of CXCR2, -4 and -
5, along with two housekeeping genes. Constitutive and induced
CXCR4 receptor expression levels appeared to be equivalent in
the T cells of both normal and tumor-bearing mice, indicating that
expression of this receptor is not influenced by the presence of the

tumor (Fig. 3C). CXCR5, a receptor normally expressed by memory
and follicular T helper cells [40], was expressed at low levels by
normal, but not by tumor-bearers’ T lymphocytes. More impor-
tantly, the CXCR2 receptor, although not expressed by T cells from
normal mice, was expressed by the T cells from tumor-bearing
mice, both constitutively and upon mitogenic stimulation (Fig. 3C).

3.4. Expression of chemokines and their receptors in T cell subsets

Selective recruitment of immune effector cells to the site of
inflammation is known to be regulated by the expression of che-
mokines and the presence of specific chemokine receptors on dif-
ferent leukocyte subsets [41,42]. Therefore, we analyzed splenic
CD4+ and CD8+ T cell subsets for chemokine and chemokine recep-
tor expression. A higher steady-state level of mRNA expression of
chemokines was seen in cultured CD8+ cells compared to CD4+

cells of both normal and tumor bearers’ T lymphocytes (Fig. 4A).
The constitutive expression of CCL2 and CXCL2 was higher in

Fig. 2. Increased expression of chemokines by T lymphocytes of tumor-bearing mice. (A) Increased expression of chemokine mRNA by T lymphocytes from tumor-bearing
mice. (B) Increased protein levels of CCL5. (C) Increased protein levels of CCL2. (D) Increased CXCL2 protein secretion in tumor-bearing mice. For mRNA expression studies of
chemokines, purified splenic T cells from normal (N) and 4-week tumor-bearing mice (T) were cultured for 4 h ±10 lg/ml Con A. Total RNA was isolated and 20 lg was
subjected to a multi-probe RNase protection assay. These data are representative of at least three independent experiments with six mice per group. For protein secretion
studies, purified splenic T cells from normal and 4-week tumor-bearing mice were cultured overnight ±10 lg/ml Con A. Cell-free supernatants were collected and assayed by
specific ELISAs. These data are representative of at least four independent experiments with at least five mice per group. ⁄Significant difference (p < 0.005) between control
and tumor bearers’ T lymphocytes treated with Con A. No significant differences were noted for unstimulated T cells between control and tumor-bearing mice for CCL2, CCL5,
and CXCL2.
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CD8+ T cells of tumor bearers compared to those of normal mice,
while the constitutive expression of CCL5 appeared to be equiva-
lent in both normal and tumor bearers’ CD8+ T lymphocytes. Stim-
ulation of T lymphocytes with Con A resulted in the enhanced
expression of CCL2 and CXCL2 in CD8+ T cells of tumor-bearing
mice compared to those of normal mice, while the expression of
CCL5 was minimally increased in CD8+ T cells of tumor-bearing
mice (Fig. 4A).

Having observed that CCL2 and CXCL2 gene expression was ele-
vated in tumor bearers’ CD8+ T cells, we analyzed the protein levels
of CCL2, CCL5 and CXCL2 secreted by CD4+ and CD8+ T cells cul-
tured with Con A. Unlike what was observed at the message level,
both CD4+ and CD8+ T cells of tumor-bearing mice expressed high
levels of CCL5 (Fig. 4B), CCL2 (Fig. 4C) and CXCL2 (Fig. 4D). It is pos-
sible that post-transcriptional modification may be occurring in
CD4+ T cells, resulting in higher levels of protein production in
tumor bearers.

In contrast to the expression of the chemokine ligands, the
expression of the receptors CCR2, -3 and -4 was higher in the

CD4+ T cells compared to the CD8+ T cell subset in tumor-bearing
animals (Fig. 5). However, the levels of CCR1 and CCR5 seemed
to be higher in CD8+ cells. Although previous studies have found
differential expression of chemokine receptors in TH1/TH2 lympho-
cyte subsets [43], to our knowledge, there are no reports of chemo-
kine receptor studies in CD4+/CD8+ T lymphocytes in a mammary
tumor model.

3.5. The effect of CCL2 treatment on chemokine and chemokine
receptor expression in T cells from mammary tumor-bearing mice

Chemokines are one of the key components of the tumor micro-
environment which shape leukocyte recruitment and induce the
production of factors to promote tumor growth and angiogenesis
[44]. Since CCL2 is overexpressed in splenic T cells and in TILs of
the tumor-bearing mice, we hypothesized that CCL2 may modulate
the expression of other chemokines and chemokine receptors in a
paracrine manner. Although we did not notice appreciable differ-
ences in chemokines or chemokine receptor mRNA expression in

Fig. 3. The expression of CC and CXC chemokine receptors is altered in splenic T cells of tumor-bearing mice. (A) RNase protection assay of CC chemokine receptors. (B)
Western Blot of CC receptors. (C) RNase protection assay of CXC receptors. For RNase protection studies, splenic T cells from normal and tumor-bearing mice were cultured for
2 h ±10 lg/ml Con A. Total RNA was isolated and 20 lg was subjected to a multi-probe CC or CXC chemokine protection assay. For Western blotting studies, splenic T cells
from normal and tumor-bearing animals were cultured for 3 h ±10 lg/ml Con A. Total protein was extracted and 50 lg from each sample was run. These data are
representative of at least three independent experiments with six mice per group.
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T cells from normal mice treated with recombinant murine CCL2
(data not shown), we did see changes in the expression of
chemokine and chemokine receptor mRNA in the T cells from
tumor-bearing mice. Treatment of T lymphocytes from mammary
tumor-bearing mice resulted in significant increases in CCL5 and
CXCL2 mRNA (Fig. 6A), suggesting a role for CCL2 in the increased
expression of CCL5 and CXCL2. Furthermore, CCL2 treatment of T
cells resulted in the increased expression of CCR1, -2, -3 and -5
receptors, but had no effect on the expression of CCR4 (Fig. 6B).
This study indicates that CCL2 affects the expression of chemokine
receptors in tumor-bearing animals.

3.6. Chemokine receptors and chemokines are expressed by tumor-
infiltrating T lymphocytes

Our previous studies established the infiltration of the D1-
DMBA-3 mammary tumors by T lymphocytes three weeks post-
implantation [19]. To further elucidate the effect of tumor–host
interactions on T cell chemokine and chemokine receptor expres-
sion, we analyzed the expression of these molecules in the mam-
mary tumors using immunohistochemistry and in situ
hybridization. Immunohistochemistry analyses revealed that
although CCR1 appeared to be expressed by T lymphocytes in the
tumor, as indicated by co-localization of CD3 with CCR1, this
receptor was also expressed in CD3 negative cells (Fig. 7A–C).
CCR3 is a receptor for both CCL2 and CCL5, and we have observed

increased levels of CCR3, CCL2 and CCL5 in splenic T cells of mam-
mary tumor-bearing mice. Combined immunolabeling in frozen
tissue sections with in situ hybridization was performed to deter-
mine whether splenic cells also express CCR3. Immunolabeling of
T cells with CD3 antibody (brown reaction product) combined with
in situ hybridization (silver grains) using 35S-labeled cRNAs for
CCR3 was performed. These studies revealed that CCR3 mRNA is
expressed by T cells clustered within periarteriole lymphoid
sheaths in the spleens of normal mice (Fig. 7D), and that this
expression increased in the spleens of tumor-bearing mice
(Fig. 7E). However, grain density overlying individual T cells within
tumors did not exceed background levels, compared to that associ-
ated with splenic T cells (data not shown), indicating that similar
to other studies [45], receptor desensitization may be occurring
here.

Our previous studies have shown that although the DA-3 mam-
mary tumor cells do not express CCL2, expression of this chemo-
kine is induced in the T lymphocytes of mammary tumor-bearing
mice and that it is expressed by the tumor-infiltrating T cells
[19]. In this study, we have shown that CCL5 is expressed by the
DA-3 mammary tumor cells and that it is also produced by splenic
T cells of mammary tumor-bearing mice. To determine the effect of
tumor microenvironment on CCL5 expression, we localized CCL5
cRNA using in situ hybridization. Fig. 7 illustrates grain density
indicative of CCL5 mRNA expression by tumor-infiltrating T cells
(Fig. 7F and G). To further delineate the subset of lymphocytes

Fig. 4. The expression of CC and CXC chemokines is altered in splenic CD4+ and CD8+ T cell subsets of tumor-bearing mice. (A) RNase protection of CC and CXC chemokines,
and protein expression of: (B) CCL5, (C) CCL2, and (D) CXCL2. Splenic CD4+ and C8+ T cells from normal and tumor-bearing mice were isolated by Miltneyi magnetic bead
technique and then cultured for 2 h ±10 lg/ml Con A for RNA and overnight for protein. Total RNA was isolated and 20 lg was subjected to a multi-probe protection assay. For
protein expression studies, cell-free supernatants were collected and assayed by specific ELISAs. These data are representative of at least three independent experiments with
at least six mice per group. ⁄Significant difference (p < 0.005) between control and tumor bearers’ T lymphocytes treated with Con A.
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expressing CCL5 in the tumor, immunohistochemical analyses
were performed using frozen tumor sections. This study revealed
that CCL5 is expressed by CD8+ T cells, as indicated by co-localiza-
tion of CCL5 and CD8 (Fig. 7H and I). These results also indicate that
CCL5 is expressed in vivo within the tumor microenvironment,
confirming the expression of CCL5 in DA-3 tumor cells shown by
RPA.

4. Discussion

Chemokines have been reported to be elevated in the plasma of
breast cancer patients, compared to healthy individuals [46,47],
and may serve as prognostic indicators for disease spread and
relapse [48,49]. The inflammatory microenvironment rich in

chemokines is thought to be ideal for tumor cell development
and growth. Although breast cancer cells and cell lines are known
to secrete various pro-inflammatory chemokines including CCL2,
CCL5 and CXCL2 (34, 46–48), relatively little is known about the ef-
fect of mammary tumors on the expression of these chemokines
and their receptors by T lymphocytes. In this study, we report that
CCL2 and CCL5 were upregulated in both splenic and tumor-infil-
trating T cells and that CXCL2 is overexpressed by splenic T lym-
phocytes of tumor-bearing mice but not normal controls. We
also demonstrate that the chemokine receptors, CCR1, -2 and -3
are upregulated in tumor bearers’ T lymphocytes at both mRNA
and protein levels, while CXCR2 is expressed at the mRNA level.
Furthermore, treatment of T lymphocytes with rmCCL2 increased
the expression of CCL5, CXCL2, CCR1, -2 and -5.

The pro-inflammatory and pro-angiogenic chemokine, CCL2,
has been shown to be highly expressed by breast cancer cells at
primary tumor sites [35] and is known to contribute towards tu-
mor growth. We have previously demonstrated that this chemo-
kine is also secreted by splenic and tumor-infiltrating T
lymphocytes of mammary tumor-bearing mice and that this in-
duced secretion is mediated by tumor-derived phosphatidyl serine
and GM-CSF. In this study, we further explored these findings and
found that CCL2 is expressed primarily by the CD8+ subset of T
lymphocytes in our tumor model. Since CCL2 is known to affect tu-
mor growth directly via its pro-angiogenic activity and indirectly
by attracting monocytes that secrete tumor-promoting factors
[50], secretion of CCL2 by T cells may affect tumor growth in a sim-
ilar manner. Our previous studies have shown that increased pro-
duction of CCL2 may also play a role in compromised T cell effector
function, as exposure of the T cells to recombinant CCL2 resulted in
the decreased secretion of IFN-c [19]. Thus, the increased levels of
CCL2 may contribute towards tumor progression by inhibiting
anti-tumor effects of T lymphocytes, as well as by promoting
angiogenesis.

The expression of CCL5 by tumor cells has been correlated with
tumor progression in several types of cancer, including breast can-
cer [12,47,51]. The DA-3 mammary tumor cells used in this study
expressed low levels of CCL5, which does not account for the levels
observed in circulation. We therefore investigated other sources of
this chemokine. In this report, we have shown that splenic T lym-
phocytes, as well as tumor-infiltrating CD8+ T cells, express CCL5
and that the receptors for CCL5, CCR1 and CCR3 are expressed at
high levels in TILs and T cells of tumor bearers, compared to nor-
mal mice. Two possible explanations may be made for the role of
differential expression of CCL5 and CCL5 receptors in tumor bear-
ers’ T cells in our study. It is possible that tumor derived CCL5 is
responsible for lymphocyte infiltration into tumors to help estab-
lish anti-tumor immunity or conversely, CCL5 may recruit T cells
which promote tumor growth. Fischer et al. [52] showed that
CCL5 produced by Reed–Sternberg cells is one mechanism by
which CCR3+ mast cells can be attracted into the tumor tissue in
Hodgkin’s lymphoma. Furthermore, Robinson et al. showed that
CCR1+ monocytes are attracted to a mammary tumor expressing
CCL5, and that treatment with a CCR1 receptor antagonist resulted
in decreased tumor growth [28]. Likewise, the interaction of mam-
mary tumor cells and lymphocytes may play an important role in
tumor growth. In contrast, Mellado et al. have shown that the bind-
ing of CCL5 to CCR5 promotes cell death of tumor infiltrating cells
via activation of a cytochrome c-dependent pathway [53]. Okita
et al. have found that gastric tumor cells acquire an invasive poten-
tial through interaction with peripheral blood mononuclear cells
and that CCL5 plays a role in this interaction [54]. Contrary to this,
studies by Jayasinghe et al., investigating the role of CCL5 in tumor
progression, found that tumor-derived CCL5 does not contribute to
breast cancer progression and pointed towards a role for host-
derived chemokines in the progress of the disease [18]. Future

Fig. 5. The expression of CC and CXC chemokine receptors is altered in splenic CD4+

and CD8+ T cell subsets of tumor-bearing mice. Total RNA was isolated and 20 lg
was subjected to a multi-probe protection assay. These data are representative of at
least three independent experiments with at least six mice per group.
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studies in our laboratory will investigate the role of T lymphocyte-
derived CCL5 in mammary tumor progression.

The CXC chemokines are important regulators of tumor growth
and metastasis, as they play an extensive role in angiogenesis. Pro-
duction of CXCL2 is associated with macrophages, endothelial cells,
epithelial cells and tumor cells [55,56]. Tumor growth has been
linked to increased angiogenesis due to the interaction of CXCL2
with endothelial cell expressed CXCR2 [57]; in addition, IL-8,
which is the human analog of mouse CXCL2, was found to act as
a direct autocrine growth factor for malignant melanoma [58], liver
and pancreatic tumors [59], and for colon carcinoma cells [60]. In
this study, we show that in addition to being produced by the
DA-3 mammary tumor cells, splenic T lymphocytes of mammary
tumor-bearing mice also secrete CXCL2.

We have demonstrated elevated levels of CCL2 in the circulation
of mammary tumor-bearing mice and have shown that T cells and

more importantly, tumor-infiltrating T cells, express this chemo-
kine [19]. In this study we analyzed whether CCL2 plays a role in
the induction of other inflammatory chemokines or their receptors.
We show for the first time that T cells treated with CCL2 upregu-
late the gene expression of CCL5 and CXCL2 and the receptors,
CCR1, -2 and -3. It is important to note that CCL2 is known to re-
cruit monocytes that differentiate into TAMs within the tumor
microenvironment and facilitate tumor progression [61,62]. Thus,
CCL2 may prove to be a target for immunotherapy in cancer, and
is currently being investigated in Phase I clinical trials [63].

Enhanced leukocyte infiltration of tumors has been associated
with increased tumor vascularity [64]. The chemokines expressed
in our tumor system can exert angiogenic effects either by directly
acting on the cancer cells or indirectly through the effector cells
they recruit. Soria et al. have shown that co-expression of CCL5
and CCL2 in the same tumor was associated with more advanced

Fig. 6. The effect of CCL2 on chemokine (A) and chemokine receptor (B) expression in T cells from mammary tumor-bearing mice. Splenic T cells from mammary tumor-
bearing mice were cultured in the presence of 10 ng/ml of recombinant murine CCL2 (rmCCL2) for 4 h. Total RNA was isolated and 20 lg was subjected to a multi-probe
protection assay for chemokines and chemokine receptors. These data are representative of at least three independent experiments with six mice per group.
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stages of breast cancer and have suggested that breast tumors
‘‘benefit’’ from interactions between the two chemokines [12].
Our studies show that splenic and tumor-infiltrating T lympho-
cytes of mammary tumor-bearing mice secrete CCL2, CCL5 and
CXCL2 and express CCR1, -2, -3 and CXCR2. Other studies suggest
that chemokine receptor expression, e.g., the CCL5 receptors
CCR1 and CCR5, contribute to breast tumor development as
treatment with CCR1/CCR5 receptor antagonists reduced the
volume and weight of the tumors [28]. Based on these findings,
we postulate that T cells of tumor-bearing mice may be promoting
tumor growth instead of inhibition due to increased expression of
angiogenic chemokines and their receptors. In order to validate a
role for these T lymphocyte-derived molecules in mammary tumor

progression, we plan to explore the effects of gene silencing on D1-
DMBA-3 tumor growth and angiogenesis.
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