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Abstract

The interplay between malignant and stromal cells is essential
in tumorigenesis. We have previously shown that colony-
stimulating factor (CSF)-1, matrix metalloprotease (MMP)-2,
and vascular endothelial growth factor (VEGF)-A production
by stromal cells is enhanced by CSF-1–negative SW620 colon
cancer cells. In the present study, the mechanisms by which
colon cancer cells up-regulate host factors to promote
tumorigenesis were investigated. Profiling of tumor cell
cytokine expression in SW620 tumor xenografts in nude mice
showed increased human tumor necrosis factor (TNF)-A
mRNA expression with tumor growth. Incubation of macro-
phages with small interfering (si) RNAs directed against
TNF-A or TNF-A–depleted SW620 cell conditioned medium
versus SW620 cell conditioned medium failed to support
mouse macrophage proliferation, migration, and expression
of CSF-1, VEGF-A, and MMP-2 mRNAs. Consistent with these
results, human TNF-A gene silencing decreased mouse
macrophage TNF-A, CSF-1, MMP-2, and VEGF-A mRNA
expression in macrophages cocultured with human cancer
cells. In addition, inhibition of human TNF-A or mouse CSF-1
expression by siRNA reduced tumor growth in SW620 tumor
xenografts in mice. These results suggest that colon cancer
cell–derived TNF-A stimulates TNF-A and CSF-1 production
by macrophages, and that CSF-1, in turn, induces macrophage
VEGF-A and MMP-2 in an autocrine manner. Thus, interrupt-
ing tumor cell–macrophage communication by targeting
TNF-A may provide an alternative therapeutic approach for
the treatment of colon cancer. [Cancer Res 2007;67(3):1038–45]

Introduction

Interactions between malignant cells and the tumor stroma are
crucial events in the growth, invasion, and neovascularization of
solid tumors. Macrophages are key effector cells in the tumor
stroma, producing growth stimulators and inhibitors, proteolytic
enzymes, and cytokines that modify the extracellular matrix and
regulate angiogenesis (1). Tumor necrosis factor (TNF)-a is a key
cytokine produced by both macrophages and malignant cells (2).
In neoplastic tissues, TNF-a can induce tumor cell apoptosis (3);
however, colon carcinoma cells frequently lose their sensitivity for

the induction of apoptosis during tumor progression (4). Moreover,
TNF-a may even promote tumor growth at lower levels (5).

TNF-a has been identified as an inducer of colony-stimulating
factor (CSF)-1 production (6). CSF-1 has a regulatory effect on
macrophages mediated through the c-fms proto-oncogene receptor
tyrosine kinase (7), stimulates the proliferation, differentiation, and
survival of the mononuclear cell lineage (8), and accelerates
angiogenesis in vivo (9). Recent work suggests that CSF-1 is able to
stimulate monocytes, precursors of macrophages, to secrete the
biologically active vascular endothelial growth factor (VEGF), a key
regulator of angiogenesis (10). Tumor-associated macrophages also
facilitate the extracellular matrix breakdown by producing matrix
metalloproteases (MMP), thereby enhancing tumor progression,
invasion, and metastasis (11–13). Additionally, tumor cells can
stimulate MMP production by macrophages via cytokines (14).

The mechanisms by which colon cancer cells up-regulate CSF-1
and MMPs produced by macrophages that result in promoting
tumor growth are not clearly understood. This study addressed
this issue by exploring the interplay between tumor cell–derived
cytokines on cellular proliferation, migration, and gene expression
regulation in vitro and in an established colon cancer xenograft
model. The data suggest that the proinflammatory cytokine TNF-a
is linked to tumor growth by acting as an autocrine growth factor
for colon cancer cells and by up-regulation of CSF-1–dependent
gene expression in macrophages in a paracrine manner.

Materials and Methods

cDNA arrays. Total RNA was isolated with TRIzol reagent (Invitrogen,

Carlsbad, CA). First-strand cDNA was synthesized with 2 Ag total RNA and

an avian myeloblastosis virus-reverse transcriptase (Promega, Madison,
WI). Total RNA was used to generate an [a-32P]dCTP-labeled cDNA probe

for cytokine human species-specific array analysis (GEArray Q series,

SuperArray, Frederick, USA). Hybridizations were done according to the
manufacturer’s protocol with labeled cDNA probes from SW620 human

colon cancer xenografts grown in nude mice (day 22) and SW620 colon

cancer cells (15). The mRNA signals were detected and recorded in a

Phosphorimager (Typhoon, Amersham Pharmacia Biotech, Buckingham-
shire, United Kingdom) and quantified with ImageQuant software

(Molecular Dynamics, Gladbeck, Germany).

Quantitative real-time reverse transcription-PCR. Samples were

snap frozen in liquid nitrogen, homogenized, and processed for PCR as
described earlier (16). The primer sequences for human molecules (VBC

Genomics, Vienna, Austria) were (sense/antisense) h-2 microglobulin:

5¶-GATGAGTATGCCTGCCGTGTG-3¶/5¶-CAATCCAAATGCGGCATCT-3¶;
TNF-a: 5¶-AGGGACCTCTCTCTAATCAG-3¶/5¶-AGCTTGAGGGTTTGCTAC-
3¶; and VEGF-A: 5¶-AGCCTTGCCGCCTTGCTGCTCTA-3¶/5¶-GTGCTGG-
CCTTGGTGAGG-3¶. The primer sequences for mouse molecules were h-2
microglobulin: 5¶-CCTCACATTGAAATCCAAATGC-3¶/5¶-CGGCCATACTGT-
CATGCTTAAC-3 ¶; CSF-1: 5 ¶-CATCTCCATTCCCTAAATCAAC-3 ¶/5 ¶-
ACTTGCTGATCCTCCTTCC-3¶; MMP-2: 5¶-CCGATTATCCCATGATGAC-3¶/
5¶-ATTCCCTGCGAAGAACAC-3¶; VEGF-A: 5¶-AGTACATCTTCAAGCCGTC-3¶/
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5¶-GCAGGAACATTTACACGTC-3¶; and TNF-a: 5¶-CATGAGCACAGAAAG-
CATGATC-3¶/5¶-CCTTCTCCAGCTGGAAGACT-3¶. The species specificity of

the human and mouse primers was tested in human tumor cells and mouse

macrophages as described (17). LightCycler Data Analysis Version 3.1.102

(Roche, Mannheim, Germany) was used for PCR data analysis. The relative
quantification of the signals was done by normalizing the signals of the

different genes to h-2 microglobulin as described (15, 16). Measurements

were done in duplicate.

Cell culture and analysis of siRNA effects in vitro . Human SW620

colon cancer cells (American Type Culture Collection, Manassas, VA) were

cultured in DMEM containing 10% FCS (15). CSF-1–dependent mouse

macrophages (CRL-2470; American Type Culture Collection) were cultured

in DMEM containing 10% FCS and 10% L-929 fibroblast medium containing

mouse CSF-1 (18). Mouse CSF-1 and TNF-a small interfering (si) RNAs have

been described previously (16, 19). Three siRNA sequences directed against

human TNF-a were designed, synthesized, and tested for efficacy and

optimal concentration in vitro (16). Cells were cultured until they reached

70% confluence, rinsed with PBS, re-fed with serum-free DMEM, and then

transfected with 50 or 100 nmol/L siRNA using LipofectAMINE and Plus

Reagent (Invitrogen) for 48 h according to the manufacturer’s protocol.

Untreated cells served as controls. Then, mRNA was isolated, and real-time

reverse transcription (RT)-PCR was done as described above. The target

sequence of the identified active human siRNAs was TNF-a: 5¶-
GCGTGGAGCTGAGAGATAA-3¶; the target sequences for mouse siRNAs

were CSF 1: 5¶-GACCCTCGAGTCAACAGAG-3¶; and TNF-a: 5¶-GACAAC-
CAACTAGTGGTGC-3¶. The sequence of the scrambled siRNA was 5¶-GAA-
GCAGCACGACTTCTTC-3¶. Chemically synthesized and purified siRNAs

(Eurogentec, Philadelphia, PA) were used for all experiments. Experiments

were done at least in triplicate.

Stimulation of colon cancer cells or macrophages with recombinant
protein. Cells were rinsed and kept in serum-free medium for 3 h before

treatment with 10 ng/mL recombinant human TNF-a (Chemicon,

Temecula, CA) and recombinant 3 � 103 units/mL CSF-1 (Chiron,
Emeryville, CA) for 3 h in serum-free DMEM. After 24 h incubation, RNA

was isolated for real-time RT-PCR.

Treatment of mouse macrophages with conditioned medium of
colon cancer cells. SW620 cells were cultured to 70% confluence (16) and
then left untreated or transfected with human TNF-a siRNA (100 nmol/L)

as described above. After 3 h, cells were supplemented with FCS and

cultured for a further 24 h. At this time, the complete medium was replaced

with serum-free medium, and the cells were incubated in serum-free
DMEM for an additional 24 h, followed by the collection and filter

sterilization of the conditioned medium from tumor cells. Mouse macro-

phages were seeded in six-well plates at a density of 106 cells/well.
Following adhesion, the cells were rinsed and re-fed with 1 mL DMEM and

1 mL conditioned medium obtained from cancer cells, with conditioned

medium in which the level of TNF-a was reduced or with the conditioned

medium supplemented with 10 ng/mL recombinant TNF-a protein. After
24 h, RNA was isolated for real-time RT-PCR analyses. Experiments were

done thrice.

ELISA. ELISA was done to detect TNF-a in the cell culture supernatant

of SW620 or TNF-a siRNA–transfected SW620 cells using Quantikine Kit
(R&D Systems, Minneapolis, MN). Two hundred microliters of supernatant

was added to each well. The ELISA was done according to the

manufacturer’s protocol. The absorbance was detected using a microplate
reader (Anthos, Salzburg, Austria) at 450 nm.

Cell proliferation assay. Human SW620 cells and mouse macrophages

were seeded in 96-well plates at a density of 25,000 cells/well in DMEM

supplemented with 10% FCS. Cells were transfected with 100 nmol/L
mouse TNF-a siRNA (macrophages), 100 nmol/L mouse CSF-1 siRNA

(macrophages), or 100 nmol/L human TNF-a siRNA (SW620 cells) with

LipofectAMINE (Invitrogen). SW620 cells were stimulated with 10 ng/mL

recombinant TNF-a, and mouse macrophages were stimulated with 60 AL
conditioned medium or TNF-a–depleted conditioned from SW620 cells,

10 ng/mL recombinant TNF-a or 3 � 105 units/mL CSF-1 in serum-free

medium. Three hours following transfection or stimulation, DMEM

containing FCS was added to a final volume of 100 AL containing 10%

FCS. Triplicate cultures were maintained for an additional 24 or 48 h for
each treatment. Cell proliferation was determined using the WST-1 reagent

(Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s

protocol (20). Each experiment was repeated thrice.

Migration assay. Macrophages (1 � 105 in 500 AL DMEM with 1% FCS)
were added to the top of each Boyden migration chamber (8-Am, 12-well

plate format; BD Biosciences, Palo Alto, CA). One milliliter of conditioned

medium from SW620 cells or from TNF-a siRNA–treated SW620 cells with

1% FCS, or recombinant CSF-1 or recombinant TNF-a in DMEM with 1%
FCS, was used as chemoattractant in the lower chamber. DMEM with 1%

FCS was used as control in the lower chamber. Cells were incubated at

37jC for 72 h. After incubation, nonmigrating cells were removed with the

upper chamber. Migrating cells (lower chamber) were photographed under
a microscope to determine the extent of cell migration. Each experiment

was done in triplicate.

Coculture experiments. Human SW620 cells (5 � 105 cells/well) were
cocultured with mouse macrophages (5 � 105 cells/well) in six-well plates,

allowing direct cell-cell contact as described in the Supplementary

Materials and Methods. To assess the role of factors secreted by cells,

SW620 cells (5 � 105 cells/well) were seeded in the lower compartment of a
cell culture chamber, and mouse macrophages (5 � 105 cells/well) were

added to the upper compartment, with the two compartments being

separated by a membrane (six-well plate with cell culture inserts, pore size

of the membrane 1 Am; Greiner-Bio-One, Frickenhausen, Germany) that
prevented direct cell-cell contact. Before siRNA treatment (100 nmol/L),

cells were allowed to adhere for 24 h. Cocultures were treated with siRNA

directed against human and mouse TNF-a. Three hours after transfection,
cocultures were fed with DMEM medium containing 1% FCS. Cells were

incubated for 48 h at 37jC, followed by RNA isolation for real-time RT-PCR.

Experiments were done in triplicate.

Tumor model studies. The experiments done in this study were
approved by the Institutional Animal Care and Use Committee at the

Medical University of Vienna. Pathogen-free male BALB/c-nu/nu (nude)

mice (Harlan-Winkelmann, Borchen, Germany), 5 weeks of age, were

weighed and coded and randomly assigned to four experimental groups
(n = 8) or to four groups of the time course study (n = 8). Mice were

anesthetized (ketamine hydrochloride/xylazine at 55:7.5 mg/kg, s.c.) and

8 � 106 SW620 cells/100 AL Ringer solution were injected s.c. into their left
flank as described (15). Animals of the experimental groups received

human TNF-a siRNA, mouse CSF-1 siRNA or a combination of human

TNF-a and mouse CSF-1 siRNA treatment that was initiated on day 8.

The control group received scrambled siRNA. Mice were anesthetized, and
10 Ag siRNA were injected intratumorally with LipofectAMINE (Invitrogen)

in a volume of 20 AL. The treatment was cycled on days 11, 14, 17, and 20.

On day 22, animals were sacrificed, and the tumors were isolated, weighed,

and prepared for molecular analyses as described above (15, 16). One
portion of the tissue was processed for paraffin embedding, and the

remainder was processed for human cytokine array (control group), real-

time RT-PCR and Western blotting (Supplementary Materials and

Methods). Paraffin-embedded serial sections were stained with Ki-67
antibody (tumor proliferation assay; Dako, Glostrup, Denmark) or F4/80

(Caltag Laboratories, Burlingame, CA) antibody to evaluate the density of

macrophages in the tumor. Digitalized images were generated, and
morphometry was carried out (15, 16). Animals of the time course group

were sacrificed on days 8, 15, 22, and 30, and the tumors were isolated,

weighed, and prepared for molecular analyses as described above.

Statistical analysis. We used the Wilcoxon rank test to compare the
data between the groups. All statistical tests were two-sided. Statistical

tests were done with the use of SPSS software (version 10.0.7, SPSS Inc.,

Chicago, IL) Data are expressed as means F SD. P values of <0.05 were

considered to indicate statistical significance.

Results

Human and mouse TNF-A as well as mouse CSF-1 are up-
regulated during colon cancer xenograft growth. To study the
mechanisms by which colon cancer cells up-regulate macrophage
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CSF-1 production in the tumor microenvironment, we first profiled
the tumor cell cytokine gene expression by using a human cytokine
array. The expression of several human cytokine genes was clearly
up-regulated in SW620 colon cancer xenografts on day 22 following
cancer cell injection compared with SW620 cells, among them an
11-fold up-regulation of TNF-a (Fig. 1A). We selected human
TNF-a for further analysis, because of its known potential to up-
regulate CSF-1 in macrophages (6). Real-time RT-PCR confirmed
the increased expression of human TNF-a and also showed
significantly increased mouse TNF-a mRNA expression during the
development of tumors from days 8 to 30. In addition, as reported
previously (15–17), up-regulation of mouse stroma-derived CSF-1
accompanied tumor growth (Fig. 1B).

Autocrine regulation of TNF-A expression in colon cancer
cells. To determine whether TNF-a regulates its own expression in
cancer cells, we first examined the effects of human species-
specific siRNA on TNF-a expression. Treatment of SW620 human
colon cancer cells with the most effective TNF-a siRNA sequence
tested reduced TNF-a mRNA expression significantly following
treatment with 50 nmol/L siRNA, but this decrease was even more
efficient following 100 nmol/L siRNA, indicating that the effect of
the siRNA is dose dependent (Fig. 2A). Consistent with this,
stimulation of SW620 cancer cells with 1, 10, and 20 ng/mL
recombinant human TNF-a induced TNF-a gene expression in a
dose-dependent manner (Fig. 2A). These experiments suggest that
an autocrine loop is involved in TNF-a gene expression in colon
cancer cells.

CSF-1 up-regulation by TNF-A in macrophages increases
VEGF-A and MMP-2. To understand the potential connection
between increased expression of TNF-a by cancer and host cells
and host cell CSF-1 transcription, we analyzed the role of TNF-a in
the activation of the CSF-1 and its downstream target genes,

VEGF-A and MMP-2, in cultured mouse CRL-2470 macrophages.
In agreement with previous work (15), we found that macrophages
express the CSF-1 receptor (CSF-1R) and CSF-1, whereas SW620
cancer cells are negative for both CSF-1R and CSF-1 (data not
shown). To investigate whether TNF-a regulates macrophage
CSF-1, VEGF, and MMP-2 expression, we stimulated mouse macro-
phages with recombinant human TNF-a or inhibited macrophage
TNF-a production by TNF-a siRNA. TNF-a stimulation signifi-
cantly increased TNF-a, CSF-1, VEGF-A, and moderately increased
MMP-2 mRNA expression, whereas TNF-a siRNA effectively
reduced TNF-a and CSF-1, but not VEGF-A and MMP-2 gene
expression as compared with untreated macrophages (Fig. 2B). We
next studied the effect of CSF-1 by stimulating mouse macro-
phages with recombinant CSF-1 or inhibition of macrophage CSF-1
production by CSF-1 siRNA. CSF-1 treatment up-regulated its own
expression, VEGF-A, and MMP-2 expression, whereas CSF-1 siRNA
significantly reduced CSF-1 and moderately reduced VEGF-A, but
not MMP-2 expression. Interestingly, both CSF-1 stimulation and
inhibition up-regulated TNF-a expression (Fig. 2B). These data
indicate that TNF-a increases VEGF-A and MMP-2 expression via
CSF-1 up-regulation in cultured macrophages.

To study whether TNF-a production by cancer cells affects
macrophages, we first treated mouse macrophages with serum-free
conditioned medium from cancer cells. In macrophages, CSF-1,
VEGF-A, and MMP-2 mRNA expression levels increased signifi-
cantly compared with untreated controls (Fig. 2C). This effect
on CSF-1 and VEGF-A expression was augmented by treating the
cells with recombinant TNF-a in addition to the conditioned
medium (Fig. 2C). To further investigate whether increased growth
factor and MMP levels produced by macrophages was directly
regulated by TNF-a released by colon cancer cells, SW620 cells
were treated with siRNA during preparation of the conditioned

Figure 1. A, human cytokine array analysis of SW620
colon cancer tumors relative to the expression in SW620
cells. The ratio is the intensity of the gene expression in
SW620 human colon cancer cells at day 22 following cell
grafting into nude mice divided by the intensity of gene
expression in cultured SW620 cells. B, expression of
SW620 tumor cell–derived TNF-a mRNA and of host
TNF-a and CSF-1 mRNA expression with tumor growth.
Human and mouse TNF-a and mouse CSF-1 mRNA
expression of human colon cancer xenografts in nude
mice at 8, 15, 22, and 30 days (d) following tumor cell
engraftment were compared with SW620 cells cultured
in vitro (white column ; ***, not detectable). mRNA
expression was measured by real-time RT-PCR. Results
were normalized to h-2 microglobulin levels and expressed
as the percentage of expression in SW620 cells (left ) or
in day 8 tumors (center and right ). *, P < 0.05, significantly
different compared with the expression of SW620 colon
cancer cells; c, P < 0.04, significantly different compared
with expression on day 8.
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medium. In conditioned medium from SW620 cells transfected
with TNF-a siRNA, TNF-a protein was significantly reduced
compared with the conditioned medium from untreated SW620
cells (Fig. 2D). The macrophage up-regulation of CSF-1, VEGF-A, or
MMP-2 observed with the conditioned medium was not observed
in incubations with this TNF-a–depleted conditioned medium. In
contrast, TNF-a mRNA expression in macrophages was not
significantly affected by either TNF-a–depleted or untreated
conditioned medium from SW620 cells (Fig. 2C). These experi-
ments suggest that TNF-a released by cancer cells up-regulates the
expression of CSF-1, VEGF-A, and MMP-2 in macrophages.

TNF-A promotes cancer cell and macrophage proliferation.
To test whether TNF-a promotes cancer cell or macrophage
proliferation, we first treated human SW620 colon cancer cells with
recombinant TNF-a and with TNF-a siRNA directed against
human or mouse TNF-a and determined the increase in mass of
cell protein for up to 48 h. SW620 cell proliferation was
significantly increased after 48 h of incubation with recombinant
TNF-a and significantly decreased after inhibition of endogenous
TNF-a production in cancer cells by treatment with TNF-a siRNA,
compared with untreated control cells (Fig. 3A). These data
indicate that a positive TNF-a autocrine feedback loop promotes
colon cancer cell proliferation.

Next, we investigated whether TNF-a regulates macrophage
proliferation. Comparable with the results obtained with SW620
cancer cells, recombinant TNF-a promoted macrophage prolifer-
ation, whereas TNF-a siRNA treatment reduced cell proliferation,
compared with untreated control cells (Fig. 3A). To examine the
role of cancer cell–derived TNF-a in macrophage proliferation,
we treated macrophages with serum-free conditioned medium or
TNF-a–depleted conditioned medium from SW620 cancer cells
for up to 48 h. Conditioned medium stimulated and TNF-a–
depleted conditioned medium decreased macrophage prolifera-
tion compared with controls (Fig. 3A). These data support the
hypothesis that TNF-a production by cancer cells may lead to
increased macrophage proliferation. The potential role of CSF-1
in mediating the proliferative stimulus on macrophages in
response to TNF-a was tested by treating macrophages with
recombinant human CSF-1, CSF-1 siRNA, and a combination of
recombinant TNF-a and CSF-1 siRNA. CSF-1 stimulated, whereas
CSF-1 siRNA treatment inhibited macrophage proliferation.
Macrophage proliferation increased in response to treatment
with recombinant TNF-a and was inhibited following the
concomitant blockade of CSF-1 by siRNA (Fig. 3A). These results
suggest that the proliferative effect of TNF-a on macrophages is
mediated by CSF-1.

Figure 2. SW620 cancer cell–derived
TNF-a up-regulates macrophage
gene expression. A, siRNA directed
against human TNF-a (huTNF-a-si )
down-regulates TNF-a mRNA expression
in SW620 colon cancer cells. Left,
real-time RT-PCR measurement of TNF-a
mRNA in human SW620 cell lysates from
cells treated with 25, 50, and 100 nmol/L
siRNA. Right , effect of treatment of
SW620 cells with 1, 10, and 20 ng/mL
recombinant TNF-a protein (recTNF-a ).
*, P < 0.001, significantly different
compared with untreated controls.
B, real-time RT-PCR mRNA
measurements of macrophages treated
with human recombinant TNF-a or human
recombinant CSF-1 (recCSF-1 ), or treated
with siRNAs against TNF-a (siTNF-a) or
CSF-1 (siCSF-1 ). *, P < 0.04, significantly
different from control. C, real-time
RT-PCR of mRNA in CRL-2470
macrophages treated with SW620 cell
conditioned medium (CM ), conditioned
medium supplemented with 10 ng/mL
human recombinant TNF-a, or
TNF-a–depleted conditioned medium
(CM/siTNF-a ). *, P < 0.014, significantly
different from control; c, P < 0.045,
significantly different compared with
conditioned medium treatment. Results are
normalized to h-2 microglobulin levels.
Columns, means as percentage
expression of control; bars , SD.
D, measurements of TNF-a in
SW620 supernatants (conditioned
medium) using ELISA. The concentrations
of TNF-a in the culture supernatants
derived from SW620 transfected with
TNF-a siRNA (CM siTNF-a ) is significantly
decreased compared with conditioned
medium from untransfected SW620 cells.
*, P < 0.001, significantly different
compared with untransfected controls.
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TNF-A promotes macrophage migration. Because macro-
phage infiltration is frequently observed in growing tumors, we
compared the effects of cancer cell conditioned medium, TNF-a–
depleted conditioned medium, and recombinant TNF-a and CSF-1
on macrophage migration in an in vitro migration assay.
Conditioned medium from SW620 cancer cells and recombinant
TNF-a, as well as recombinant CSF-1, significantly increased
macrophage migration as compared with untreated controls
(Fig. 3B). In contrast, treatment with TNF-a–depleted conditioned
medium failed to stimulate macrophage migration, indicating a
role for SW620 cancer cell–derived TNF-a in the recruitment of
macrophages.

Enhanced activation of the CSF-1 target gene expression in
macrophages is mediated by factors released by SW620 cancer
cells. The foregoing results suggest that TNF-a secreted by cancer
cells is likely to activate CSF-1 production in macrophages, thereby
affecting macrophage gene expression, proliferation, and migration.
To determine whether the presence of cancer cells affects the
behavior of macrophages and vice versa, we did coculture
experiments using SW620 cancer cells and mouse CRL-2470
macrophages allowing cell-cell contact. Coculturing increased the
mRNA expression of human TNF-a and VEGF-A mRNA by the
tumor cells and TNF-a, CSF-1, VEGF-A, and MMP-2 mRNA by
mouse macrophages (Supplementary Fig. 1). To determine the
mechanisms underlying these gene expression changes in both
human cancer and mouse macrophages, we treated cocultured
colon cancer cells and mouse macrophages with siRNA specifically
directed against human TNF-a and mouse TNF-a. Inhibition of

human TNF-a in SW620 colon cancer cells resulted in significantly
decreased mRNA expression of mouse macrophage CSF-1, VEGF-A,
and MMP-2 as compared with untreated cocultures. In addition,
expression of TNF-a by mouse macrophages was also decreased.
Likewise, inhibition of mouse macrophage TNF-a resulted in
decreased mRNA expression of mouse macrophage CSF-1 and
VEGF-A. However, human cancer cell–derived TNF-a and mouse
MMP-2 gene expression were not affected by mouse macrophage
TNF-a inhibition. To analyze whether direct cell-cell contact
between cancer cells and macrophages plays a role in this context,
we cocultured these cells in cell culture chambers, where the cell
lines were separated by a membrane allowing only the exchange of
secreted factors released by the cells. The obtained results were
quite similar to those obtained in cocultures with cell-cell contact
described above (Fig. 4).

These results suggest that TNF-a expression by SW620 colon
cancer cells leads to the induction of macrophage TNF-a and CSF-
1, and CSF-1, in turn, increases macrophage VEGF-A and MMP-2
expression. Furthermore, cancer cell–derived TNF-a seems to play
a major role in this context, whereas macrophage TNF-a effects are
less pronounced. Importantly, the effect of TNF-a is likely to be
enhanced when macrophages and cancer cells are cocultured,
although direct cell-cell contact is not necessary because TNF-a
increased VEGF-A and MMP-2 expression in macrophages to a
much lesser extent when cultured alone (Fig. 2).

TNF-A and CSF-1 blockade suppresses colon cancer growth.
We next examined the human SW620 colon cancer xenografts to
validate the in vitro findings in vivo and to investigate the role of

Figure 3. A, effects of TNF-a and siRNAs
against TNF-a on SW620 cancer cell and
macrophage proliferation and of SW620
cell conditioned medium, TNF-a–depleted
conditioned medium, CSF-1, siRNAs
against CSF-1, and combined TNF-a and
siRNAs against CSF-1 on macrophage
proliferation. Relative cell densities of
SW620 cancer cells and macrophages
up to 48 h following treatment with
recombinant TNF-a (recTNFalpha ), siRNA
against TNF-a (siTNFalpha ; left and
middle ), and of macrophages following
treatment with SW620 cell conditioned
medium, TNF-a–depleted conditioned
medium, recombinant CSF-1, and siRNA
against CSF-1 (middle and right ) were
measured using the WST-1 reagent.
Points , means of three independent
experiments; bars , SD. B, TNF-a
increases macrophage migration.
Representative images and quantification
of migrated macrophages from an in vitro
migration assay. Macrophages treated
with SW620 cell conditioned medium,
TNF-a–depleted conditioned medium,
recombinant TNF-a, and recombinant
CSF-1 or control medium and cell migration
measured in a Boyden incubation chamber.
Data were collected from five individual
consecutive fields of view (10� objective)
of each of the three replicate Boyden
chambers. *, P < 0.001, significantly
different from control; c, P < 0.001,
significantly different compared with
conditioned medium treatment.
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TNF-a expression by cancer cells in regulating CSF-1 and its
downstream effects in vivo .

Mice bearing human colon cancer xenografts were treated with
siRNA against human TNF-a, mouse CSF-1, a combination of
human TNF-a and mouse CSF-1, or scrambled siRNA (control).
The mean tumor weight was markedly reduced in mice treated
with human TNF-a (886 F 44 mg), mouse CSF-1 (712 F 50 mg), or
combined human TNF-a/mouse CSF-1 (672 F 111 mg) siRNA
compared with control mice (1343 F 139 mg; Fig. 5A). Thus,
treatment with human TNF-a siRNA, mouse CSF-1 siRNA, or
combined human TNF-a/mouse CSF-1 siRNA suppressed tumor
growth by 34%, 47%, and 50%, respectively. In addition, cell
proliferation, assessed by staining with Ki67 antibody, and the
number of tumor-infiltrating macrophages, assessed by staining
with mouse macrophage–specific F4/80 antibody, were reduced
following treatment with human TNF-a siRNA, mouse CSF-1
siRNA, or combined human TNF-a/mouse CSF-1 siRNA (Fig. 5B
and C). Blocking human TNF-a reduced mRNA levels of human
and host (mouse) TNF-a, host CSF-1, MMP-2, and VEGF-A mRNA
levels in tumor lysates (Supplementary Fig. 2A). Similarly, following
host CSF-1 blockade, mouse CSF-1, MMP-2, and VEGF-A, but not
mouse and human TNF-a mRNA expression, declined. In contrast,
neither TNF-a nor CSF-1 blockade affected human VEGF-A
expression by cancer cells (Supplementary Fig. 2A). Moreover, the
significant reduction of total VEGF-A and MMP-2 protein
expression in the tumor tissue following CSF-1 and combined
TNF-a and CSF-1 blockade further supports the importance of host
cell gene expression for tumor growth (Supplementary Fig. 2B).

These experiments indicate that the blockade of tumor-derived
TNF-a or host CSF-1 down-regulates host CSF-1, VEGF-A, and
MMP-2 and significantly suppresses the growth of colon cancer
xenografts in mice. Notably, the combination of TNF-a and CSF-1
blockade resulted only in a moderate additive suppression of colon
cancer growth. Finally, these results indicate that the blockade of
TNF-a in cancer cells suppresses tumor growth by targeting
macrophages via CSF-1 blockade.

Discussion

The cross-talk between different cell types within the tumor
plays a pivotal role in tumor growth. Tumor cells and stromal cells
produce factors that modify the local extracellular matrix,
stimulate migration, and promote cell proliferation and survival
(21). The interactive signaling between cancer cells and their
microenvironment determines the phenotype of the tumor. Cancer
cells themselves can alter their adjacent stroma by producing
stroma-modulating growth factors to form a supportive environ-
ment for tumor progression (22).

We have shown previously that SW620 colon cancer cells up-
regulate CSF-1 in the tumor tissue, and that CSF-1 blockade
suppresses tumor growth in mice associated with decreased host
tissue MMP-2 and VEGF-A expression. Because the SW620 cancer
cells are CSF-1 negative, the CSF-1 blockade targeted tumor
stromal cell CSF-1 (15). In the current study, we show that
up-regulated host macrophage CSF-1 is mediated by TNF-a
secreted by colon cancer cells. Moreover, in our studies using
TNF-a–containing and TNF-a–depleted conditioned medium from

Figure 4. Cancer cells up-regulate
macrophage gene expression. Cocultured
SW620 colon cancer cells and mouse
CRL-2470 macrophages in a cell culture
chamber without cell-cell contact. Human
TNF-a, human VEGF-A and mouse TNF-a,
CSF-1, VEGF-A, and MMP-2 mRNA
expression were measured by real-time
RT-PCR in RNA from cultured SW620 cells,
cultured CRL-2470 macrophages, or from
cocultured human SW620 colon cancer cells
and mouse CRL2470 macrophages (Mph )
following treatment with human TNF-a siRNA
(huTNF-a-si ) or mouse TNF-a siRNA
(muTNF-a-si ). Results were normalized to h-2
microglobulin mRNA levels and expressed
as a percentage of the levels in RNA from
the cultured SW620 cells (Cancer cells ) or
CRL-2470 macrophages (Macrophages ).
*, significantly different from SW620 cancer
cells (human genes; P < 0.01) and
macrophages (mouse genes; P < 0.005);
c, P < 0.01, significantly different from
cocultured SW620 cells and macrophages.
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colon cancer cells, TNF-a successfully stimulated macrophage
migration and proliferation.

TNF-a can exert various biological effects, including regulation
of apoptosis, cell proliferation, and inflammation. Although TNF-a

is capable of initiating a tumor apoptotic response, these pathways
are frequently deactivated within tumor cells (5, 23). In some
circumstances, TNF-a can provide a survival signal for the cancer
cell, and hence, it has been referred to as a tumor-promoting
factor (5). In line with this, our data show that SW620 colon cancer
cell proliferation is, at least partly, promoted by TNF-a in an
autocrine feedback loop. Another potential tumor-promoting
effect of TNF-a has been shown in TNF-a–deficient mice, which
were resistant to skin carcinogenesis (24, 25). Overexpression of
TNF-a increased metastatic activity of tumor lines (25), and
pretreatment of animals from an experimental fibrosarcoma model
with TNF-a increased lung metastases (26). Thus, the present
study confirms previous observations indicating that increases
in TNF-a concentrations within the tumor microenvironment
promote cancer spread. In concert with these reports, others have
confirmed tumor and stromal expression of TNF-a in breast,
ovarian, colorectal, and prostate cancers (23). Our in vitro and
in vivo data show that TNF-a promotes the migration and
recruitment of macrophages to the tumor. The ability of
macrophages to move to the site of the growing tumor plays an
important role for cancer development and cancer cell invasion
(27). A number of tumor-derived chemoattractants are thought
to ensure this ongoing recruitment, including CSF-1 and VEGF

Figure 5. Effect of human TNF-a and mouse CSF-1 siRNA treatment on tumor
growth and macrophage recruitment. A, gene silencing of human TNF-a
suppresses tumor growth. Mean colon cancer xenograft tumor weights on day 22
of control tumors treated with scrambled siRNA and tumors treated with siRNAs
to mouse CSF-1, to human TNF-a, or a combination of human siTNF-a and
mouse siCSF-1. *, P < 0.001, significantly different from scrambled siRNA
(Control ) day 22. B, representative immunohistochemistry images of tumor
tissue sections in a control mouse on day 22 (Control ) and in mice treated with
siTNF-a, siCSF-1 or combined siTNF-a/siCSF-1, stained with Ki67 antibody
(left) or with antibody to the mouse macrophage marker protein F4/80 (right ).
C, quantitative histomorphometric analysis showing the density of F4/80-positive
cells per square millimeter. Cell proliferation and the number of macrophages in
the tumor are reduced after TNF-a, CSF-1 blockade, or TNF-a/CSF1 blockade.
Arrowheads, macrophages stained positively with F4/80 antibody inside the
colon cancer xenografts. Bar , 20 Am. *, P < 0.01, significantly different from
scrambled siRNA (Control ) day 22.

Figure 6. Proposed model for cross-talk between colon cancer cells and host
macrophages. Cancer cells activate stromal macrophages by secreting
TNF-a, which can act in autocrine and paracrine manners. TNF-a induces the
expression of CSF-1 in macrophages and its own expression in cancer cells
and macrophages. Secreted CSF-1, in turn, leads to increased MMP-2 and
VEGF-A expression by macrophages via signaling through its receptor
(CSF-1R). TNF-a as well as CSF-1 recruits macrophages, and CSF-1 promotes
tumor angiogenesis via the angiogenic factor VEGF-A and modifies the
extracellular matrix (ECM ) by the enzyme MMP-2. TNFR, TNF-a receptor.
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(16, 27), and our data show that both are up-regulated in response
to tumor-derived TNF-a. Because both CSF-1 (28) and TNF-a (29)
can trigger the classic mitogen-activated protein kinase and
extracellular signal-regulated kinase (ERK) pathway, it is possible
that TNF-a might exert its effects by activating this CSF-1 pathway
in macrophages, or alternatively, that the TNF-a and CSF-1
signaling converge at the level of ERK in macrophages. However,
the fact that TNF-a leads to the up-regulation of CSF-1 expression
in macrophages and that there is no additional effect of TNF-a/
CSF-1 siRNA treatment over CSF-1 siRNA treatment alone on tumor
weight or mouse CSF-1, VEGF-A, or MMP-2 mRNA expression
favors the hypothesis that these effects of TNF-a are mediated
through the elevation of mouse CSF-1 production by macrophages
or other stromal cells (see below). In any case, TNF-a/CSF-1 signal-
ing leads not only to increased macrophage proliferation and
chemotaxis towards the source of TNF-a and CSF-1, but also to
the expression of proteinases and angiogenic factors, which are
altogether essential events for successful tumor growth and invasion.

Consistent with these observations, macrophages seem to be
involved in the onset and maintenance of tumor angiogenesis (27),
and TNF-a may modulate tumor stromal cells in several ways to
promote angiogenesis. Various factors can mediate the proangio-
genic effects of TNF-a, including VEGF and basic fibroblast growth
factor, but TNF-a can also promote further tumor remodeling by
the induction of MMPs (30). In line with this, our data provide
evidence that colon cancer cell–derived TNF-a is pivotal in this
autocrine and paracrine network. TNF-a, by initiating and
sustaining the production of CSF-1, causes increased VEGF-A and
MMP-2 levels in cultured macrophages. Importantly, cocultivation
of colon cancer cells with macrophages leads to enhanced host
CSF-1, VEGF-A, and MMP-2 expression in macrophages following
the up-regulation of colon cancer-derived TNF-a, indicating the

importance of secreted factors up-regulated by tumor cell–stromal
cell interactions in promoting tumor growth. We have previously
shown the functional importance of CSF-1 up-regulation in animal
models of colon cancer and breast cancer, in which the blockade of
host CSF-1 suppressed tumor growth (15–17). In line with our
previous findings, the present study shows that the blockade of
tumor cell TNF-a suppresses tumor growth and impairs macro-
phage CSF-1, VEGF-A, MMP-2 expression, and macrophage infil-
tration, comparable to the effects observed for host CSF-1 blockade.
As indicated above, combined TNF-a and CSF-1 blockade did not
significantly improve the tumor-suppressive effect, supporting the
hypothesis that both TNF-a and CSF-1 blockades exert their effects,
at least partly, via the same pathway. In accordance with our results,
cocultivation of breast cancer cell lines with macrophages led to
TNF-a–dependent MMP induction in the macrophages associated
with enhanced invasiveness of the malignant cells (14).

Together, we provide evidence that the interaction between
macrophages and colon cancer cells promotes tumor growth. In
particular, TNF-a derived from colon cancer is an autocrine growth
factor for cancer cells, increases macrophage migration, and
stimulates CSF-1 production by stromal macrophages and possibly
other cell types. CSF-1, in turn, induces VEGF-A and MMP-2
overexpression in macrophages in an autocrine manner, thereby
modulating angiogenesis and colon cancer growth (Fig. 6).
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