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GM-CSF up-regulates the expression of CCL2 by
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Abstract. MCP-1/CCL2 (monocyte chemoattractant protein-
1/CC chemokine ligand 2) is a B or CC chemokine that is
expressed by a variety of cell types, including fibroblasts,
endothelial, smooth muscle, and glial cells. In addition, cells
involved in immunity, such as monocytes/macrophages,
neutrophils, and eosinophils have also been shown to express
this chemoattractant. Using a murine model of the D1-
DMBA-3 mammary adenocarcinoma, we demonstrated the
unique production of CCL2 by splenic T lymphocytes from
tumor-bearing animals. Because this tumor produces
GM-CSF, and this factor is also up-regulated in the B
lymphocytes of tumor-bearing mice, we looked at the ability
of GM-CSF to induce CCL2 production by T cells. Treatment
of normal and tumor bearers' T cells with GM-CSF resulted
in an increased secretion of this chemokine. This up-regulation
was seen with or without stimulation by Concanavalin A,
although these treatments were additive in their effects. The
induction of CCL2 was studied at the molecular level by
analyzing the effect(s) of a variety of physiological and
pharmacological agents on cultured T cells. These results
suggest that the tumor-derived factor GM-CSF activates
various signaling pathways within splenic T cells to up-
regulate CCL2 expression.

Introduction

Cytokines and chemokines serve as important mediators of
the functional responses of leukocytes. An effective anti-
tumor response requires the recruitment of effector cells such
as T cells and macrophages to the site of the neoplasm and
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the appropriate activation of these cells. Chemokines are a
group of inducible, proinflammatory cytokines that interact
with leukocytes and recruit them into the tumor. Clinically,
elevated levels of chemokines have been found in a variety
of inflammatory diseases including cancer (1). The prototype
CC chemokine is a monocyte chemoattractant protein-1
(MCP-1/CCL2) that was first identified as a potent chemo-
taxin for monocytes (2) and is also a chemotactic for activated
T lymphocytes, natural killer cells, and basophils (3-5). This
chemokine is synthesized by a variety of cell types in response
to various stimuli including cytokines.

We previously reported that the D1-DMBA-3 tumor
secretes factors that directly or indirectly affect leukocytes
resulting in immunosuppression and dysregulated cytokine
expression (6). Elevated levels of GM-CSF and CCL2 are
found in the sera of mammary tumor-bearing mice relative to
normal control mice, and our studies indicate that DA-3 cells,
a tumor cell line derived from the D1-DMBA-3 tumor,
secrete GM-CSF (7). Although there are several reports of
tumors producing CCL2, this protein is not detected in the
supernatants of DA-3 cells. We have shown that CCL2 is
induced in the T lymphocytes by tumor-derived GM-CSF
(8). The effects of GM-CSF are triggered by the binding of
the ligand to its cell surface receptor leading to the phos-
phorylation of molecules involved in signaling. Several
signaling pathways have been identified downstream of GM-
CSF receptors in several cell types including myeloid cells
(9,10), monocytes (11), neutrophils (12), microglial cells (13)
and endothelial cells (14). GM-CSF has been shown to
activate the phosphatidylinositol-3 kinase/Akt (PI-3/Akt),
Janus kinase/signal transducer and activator of transcription
(JAK/STAT) and Ras/extracellular signal-related kinase/
mitogen-activated protein kinase (Ras/ERK/MAPK) cascades
to different extents depending on cell type (10,15,16). It is
known that parallel signaling pathways are activated during
cytokine gene induction. GM-CSF has been reported to also
activate PI-3 kinase, JAK/STAT and Ras-Raf-ERK signaling
pathways in neutrophils (17). However, the signaling events
involved in GM-CSF activation of T lymphocytes need
further elucidation.

Martin et al (18) have shown that the induction of CCL2
protein in endothelial cells by TNF-a and IL-18 is dependent
on the binding of the nuclear factor of kB (NF-kB) to its
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consensus site. Thus, the role of NF-xB in the induction of
CCL2 by T lymphocytes of mammary tumor-bearing mice
was evaluated. The ubiquitous and evolutionarily conserved
NF-kB family of proteins is involved in the transcriptional
regulation of a number of cellular genes. The NF-kB family
of proteins is comprised of five members: p65 (RelA), RelB,
c-Rel, NF-xB1 (which occurs as a precursor pl05 and its
processed product p50) and NF-xB2 (which occurs as a
precursor p100 and its product p52). In most normal cells, the
Rel/NF-kB dimers are retained in the cytoplasm as an inactive
complex through the direct binding of an IkB inhibitor. On
cytokine activation, degradation of IxB and subsequent
nuclear translocation of active Rel/NF-kB takes place (19-21).
Our results indicated that p50 homodimer and p50-c-Rel
heterodimer NF-kB transcription factors were involved in the
activation pathway leading to CCL2 production. In this
study, inhibitors of signaling molecules were used to determine
the signaling pathways involved in the GM-CSF induction of
CCL2 in T lymphocytes.

Materials and methods

Mice and cell lines. BALB/c mice used in these studies were
8-12 weeks of age and bred in the animal facility at the
University of Miami. Animal care and use was according to
the guidelines of the National Institute of Health. The D1-
DMBA-3 tumor, syngeneic to BALB/c mice, is a trans-
plantable mammary adenocarcinoma derived from a non-
viral, noncarcinogen-induced preneoplastic nodule after
treatment with 7,12-dimethylbenzanthracene (22). The D1-
DMBA-3 tumor is immunogenic to the host of origin,
nonmetastatic to the spleen, but metastases to the lung and
bone marrow occur. The DA-3 mammary tumor cell line was
derived from the DI-DMBA-3 tumor and maintained in
DMEM/high glucose, 10% characterized heat-inactivated
FCS (Hyclone Laboratories, Logan, UT), 100 U/ml of
penicillin, 100 xg/ml of streptomycin, and OPI media
supplement (Sigma Chemical Co., St. Louis, MO). Tumors
were implanted in BALB/c mice by subcutaneous injection of
1x10° tumor cells resulting in a measurable tumor 7-10 days
post implantation.

Purification of splenic T cells. Spleens were compressed in
Teflon tissue homogenizers and the resulting single-cell
suspension was pelleted at 300 x g, subjected to hypotonic
shock for red cell removal, washed and counted. Macrophages
were removed from the cell suspension by plastic adherence
in pre-warmed RPMI-1640, 5% FCS at 37°C for 1 h in a CO,
incubator. The non-adherent T lymphocytes were purified on
nylon wool columns according to the method of Julius et al
(23) and by positive selection using the Macs Magnetic
separation system (Miltenyi Biotec, Auburn, CA) according
to the manufacturer'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) 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+ cells were then eluted. After purification, the cells
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were routinely >95% viable, as assessed by trypan blue
exclusion. FACS analysis using a Becton Dickinson LSR
analyzer and anti-mouse FITC-CD90 antibodies (BD
Biosciences Pharmingen, San Diego, CA) confirmed the
populations to be 293% Thy1.2+* T lymphocytes.

Cell culture. After purification, splenic T cells cultured for
ELISAs were re-suspended in complete media consisting of
RPMI-1640, 10% FCS, 100 U/ml of penicillin, 100 pg/ml of
streptomycin, and 50 mM 2-ME and cultured for various time
points. At the end of the incubation period, the supernatants
were removed and stored at -80°C until use. The following
reagents were used in experiments as noted: Concanavalin A
and Na-p-Tosyl-, -Lysine Chloro-methyl ketone (TLCK)
(Sigma Chemical Co.), recombinant murine GM-CSF
(PeproTech, Rocky Hill, NJ), wortmannin, staurosporine, and
PD 98059 (Calbiochem, San Diego, CA).

RNA analysis

RT-PCR. Total RNA was isolated from purified T cells from
normal and four-week-old tumor-bearing mice using
TriReagent (Molecular Research Center, Cincinnati, OH). One
microgram of total RNA was reverse transcribed using a
Primus thermocycler (MWG Biotech, High Point, NC) and
the GeneAmp RNA PCR kit (Applied Biosystems, Foster
City, CA) with Oligo d(T),, primers, according to the
manufacturer's instructions. The reaction was incubated for
60 min at 42°C, followed by inactivation of the MuLV
reverse transcriptase at 99°C for 5 min. The cDNA products
obtained were subjected to PCR for 35 cycles, after which
15 pl of the amplified DNA fragments were electrophoresed
on a 1.4% agarose gel stained with ethidium bromide and
visualized by UV transillumination. The gels were analyzed
with Scion Image B 4.02 densitometry software (Scion,
Frederick, MD) and normalized with B-actin band intensity.
The PCR for GM-CSFR-a amplification was carried out by
incubating the samples at 94°C for 10 min, followed by 35
cycles of 95°C for 30 sec, 59°C for 30 sec, and 72°C for 30 sec,
with a final extension for 10 min at 72°C. The primers were
as follows: murine GM-CSFR-o sense, 5'-AACGTGACT
GACAGGAAGG-3'; antisense, 5'-TGTGTGTGCTGGCT
GTTAAGG-3' (24); and murine B-actin sense, 5'-TCTGG
CACCACACCTTCTAC-3; antisense, 5'-GAAGGAAGGCT
GGAAGAGTG-3' (25).

Gene expression array analysis. The relative mRNA
expression of the mouse NF-xB signaling pathway was
analyzed with the chemiluminescent GEArray Q Series
(SuperArray Inc., Bethesda, MD) according to the manufacturer's
protocol. Briefly, total RNA was isolated and 5 yg from
unstimulated or GM-CSF-stimulated T lymphocytes of
normal and tumor-bearing mice was reverse transcribed into
cDNA with Moloney murine leukemia virus reverse
transcriptase (Promega, Madison, WI) and amplified in the
presence of biotin-16-dUTP (Roche, Indianapolis, IN). The
resulting cDNA probes were hybridized to cDNA fragments
that were spotted on the GEArray nylon membranes. The
relative expression level of each gene was analyzed by
densitometry using Scion program and the densities were
normalized with B-actin.
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Cytokine ELISA. The amounts of CCL2 present in the
supernatants of cultured T lymphocytes were measured by
OptEIA™ ELISAs (BD Biosciences Pharmingen), according
to the manufacturer's instructions. Absorbance at 450 nm was
read on a Tecan SLT Rainbow reader (Labinstruments,
Research Triangle Park, NC) and the OD values of the
samples were converted to picograms against a standard
curve of known quantities of CCL2.

Nuclear extracts. Nuclear extracts were prepared by the
method of Schreiber er al (26). T cells (6x10°) were cultured
in 6-well tissue culture plates and incubated overnight in the
presence of GM-CSF. Cells were washed twice with PBS,
then treated with cold buffer A (10 mM HEPES, pH 7.9,
10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
0.5 mM PMSF, 0.1 mM antipain, 10 xg/ml aprotinin, 0.1 mM
chymostatin, 0.1 mM leupeptin, and 1 mM pepstatin). The
cells were left to swell on ice for 15 min, after which 25 p1 of
10% NP-40 was added and vortexed for 10 sec. Nuclei were
removed from cytosol by centrifugation at 14,000 rpm for
30 sec. The supernatants were removed and the nuclear pellets
re-suspended in 50 pl of ice-cold buffer B (20 mM HEPES,
pH 79,04 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
0.1 mM antipain, 10 pg/ml aprotinin, 0.1 mM chymostatin,
0.1 mM leupeptin, and 1 mM pepstatin) and the tubes were
rocked vigorously at 4°C for 15 min. The extracts were
centrifuged at 14,000 rpm for 5 min at 4°C, and the super-
natants were stored at -70°C. Protein concentration was
measured by a previously described modification of the
method of Lowry ef al (27) using the Sigma protein
determination kit (St. Louis, MO).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts
(5 pg/sample) were incubated in a 20-u1 volume with 1X
binding buffer (10 mM Tris-HCI, pH 7.5, 50 mM NaCl, and
0.5 mM DTT), 10% glycerol, 0.05% NP-40, 1 pg of poly(dI-
dC)-poly(dI-dC) (Pharmacia, Piscataway, NJ) on ice for
10 min (164) before addition of 3?P-labeled target DNA (1 ng),
corresponding to sequences in the promoter to be analyzed.
To ensure specificity, a 50X concentration (50 ng) of unlabeled
competitor DNA was included in the sample prior to the
addition of the radiolabeled probe. After the completion of
the binding reaction, 2 ul of 10X loading buffer (250 mM
Tris-HCI, pH 7.5, 0.2% bromophenol blue, 0.2% xylene
cyanol, and 40% glycerol) was added and samples were
electrophoresed at 4°C through a 5% polyacrylamide gel in
0.5X TBE buffer (0.045 M Tris-borate, 0.001 M EDTA,
pH 8.0) which had been pre-run at 10 V/cm for 2 h prior to
the sample loading. The gels were dried and visualized by
autoradiography.

Supershift assay. In some EMSASs, the procedure was
followed as detailed above except that 2 ug of affinity-
purified rabbit polyclonal antibodies against various
transcription factors (Santa Cruz Biotechnology, Santa Cruz,
CA) was included in the binding reaction. Antibodies were
blocked by the addition of excess specific peptides.

Statistical analysis. Data were expressed as the mean + SD.
Statistical significance was determined using the two-tailed
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Students's t-test. Values of p<0.05 were considered statist-
ically significant.

Results

Recombinant GM-CSF induces the secretion of CCL2 in
splenic T cells. To analyze the influence of mammary tumor-
derived and/or -induced factors on the enhanced levels of
CCL2 in T cells from tumor bearers, we treated normal and
tumor bearers' T lymphocytes with titrations of previously
identified factors, either alone or in combination including
TNF-a, PGE,, VEGF, IL-6 and phosphatidyl serine (data not
shown). GM-CSF proved to be a tumor-derived factor that
induces the secretion of CCL2 in T lymphocytes. Thus,
splenic T cells from normal and tumor-bearing animals
were purified and treated with a titration of recombinant
murine GM-CSF (rmGM-CSF) (Fig. 1A). Stimulation with
recombinant GM-CSF at concentrations similar to those found
in tumor-bearers' sera or the tumor cell cultures (7,28) induced
the secretion of CCL2 in T lymphocytes. DA-3 tumor cells
constitutively secrete ~200-300 pg/ml of GM-CSF, and
2000 pg/ml of GM-CSF has been measured in the sera of
mammary tumor bearers (29,30). The stimulation of tumor
bearers' T cells with as little as 100 pg/ml GM-CSF resulted
in the secretion of 248+75 pg/ml CCL2. The amount of
CCL2 produced in GM-CSF-stimulated cultures of normal T
cells ranged from 24+7.1 to 35.4+7.5 pg/ml, whereas the
CCL2 produced by tumor bearers' T cells was from 248+74.8
to 707.2+126 .4 pg/ml. As well as being dose dependent, the
induction of CCL2 with GM-CSF treatment acted in a time-
dependent fashion (Fig. 1B). Maximum secretion of CCL2
was seen when the T cells were stimulated overnight with
recombinant GM-CSF and/or the plant lectin, Concanavalin
A. Furthermore, the two stimulations acted additively in the
induction of the chemokine by the T lymphocytes. The
biologic activity of cytokines is mediated by the binding of
the ligand to their specific receptors. The GM-CSF receptor
complex consists of a low-affinity binding a-subunit and the
common B-subunit of the cytokine receptor family that does
not bind GM-CSF itself, but forms a high-affinity receptor in
combination with the a-subunit and is responsible for signal
transduction (31). We therefore analyzed the expression of
the GM-CSFR-a subunit in the T cells of normal and tumor
bearers by RT-PCR. T cells from four-week-old tumor-
bearing mice expressed higher levels of GM-CSFR-a
compared to the normal mice (Fig. 1C). Furthermore, T cells
isolated from mammary tumor bearers express higher levels
of both GM-CSFRa and GM-CSFR# receptor proteins than
do T cells from normal control mice (8).

Molecular pathways involved in the GM-CSF-induced
secretion of CCL2. Pro-inflammatory cytokines and chemo-
kines are often expressed in response to NF-kB activation
(32-34) and induced expression of CCL2 does indeed require
activation of this family of transcription factors in human
glioblastoma and human fibrosarcoma cells stimulated with
TNF-a (35). A gene array of molecules involved in NF-xB-
mediated signal transduction was used to gain insight into
which molecules may be affected in the GM-CSF-induced
CCL2 production (Fig. 2A). The constitutively and GM-
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Figure 1. GM-CSF induces CCL2 production in splenic T cells in a dose-
dependent and time-dependent fashion and GM-CSFR-a is expressed by T
lymphocytes. (A) Purified splenic T cells from normal and 4-week-old
tumor-bearing mice were cultured overnight with increasing concentrations
of recombinant GM-CSF. Cell-free supernatants were collected and assayed
by ELISA. Data are representative of three independent experiments with at
least 5 mice per group. (B) Purified splenic T cells from 4-week-old tumor-
bearing mice were cultured for various time points with GM-CSF and/or
Concanavalin A. Cell-free supernatants were collected and assayed by
ELISA. Data are representative of three independent experiments with at
least 5 mice per group. (C) Purified splenic T cells from normal and 4-week-
old tumor bearers were analyzed for GM-CSF receptor-a expression by
semi-quantitative RT-PCR as described in Materials and methods.
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CSF-induced expression of genes in the Rel/NF-kB family
and various signal transduction kinases and transcription
factors were analyzed using this array. The constitutive
expression of genes encoding cyclic AMP-responsive
elements (CREB-2 and CREB), Elk 3 and the basic helix-
loop-helix/leucine zipper protein Max were similar in
T lymphocytes from both normal and tumor-bearing mice
(Fig. 2B). Interestingly, there was increased expression of the
CREB-2 and CREB, Elkl, Elk3, and Max genes induced by
GM-CSF in normal T cells compared to tumor bearers' T
lymphocytes. The constitutive expression of the Rafl gene
was higher in the T cells of tumor-bearing mice but in contrast,
the GM-CSF-induced expression of this gene was higher in
the T cells of normal mice. Similar patterns of gene expression
were observed in the NF-xB family of transcription factors
induced by GM-CSF (Fig. 2C). GM-CSF induced higher
levels of mRNA expression of IKK-8, NF-kB1, NF-kB2,
ikBa, Nfkbie, c-Rel, and RelA (p65) in the T cells of normal
mice but there were no significant differences in the
expression of the IKK-y, NF-xbIL1, NFxkBIL2 and I-Rel
genes from the two types of mice. The constitutive expression
of the NF-xB1, NF-xB2, and ikBa genes was higher in tumor
bearers' T cells, while basal levels of Nfkbie, NFxbIL1 and
RelA (p65) expression were higher in T cells from normal
mice (Fig. 2C). Although GM-CSF was found to increase the
mRNA expression of key signaling molecules such as
Map2kl, Map2k4, MEKK1, MEKK?2, Map3k14, Mapk14,
Mapk8 and Mapk9 in T lymphocytes of both normal and
tumor-bearing mice (Fig. 2D), the levels of mRNA induced
by GM-CSF were higher in the T cells of normal mice
compared to those of tumor bearers' T cells. In contrast, the
constitutive expression of Map2kl, Map2k4, Map2k7,
Mapk14 and ERK was higher in tumor bearers' T lympho-
cytes, while the mRNA expression of MEKK1 and Tbk 1 was
higher in T cells from normal mice. (Fig. 2D).

NF-«B plays a crucial role in many inflammatory
diseases such as arthritis, asthma and atherosclerosis, as well
as cancer. Various members of the NF-kB/Rel family have
been shown to regulate many genes involved in immune and
inflammatory responses (36-39). Since the results from our
NF-kB-mediated signal transduction gene array studies
indicated that multiple genes are affected by GM-CSF in T
cells, identification of the nuclear factors that play a role in
the expression of CCL2 by tumor bearers' T lymphocytes
was investigated. To determine which of the nuclear factors
played a role in tumor bearers' T lymphocytes, electrophoretic
mobility shift assays were performed. Using an NF-xB-
specific probe corresponding to the murine CCL2 promoter,
EMSAs of the nuclear proteins from normal and tumor
bearers' T cells stimulated with GM-CSF revealed a pattern
of higher intensity bands from the tumor bearers' nuclear
extracts, indicating a greater amount of NF-xB transcription
factors bound to the recognition motif (Fig. 3A). The
specificity of the DNA-bound complexes was determined by
cold competition with excess NF-kB or with the irrelevant
oligonucleotide Oct-1. These results showed that nuclear
extracts from splenic T cells were specific for NF-kB because
they could be competed by an excess of an unlabeled NF-xB
sequence but not by an oligonucleotide containing an
irrelevant Oct-1 binding motif (Fig. 3A). To determine which
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Figure 2. Murine NF-kB mediated signaling pathway gene array. (A) Representative gene expression array analysis of splenic T cell mnRNA from normal and
tumor-bearing animals. B-actin mRNA expression is shown in the last two tetra-spots and was used to normalize the expression results. (B) Integrated
intensity of transcription factors normalized to B-actin. (C) Integrated intensity of Rel/NF-kB/IkB family transcription factors normalized to B-actin.
(D) Integrated intensity of signal transduction kinases normalized to B-actin.
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Figure 3. DNA binding affinity of NF-xB to the NF-«kB recognition motif in
the nuclear extracts of normal and tumor bearers' T cells. (A) Activation of
NF-kB binding was analyzed by EMSA using a radioactively labeled
oligonucleotide corresponding to the NF-kB recognition motif and nuclear
extracts from normal (N) and tumor bearers' (T) T cells cultured for 2 h.
(B) Specificity of the DNA-bound complexes was determined by supershift
analysis. Specific anti-NF-«B transcription factor Abs were included in the
binding reactions. These gels are representative of at least four independent
experiments.

nuclear factors contributed to the altered binding pattern
seen, a supershift experiment was performed in which
antibodies to known NF-xB family members were added to
the DNA binding reaction (Fig. 3B). Anti-p50, -p65, and -c-
Rel antibodies efficiently ‘supershifted’ the DNA-binding
complexes with a concomitant reduction in the intensity of
the shifted band, indicating that these transcription factors
were involved in the expression of CCL2 in splenic T cells.
While p50 and c-Rel were involved in the binding of the NF-
kB promoter of normal and tumor bearers' T cells, p50 was
highly involved, as evidenced by the more dramatic shifts. In
contrast, RelA (p65) bound only to the CCL2 promoter in the
nuclear extracts from normal T cells. The binding of these
higher molecular weight transcription factors to the CCL2
promoter in normal T cells partly explained the retarded
migration of nuclear extracts from normal T lymphocytes
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Figure 4. Effect of molecular inhibitors on GM-CSF-induced CCL2
secretion by tumor bearers' T cells. Purified splenic T cells from 4-week-old
tumor-bearing mice were cultured overnight with 250 pg/ml recombinant
GM-CSF*" nontoxic concentrations of various molecular inhibitors. Cell-
free supernatants were collected and assayed by ELISA. These data are
representative of four independent experiments. “Significant differences
(p<0.05) between T cells treated with GM-CSF alone and with the addition
of inhibitors to the culture media.

compared to those of tumor bearers. The predominant
transcription factor complex involved in the NF-kB promoter
in tumor bearer's T cells was p50/p50 homodimers but p50-c-
Rel heterodimers also appeared to be involved.

The induction of cytokine/chemokine genes involves
multiple signaling pathways some of which merge at the
level of NF-kB. Upstream of NF-xB, MAPK, PI3 kinase and
PKC have been shown to be activated in neutrophils in
response to GM-CSF (17,40,41). In other studies, GM-CSF
has been shown to activate Akt, a downstream substrate of
PI-3K (15) and the MAP kinase, ERK (42). Thus, pharma-
cologic inhibitors were used to dissect the signaling pathways
involved in the GM-CSF-mediated secretion of CCL2 in T
lymphocytes. The inclusion of staurosporine, a protein kinase
inhibitor; wortmannin, an inhibitor of PI-3K; Na-p-Tosyl-, -
Lysine Chloro-methyl ketone (TLCK), an inhibitor of NF-kB;
and PD 98059, an inhibitor of the MAPK/ERK pathway in T
cell cultures resulted in a down-regulation of CCL2 secretion
in the GM-CSF-stimulated T cells from tumor-bearing mice
(Fig. 4). T lymphocytes from four-week-old tumor-bearing
mice constitutively secreted ~10 pg/ml CCL2, and ~500 pg/
ml of CCL2 was secreted by GM-CSF-stimulated T
lymphocytes. In contrast, T cells cultured in the presence of
pharmacologic inhibitors staurosporine, wortmannin, TLCK
and PD 98059 secreted 194, 188, 40 and 110 pg/ml of
CCL2, respectively. Viability was not affected by these
concentrations of the inhibitors, as assayed by trypan blue
exclusion.

Discussion
We previously observed that mammary tumor-derived

factors, including GM-CSF induce CCL2 expression in the T
lymphocytes of tumor-bearing animals (8). In the same study,
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we showed that exposure of T cells to CCL2 resulted in
decreased production of interferon-y, a key cytokine critical
during tumor development for the immunologic defenses of
the host. The present study demonstrated that this secretion
of CCL2 by GM-CSF-stimulated T lymphocytes was both
time and dose dependent. Little is known about the molecular
pathways that are activated following the binding of GM-
CSF to its receptor in primary T lymphocytes. Notably, GM-
CSFR-a is up-regulated in the tumor-bearers' T lymphocytes
which favors the triggering of various signaling pathways.
Thus, the current study analyzed the signaling pathways
involved in the GM-CSF-induced CCL2 secretion by T cells.

Signaling pathways and the ensuing activation of specific
genes involved in response to GM-CSF vary depending upon
the cell type. For example, the ERK and the Jak2/STAT
pathways are activated in human neutrophils (12,40) in
response to GM-CSF, however the NF-xB pathway is not
activated by similar treatment (43). In contrast, elevated levels
of NF-«xB signaling components were observed in monocytes
pre-treated with GM-CSF (11). Gene array studies were
performed to gain insight into the molecular pathways
involved in the induction of CCL2 in T cells stimulated with
GM-CSF. In this study, we found that GM-CSF induced the
increased mRNA expression of multiple factors including
NF-xB, CREB, and Rafl transcription factors and the MAPK
signal transduction proteins.

The NF-«kB family of transcription factors plays a crucial
role in many inflammatory diseases, such as arthritis, asthma,
atherosclerosis, and Alzheimer's disease (44). The expression
of these transcription factors is central in the expression of
many inflammatory cytokines, and the role NF-xB plays in
inflammatory diseases probably results from defects in the
regulatory mechanisms controlling its activation (35). In
most cell types, NF-kB is sequestered in the cytoplasm in an
inactive form through association with any of several IxB
inhibitor proteins (IxBa, IkBp, IkBe, IkBy, p105, p100, and
Bcl-3). In response to a wide array of stimuli, IkB is phos-
phorylated, ubiquinated, and degraded, allowing NF-kB to
translocate to the nucleus where it can regulate gene
expression (45). In this report, electrophoretic mobility shift
assays revealed bands of greater intensity indicating a greater
amount of NF-kB factors bound to the recognition motif in
the CCL2 promoter region in the nuclear extracts of T cells
from mammary tumor-bearing mice. The probed nuclear
proteins from tumor bearers' T cells migrated faster in the gel
compared to those of normal T cells, signifying a lower
molecular weight of the transcription factor complex with the
tumor burden. Differential binding of nuclear proteins could
affect gene expression. Supershift assays using anti-p50, -65,
and c-Rel antibodies indicated that RelA (p65) binds to the
CCL2 promoter in only the normal T cells and that c-Rel
plays a larger role in the binding to the promoter in these
cells compared to those of T cells from tumor bearers. The
participation of these higher molecular weight transcription
factors in the CCL2 promoter in normal T cells explains the
retarded migration of nuclear extracts compared to those of
tumor bearers. While the heterodimers p50-c-Rel were
observed in T cells from normal and tumor bearers, the T
cells from tumor bearers had higher levels of nuclear factors
as indicated by darker bands. The predominant transcription
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factor complex involved in the NF-xB promoter in tumor
bearers' T cells was p50/p50 homodimers. The biological role
of p50 homodimers is ambiguous. In some experimental
systems, pS0 homodimers function to enhance transcription
(46), but in others, p50 acts as a repressor (47), binding kB
sites normally activated by p50/p65 heterodimers (46).
However for transactivation, p5S0-c-Rel heterodimers are
required. In our tumor model, both p50 homodimers and p-
50-c-Rel heterodimers were functioning as activators of
transcription of CCL2 in T lymphocytes.

The networks regulating the NF-kB activation are more
complex than previously envisioned (48) and other signaling
pathways have been reported in other cell types including
neutrophils, eosinophils, and dendritic cells affecting effector
functions (12,49,50). We therefore investigated pathways
upstream of NF-xkB in GM-CSF-induced CCL2 secretion.
Pharmacologic inhibitors were used to demonstrate the
signaling pathways involved in the GM-CSF-induced
secretion of CCL2. Our studies revealed significant decreases
in CCL2 production by tumor bearers' T cells treated with
wortmannin, TLCK, staurosporin, and PD98059, thus
demonstrating a role for PI3 kinase, NF-kB, PKC and ERK1/
MAP kinase in the production of CCL2 by T cells. Our
findings suggest that the signaling pathways in GM-CSF-
induced CCL2 production in primary T lymphocytes from
mammary tumor-bearing mice are mediated through shared
pathways involving multiple kinases and NF-kB activation
resulting in CCL2 gene transcription. This can have a
significant impact on tumor growth and the immune response
since we have previously shown that treatment of T lympho-
cytes with CCL2 results in decreased interferon-y secretion.
This may affect the overall immune response against the
tumor.
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