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Inflammation in the tumor stroma greatly influences
tumor development. In the present study, we investi-
gated the roles of fibroblast growth factor (FGF)-2-
induced chronic inflammation in the development of
4T1 murine mammary tumors. Administration of
FGF-2 into the tumor inoculation site during the ini-
tial phase of tumor growth enhanced tumor growth
and pulmonary metastasis as well as microvessel den-
sity in tumor tissues in normal but not in nude mice.
Infiltration of T lymphocytes and macrophages, re-
cruitment of pericytes/vascular mural cells in neovas-
cular walls, and the expression levels of cyclooxygen-
ase (COX)-2 and vascular endothelial growth factor A
(VEGFA) were also enhanced in the FGF-2-activated
host stroma of normal mice. In addition, FGF-2-in-
duced tumor growth and metastasis was abrogated by
administration of either an immunosuppressant,
FK506, or a COX-2 inhibitor. FGF-2 enhanced prosta-
glandin E2 secretion in cultured T lymphocytes. In
addition, VEGFA secretion was increased in a co-cul-
ture of T lymphocytes and fibroblasts in vitro. These
results indicate that the massive infiltration of T lym-
phocytes into FGF-2-activated host stroma during the
initial phase of tumor growth enhances neovascular
stability by regulating endogenous COX-2 and VEGFA
levels because both compounds are known to play im-
portant roles in marked 4T1 mammary tumor develop-
ment via FGF-2-induced inflammatory reactions. (Am J
Pathol 2009, 174:671–683; DOI: 10.2353/ajpath.2009.080471)

The host stroma microenvironment surrounding tumor
tissue is recognized to influence tumor proliferation, in-
vasion, metastasis, and angiogenesis. Recent studies
show that inflammatory cells infiltrating into the host
stroma support tumor angiogenesis and directly promote
tumor malignancy by producing angiogenic and inflam-
matory factors.1,2 Clinical findings also showed that local
and chronic inflammation in several types of cancer in-
crease the risk of cancer malignancy.2 In breast carcino-
mas, inflammatory cells infiltrating into the host stroma
surrounding the tumor are considered to be involved in a
poor prognosis.3

Tumor-associated macrophages and tumor-infiltrated
lymphocytes are major components of the inflammatory
cells that are present in the host stroma surrounding
breast cancers,3 and are considered to support the tu-
mor-induced angiogenesis/lymphogenesis by producing
prostaglandin E2 (PGE2), interleukin (IL)-1�, fibroblast
growth factor (FGF)-2, and vascular endothelial growth
factor (VEGF).1,2,4 Luo and colleagues5 reported that
decreasing the tumor-associated macrophages in the
host stroma resulted in reduced tumor angiogenesis,
tumor growth, and metastasis in a murine mammary tu-
mor model. Macrophages expressing cyclooxygenase-2
(COX-2) are essential for the formation of IL-1�-induced
angiogenesis in mouse cornea assays.6 Tumor-infiltrated
lymphocytes also support the tumor angiogenesis by
producing angiogenic factors including FGF-2 and
VEGF.7,8 Furthermore, deficiency of various subsets of T
lymphocytes impairs arteriogenesis by decreasing mac-
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rophage and VEGF production in limb ischemia
models.9–11

Among these factors associated with inflammatory-
induced angiogenesis, FGF-2 has been reported to have
synergistic potential for the recruitment of inflammatory
cells in response to inflammatory cytokines.12 The acti-
vation of primary T lymphocytes13 and Jurkat T cells14

through FGF receptor 1 directly exerts cellular prolifera-
tion and IL-2 production in the presence of anti-CD3.
Accordingly, FGF-2 is considered to be one of the key
modulators for inducing chronic inflammation in the host
stroma. Several overexpression models in tumor cells
demonstrate that the FGF-2-induced tumor growth is de-
pendent on the high neovascularization in tumor tis-
sue.15,16 However, the wide varieties of FGF-2 functions
on the tumor progression, especially via host stroma,
were not fully understood. Therefore, we developed a
direct injection model to evaluate the roles of FGF-2 in the
tumor development. This model is beneficial to modulat-
ing host stroma by controlling the FGF injection. In this
model, we have reported that FGF-2-induced tumor
growth and metastasis are dependent on the marked
development of angiogenesis accompanied by chronic
inflammation in the melanoma stroma.17 However, the
detailed mechanisms of FGF-2-induced chronic inflam-
mation in the host stroma on tumor growth, metastasis,
and angiogenesis remain unknown.

In the present study, we use 4T1 metastatic mammary
tumor cells in this model and show new evidence that
infiltrating T lymphocytes in the FGF-2-activated host
stroma surrounding the tumor mass enhanced the re-
cruitment of tumor-associated macrophages and peri-
cytes/vascular mural cells (VMCs) to the neovascular
wall. This may lead to an acceleration in FGF-2-induced
tumor growth and metastasis of murine mammary tumors
by up-regulation of endogenous COX-2 and VEGFA.

Materials and Methods

Antibodies and Reagents

Recombinant human FGF-2 was obtained from Scios Inc.
(Mountain View, CA). A phosho-Akt (Ser 473; no. 9271)
and a phospho-p38 (Thr180/Tyr182; no. 9125) rabbit
monoclonal antibody were purchased from Cell Signaling
Technology (Beverly, MA). Rabbit polyclonal antibodies
against FGF receptor 1 (C-15) and VEGF (A-20), goat
polyclonal antibodies against Akt (C-20), p38 (N-20), PE-
CAM-1 (M-20), and CD3� (M-20) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). The mouse
monoclonal antibody against actin and smooth muscle
(Ab-1, �-SMA) and the rabbit polyclonal antibody against
rat COX-2 were obtained from Lab Vision (Fremont, CA).
Rat monoclonal antibody against mouse F4/80 (A3-1)
was obtained from AbD Serotec (Oxford, UK). NS-398
(selective COX-2 inhibitor) was obtained from Cayman
Chemical (Ann Arbor, MI). Tacrolimus (FK506, immuno-
suppresser agent) was obtained from Astellas Pharma
(Tokyo, Japan). For the activation of primary T lympho-
cytes in the culture, mouse IL-2 and hamster monoclonal

antibody against mouse CD3� (145-2C11) were obtained
from R&D Systems (Minneapolis, MN).

Animals

Female BALB/c normal and nude mice (6 or 7 weeks of
age) were purchased from CREA Japan (Tokyo, Japan).
Mice were provided with a commercial diet (CL-2, CREA
Japan) and tap water ad libitum, kept in an animal room
maintained specific pathogen-free at 20 to 26°C and 50
to 70% humidity, and housed with wood shavings in
plastic cages. All experimental procedures were in ac-
cordance with the Guide for Care and Use of Experimen-
tal Animals of the University of Toyama.

Cell Culture

4T1 mouse mammary tumor cells (4T1 cells)18 with highly
metastatic potentials were obtained from American Type
Culture Collection (Manassas, VA), cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum
(FBS), 2 mmol/L of L-glutamine, 50 mmol/L of HEPES, 100
U/ml of penicillin, and 100 �g/ml of streptomycin. For
serum starvation, cells were cultured in medium supple-
mented with 10% FBS for 24 hours and subsequently
maintained in medium supplemented with 0.5% FBS.
Peripheral blood mononuclear cells from BALB/c mice (7
weeks of age) were collected and separated with Lym-
phosepar II (Immuno-Biological Laboratories, Gunma,
Japan) according to the manufacturer’s directions. To
culture activating T lymphocytes, the peripheral blood
mononuclear cells were cultured in flasks coated with
anti-mouse CD3� antibody and the RPMI 1640 (Invitro-
gen) medium was supplemented with 2 ng/ml of mouse
IL-2, 10% FBS, 2-mercaptoethanol, 2 mmol/L of L-glu-
tamine, 50 mmol/L of HEPES, 100 U/ml of penicillin, and
100 �g/ml of streptomycin. Each cell was kept at 37°C in
5% CO2/95% air.

Immunoblotting

The cells were lysed with sampling buffer containing 62.5
mmol/L Tris-HCl (pH 6.8 at 25°C), 2% w/v sodium dode-
cyl sulfate, 10% glycerol, 50 mmol/L dithiothreitol, and
0.01% w/v bromophenol. The cell lysates were resolved
with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride
membranes (Immobilon-P; Millipore, Billerica, MA). The
membranes were incubated in blocking buffer (Block
Ace; Dainippon Sumitomo Pharma, Osaka, Japan) for 2
hours at room temperature and subsequently reacted
with the primary antibodies for 1 hour. The primary anti-
bodies were detected using horseradish peroxidase-
conjugated anti-rabbit or anti-goat antibodies. Target
proteins were imaged with an enhanced chemilumines-
cence system (GE Health Care Bio-Sciences, Piscat-
away, NJ).
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RNA Extraction, Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR), and Quantitative Real-Time RT-PCR

Total RNA was extracted from cultured cells and tissue
samples using the RNeasy mini and fibrous tissue mini
kits (Qiagen, Hilden, Germany), respectively, according
to the manufacturer’s directions. First-strand cDNA was
synthesized with random primers and SuperScript II re-
verse transcriptase (Invitrogen). The RT reaction was
performed at 42°C for 50 minutes, then at 70°C for 15
minutes. Real-time PCR was conducted using SYBR
Green I (SYBR Premix Ex Taq; Takara Bio, Shiga, Japan)
and an Applied Biosystems (Foster, CA) 7300 real-time
PCR system, for one cycle of 10 seconds at 95°C, and
subsequently 40 cycles of 5 seconds at 95°C, and 32
seconds at 62°C according to the manufacturer’s instruc-
tions. The level of mRNA expression was determined with
a standard curve and normalized to the mRNA level of
GAPDH. The primers of mouse FGF-2, VEGFA, VEGFC,
COX-2, tumor necrosis factor-�, IL-1�, and GAPDH were
obtained from Takara Bio. The sequences that were op-
timized for real-time PCR are shown in Table 1.

The Orthotopic Inoculation and Spontaneous
Metastasis of Mammary Tumor Cells

4T1 cells (0.7 � 106 cells) were inoculated into the right
inguinal mammary fat pad of the BALB/c normal and
nude mice. The major and minor axes of the tumor mass
were measured, using a digital gauge (500-401 type;
Mitsutoyo, Kanagawa, Japan) under anesthesia with
ether to calculate the tumor volume using the following
formulas: (large diameter � short diameter2/2).19 Tumor
volumes were measured on days 4, 8, 12, 16, and 20
after the inoculation. The primary tumor was surgically
removed on day 21 under anesthesia with diethyl ether.
The mice were autopsied on day 30 and the number of
metastasis colonies in the lung was counted.

The Effect of FGF-2 on Cellular Proliferation and
Intracellular Signaling of 4T1 Cells in Vitro

4T1 cells were seeded in a 6-cm dish and cultured for 24
hours. After starvation, FGF-2 (10 ng/ml) and heparin (10
�g/ml; Sigma-Aldrich, St. Louis, MO) were added to the
medium. The cellular lysates were collected and the ac-
tivation of intracellular signaling was evaluated with im-
munoblotting. 4T1 cells were seeded in a 3.5-cm dish
and cultured in the DMEM for 24 hours. After starvation,
FGF-2 (10 and 100 ng/ml) and heparin (10 �g/ml) were
added to the medium and cultured for 24 hours. The cells
were stained with trypan blue and the number of living
cells was counted with a hemocytometer.

The Effect of FGF-2 on the Tumor Growth,
Spontaneous Metastasis, and mRNA
Expression of Tumor Stroma in Normal and
Nude Mice

To investigate the role of FGF-2-activated host stroma on
the initial and autonomous growth phases of mammary
tumor, 4T1 cells were inoculated into the mammary fat
pads of BALB/c normal mice, then FGF-2 (40 �g/mouse)
was administered once daily into the tumor inoculation
site from days 1 to 2 (initial growth phase) or from days 9
to 10 (autonomous growth phase) after the inoculation.
The vehicle was also administrated in the site of control
mice using the same procedure. The initial and autono-
mous phase was defined by development of mature vas-
culature-oriented tumor tissue in the host stroma. We
previously reported that the administration of this dose of
FGF-2 into the tumor inoculation site induced intensive
leukocyte and fibroblast infiltration into the tumor stroma,17

and exerted the maximum response for the tumor growth
and metastasis in the preliminary studies. We next exam-
ined the role of T-lymphocyte infiltration into the host
stroma on FGF-2-induced tumor growth and metastasis.
4T1 cells were inoculated into the mammary fat pads of
BALB/c nude mice. FGF-2 administration, the evaluations
of tumor volumes until day 20, and the pulmonary metas-
tases on day 30 were performed using the same protocol
as the normal mice study.

To investigate the mRNA expression of the host stroma in
the normal and nude mice, FGF-2 was administered into
the inoculation site from days 1 to 2 after the tumor
inoculation. The mice were autopsied on days 3 or 5 and
the host stroma was collected within 3 to 5 mm from
surrounding tumor tissue. Total RNA was extracted and
the mRNA levels of FGF-2, VEGFA, VEGFC, COX-2, tu-
mor necrosis factor-�, and IL-1� were measured with
real-time RT-PCR.

Immunostaining of Tumor Tissue and Host
Stroma in Normal and Nude Mice Administered
with FGF-2

FGF-2 was administered into the inoculation site from
days 1 to 2 in normal and nude mice. Then, the mice were

Table 1. Primer Sequences and Quantitative Real-Time
RT-PCR

Species Gene Primer sequence

FGF-2
Forward 5�-GGACGGCTGCTGGCTTCTAA-3�
Reverse 5�-CCAGTTCGTTTCAGTGCCACATAC-3�

VEGFA
Forward 5�-GTGCACTGGACCCTGGCTTTA-3�
Reverse 5�-GGTCTCAATCGGACGGCAGTA-3�

VEGFC
Forward 5�-AGGCAGCTAACAAGACATGTCCAAC-3�
Reverse 5�-GGGTCCACAGACATCATGGAATC-3�

Mouse COX-2
Forward 5�-GTGTGCGACATACTCAAGCAGGA-3�
Reverse 5�-TGAAGTGGTAACCGCTCAGGTG-3�

TNF-�
Forward 5�-AAGCCTGTAGCCCACGTCGTA-3�
Reverse 5�-GGCACCACTAGTTGGTTGTCTTTG-3�

IL-1�
Forward 5�-TCCAGGATGAGGACATGAGCAC-3�
Reverse 5�-GAACGTCACACACCAGCAGGTTA-3�

GAPDH
Forward 5�-AAATGGTGAAGGTCGGTGTG-3�
Reverse 5�-TGAAGGGGTCGTTGATGG-3�
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autopsied on days 3, 5, and 7 after inoculation, and the
host stroma including the tumor tissue was collected.
After the preparation of paraffin-embedded samples (4
�m thick) of the inoculation sites fixed in 10% formalin
solution, the sections were routinely stained with hema-
toxylin and eosin (H&E). Immunostained samples of the
tissues were reacted with the primary antibodies against
the target proteins for 1 hour at room temperature. The
primary antibodies were detected with the secondary
antibodies anti-rabbit, anti-rat, and anti-goat Fab� frag-
ment combined amino acid polymers with peroxidase
according to the manufacturer’s instructions (Histofine
simple stain kit; Nichirei Co., Tokyo, Japan), and imaged
with 3,3�-diaminobenzidine (Dako Cytomation, Kyoto, Ja-
pan). The vascular endothelial cells, pericytes/VMCs,
macrophages, and T lymphocytes were detected with
primary antibodies against mouse PECAM-1 (1:50),
�-SMA (1:100), F4/80 (1:1000), and CD3� (1:100), re-
spectively. To detect the cells that produced mouse
VEGFA and COX-2, we used antibodies against mouse
VEGFA (1:100) and COX-2 (1:100), respectively. The host
stroma surrounding the tumor tissue was observed with a
microscope at �200 or �400 power. The density of PE-
CAM-1-positive microvessels (MVD) in the tumor tissue
was analyzed as described by Weidner20 with some
modifications. The number of PECAM-1 and/or �-SMA-
positive microvessels, CD3�-positive T lymphocytes, and
F4/80-positive macrophages was counted in the host
stroma. The measured area in the tumor tissue and the host
stroma was analyzed with Adobe Photoshop (San Jose,
CA) and Image J (National Institutes of Health, Bethesda,
MD). The number of cells per area (mm2) was calculated.

The Effects of FK506 on FGF-2-Induced Tumor
Growth Metastasis and mRNA Expression in the
Host Stroma

To investigate the direct effect of FK506 on the prolifer-
ation of 4T1 cells in vitro, 4T1 cells were seeded in a
3.5-cm dish and cultured in DMEM for 24 hours, FK506 (1
and 10 �mol/L) was added to the medium supplemented
with 10% FBS, and living cells were counted after 24 hours
using the same method as described previously. We also
evaluated the direct effect of FK506 on the proliferation of
4T1 cells in an in vivo study. 4T1 cells were inoculated into
the mammary fat pad of BALB/c normal and nude mice.
FK506 (3 mg/kg)21 was intraperitoneally administered once
daily from days 1 to 2 before the tumor inoculation and from
days 1 to 5 after. The vehicle was also administered intra-
peritoneally in the control mice using the same procedure.
The tumor volumes were measured until day 20.

To suppress FGF-2-induced T-lymphocyte activation
into the host stroma at the initial phase of tumor growth,
FK506 (3 mg/kg)21 was intraperitoneally administered
once daily using the same protocol described in the
previous section when FGF-2 was administered once a
daily into the tumor inoculation site from days 1 to 2. The
vehicle for FGF-2 and FK506 was also administered to
the mice using the same procedure. The tumor volume
until day 20 and the pulmonary metastasis on day 30

were evaluated using the same protocol as described
previously. On day 5, the host stroma was collected and
the mRNA levels of COX-2 and VEGFA were measured
using real-time RT-PCR.

The Effects of COX-2 Inhibitor (NS-398) on
FGF-2 Induced the Tumor Growth, Pulmonary
Metastasis, and VEGFA mRNA Expression in
Host Stroma

To investigate the direct effect of NS-398 on the prolifer-
ation of 4T1 cells in vitro, 4T1 cells were seeded in a
3.5-cm dish and cultured in DMEM for 24 hours, NS-398
(2 and 20 �mol/L) was added to the medium supple-
mented with 10% FBS, and living cells were counted after
24 hours using the same method as described previ-
ously. To suppress high COX-2 expression in the FGF-2-
activated host stroma at the initial phase of tumor growth,
a selective COX-2 inhibitor, NS-398 (20 mg/kg),22,23 was
intraperitoneally administered once daily from days 1 to 9
after the tumor inoculation whereas FGF-2 was adminis-
tered once daily into the tumor inoculation site from the
days 1 to 2. The vehicle for FGF-2 and NS-398 was also
administered to the mice using the same procedure. The
tumor volume until day 20 and pulmonary metastasis on
day 30 were evaluated. On day 5, the host stroma was
collected and the mRNA level of VEGFA was measured
by real-time RT-PCR. The mice administered NS-398 was
not observed the gastrointestinal injury and peritonitis,
which exerts COX-1 inhibition (data not shown).

The Effect of FGF-2 on PGE2 Production in
T Lymphocytes and VEGFA Production in
Co-Cultured T Lymphocytes and Dermal
Fibroblasts

The peripheral blood T lymphocytes (1 � 105 cells/dish)
were seeded in a 12-well dish with RPMI 1640 medium
supplemented with 1% FBS, and then FGF-2 (10 ng/ml) and
heparin (10 �g/ml) were added to the medium, and incu-
bated for 24 hours. The concentration of PGE2 in the me-
dium was measured with an enzyme immunoassay (Cay-
man Chemical) according to the manufacturer’s instructions.

The primary dermal fibroblast cells (1 � 105 cell/dish)
were seeded in a 12-well dish, cultured for 24 hours, and
removed from the medium. The peripheral blood T lym-
phocytes (1 � 105 cells/dish) were suspended in RPMI
1640 medium supplemented with 1% FBS. Cultured fi-
broblasts were added to the dish and co-cultured for 24
hours. The media were collected and the T lymphocytes
were removed by centrifugation. The concentration of
mouse VEGFA in the medium was measured with an
enzyme-linked immunoassay (Quantikine, R&D Systems)
in accordance with the manufacturer’s instructions.

Statistical Analysis

The statistical differences in each parameter were ana-
lyzed with the Dunnett-type multiple comparison test in
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the studies using both normal and nude mice or the
Tukey-type multiple comparison test in the studies of
administered FK506 and COX-2 inhibitor. P values of less
than 0.05 were considered statistically significant.

Results

T-Lymphocyte Deficiency Suppresses
FGF-2-Induced Mammary Tumor Growth
and Metastasis

To investigate the direct action of FGF-2, we examined
the effect of FGF-2 on the intracellular signaling and cell
proliferation in vitro. 4T1 cells expressed FGF receptor 1
(Figure 1A); however, FGF-2 did not activate AKT or p38
(Figure 1A). AKT and p38 were successively phosphor-
ylated regardless of FGF-2 addition (Figure 1A). Cell
proliferation under serum starvation was also not affected
by FGF-2 (Figure 1B). Therefore, exogenous FGF-2 did
not directly activate 4T1 cells.

The effect of FGF-2 on tumor growth and metastasis
was examined by directly injecting it into the tumor inoc-
ulation site during the growth phase of the tumors. FGF-2
significantly enhanced tumor growth (Figure 1C) and pul-
monary metastasis (Figure 1D) when injected during the
initial phase of tumor growth (from days 1 to 2). Surpris-
ingly, FGF-2 did not affect tumor growth and metastasis
during the autonomous phase (from days 9 to 10). These
results suggest that FGF-2 indirectly enhanced tumor
growth and metastasis by activating the host stroma,
which exerts itself during the initial growth phase rather
than the autonomous phase. Interestingly, the significant
increases in tumor growth and pulmonary metastasis
were not observed when FGF-2 activated host stroma of
nude mice during the initial or autonomous phase (Figure
1, C and D). The tumor volumes in nude mice decreased
by �20% compared with those in the normal mice (Figure
1, C and D).

FGF-2 Induces T Lymphocyte and Macrophage
Infiltration into the Host Stroma

The deficiency of T lymphocytes influenced FGF-2-in-
duced tumor growth and metastasis. Therefore, we in-
vestigated the numbers of T lymphocytes in the host
stroma when FGF-2 was administered into the tumor
inoculation site. The number of T lymphocytes was sig-
nificantly increased in the FGF-2-activated host stroma
on days 5 and 7 (Figure 2, A and B). We confirmed the
deficiency of T lymphocytes in the FGF-2-activated host
stroma of nude mice (data not shown). This result dem-
onstrated that FGF-2 induced T lymphocyte infiltration
into the activated host stroma.

It has been shown that macrophages are one of the
key components in T-lymphocyte-associated atherogen-
esis.10 We next examined the infiltration of macrophages
into the FGF-2-activated host stroma of normal and nude
mice. On day 7, the number of infiltrating macrophages
was significantly increased in the FGF-2-activated host

stroma of normal mice but not the nude mice (Figure 2, C
and D), suggesting that the deficiency of T lymphocytes
suppressed the macrophage infiltration into the FGF-2-
activating host stroma.

T-Lymphocyte Deficiency Suppresses
FGF-2-Induced MVD in Tumor Tissue and
Pericyte/VMC Recruitment in Host Stoma

MVD was examined in the tumor tissue on days 5 and
7 when FGF-2 was administered into the tumor inocu-
lation site. A significant increase in the number of

Figure 1. FGF-2 indirectly enhances 4T1 mammary tumor growth and spon-
taneous metastasis in normal mice but not in nude mice. 4T1 cells were
cultured under the serum-starved conditions for 24 hours and then treated
with FGF-2. A: Whole cell lysates were collected and immunoblotted with
antibodies against FGF receptor 1, phospho-Akt, Akt, phospho-p38, and p38.
B: The number of living 4T1 cells was counted at 24 hours after the FGF-2
treatment. Each value represents the mean � SEM for five samples. Normal
and nude female mice (6 weeks old) were inoculated with 4T1 cells into
the mammary fat pad, and then FGF-2 was administered once daily at the
inoculation site from days 1 to 2 (C) and from days 9 to 10 (D) after the
inoculation. Tumor volumes until day 20 and the number of pulmonary
metastases on day 30 were evaluated. The timing of FGF-2 administration is
represented with a red arrow in each graph of tumor growth. A similar result
was obtained in an independent experiment. The number of mice examined
is shown in each column. Each value represents the mean � SEM, and
significant differences from each control group are shown as *P � 0.05; **P �
0.01; and N.S, not significant.
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microvessels was observed on day 7 in the normal
mice but not in nude mice (Figure 3, A and B). These
results demonstrated that the deficiency of T lympho-
cytes suppressed the FGF-2-induced high MVD in the
tumor tissue.

Although the number of microvessels was compara-
ble between normal and nude mice on day 5 of FGF-
2-activated host stroma (data not shown), FGF-2 sig-
nificantly increased the number of PECAM-1-positive
microvessels in normal mice but not nude mice on day
7 (Table 2 and Figure 3C, e– h). This result indicates
that the potency of neovascular formation induced by
administering FGF-2 was suppressed during T-lym-
phocyte deficiency. FGF-2-activated host stroma de-
veloped a higher density of the various migrating cells
compared with that of nude mice (Figure 3C, a– d).
Thus, to elucidate the difference in neovascular po-
tency, we next examined VMC recruitment by new
microvessels in the host stroma by immunostaining
with �-SMA. Although the number of microvessel-re-
cruited pericytes/VMCs was significantly increased in
the FGF-2-activated host stroma of the normal mice on
day 7 (Table 2; Figure 3C, i and j), FGF-2 did not
enhance the VMC recruitment in the nude mice (Table
2; Figure 3, k and l). The percentage of pericyte/VMC-
positive microvessels in the host stroma was also
raised in normal mice but not in nude mice (Table 2).
These results suggest that the number of PECAM-1-

positive microvessels in the FGF-2-activated host
stroma was closely associated with VMC recruitment
via T-lymphocyte infiltration.

Deficiency of T Lymphocytes Suppresses
FGF-2-Induced COX-2 Expression in the
Host Stroma

COX-2 is one of the key regulators in VMC recruitment
in the neovascular wall.24 Therefore, we identified the
types of COX-2-positive cells in the host stroma of
normal and nude mice after the FGF-2 administration.
On day 3, COX-2 was mainly detected in leukocytes
and fibroblasts (Figure 4A, a– h). The density of COX-
2-positive leukocytes and fibroblasts was higher in the
FGF-2-activated host stroma of normal mice (Figure
4Af) than in those of nude mice (Figure 4Ah). COX-2
mRNA was significantly increased in the FGF-2-acti-
vated host stroma but not in those of nude mice (Figure
4B); however, IL-1� and tumor necrosis factor-� mRNA
were not increased in the stroma (data not shown). On
day 5, more of the various cells were found in the
FGF-2-activated host stroma of normal mice than in the
stroma of control mice (Figure 4A, i–l). COX-2 was
mainly detected in vascular endothelium, leukocytes,
and fibroblasts in both normal and nude mice. A higher
density of COX-2-positive T lymphocytes and fibro-

Figure 2. FGF-2 induces intensive T-lympho-
cyte and macrophage infiltration into the host
stroma of normal mice. Normal and nude mice
were inoculated with 4T1 cells into the mam-
mary fat pad, and then FGF-2 was administered
from days 1 to 2 after inoculation using the same
procedure described in Figure 1. A: Representa-
tive photographs show the immunostaining of
CD3-positive T lymphocytes in the host stroma
on days 5 and 7. B: The number of T lympho-
cytes was counted in the host stroma on days 5
and 7. C: Representative photographs show the
immunostaining of F4/80-positive macrophages
in the host stroma on day 7. D: The number of
macrophages was counted in the host stroma on
day 7. Five mice were examined in each group.
Each value represents the mean number of cells
per area (mm2) � SEM. Significant differences
from each control group are shown as *P � 0.05;
**P � 0.01; and N.S, not significant. T and S in the
photographs represent the tumor tissue and host
stroma, respectively.

676 Tsunoda et al
AJP February 2009, Vol. 174, No. 2



blasts was observed in the FGF-2-activated host
stroma of normal mice compared with those of nude
mice (Figure 4A, j and l; and Supplemental Figure 1, A
and B, see http://ajp.amjpathol.org). Therefore, these

results demonstrated that the massive migration/infil-
tration of fibroblasts and leukocytes, including T lym-
phocytes, is closely associated with high COX-2 pro-
duction in FGF-2-activated host stroma.

Figure 3. FGF-2 increases microvessel formation in tumor tissue and the host stroma of normal mice but not nude mice. Normal and nude mice were inoculated with
4T1 cells, and then FGF-2 was administered at the inoculation site from days 1 to 2. A: Representative photographs show the immunostaining of the PECAM-1-positive
microvessels developed in the tumor tissue on day 7. B: MVD in the tumor tissue was evaluated on day 7. Each value represents the mean number of cells per area
(mm2) � SEM. Significant differences from each control group are shown as **P � 0.01. C: Representative photographs show the PECAM-1 (e--h) and �-SMA-positive
pericyte/VMC (i--l) in the host stroma surrounding the tumor on day 7. The square drawn with the orange lines in the photograph of H&E staining (a--d) show the
PECAM-1 and �-SMA photograph area in the host stroma. T and S in the photographs represent the tumor tissue and host stroma, respectively.
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Deficiency of T Lymphocytes Suppresses
FGF-2-Induced VEGFA Expression in the
Host Stroma

We examined the density and type of VEGFA-positive cells
in the FGF-2-activated host stroma of normal and nude
mice. On day 5, VEGFA was mainly detected in the vascular
endothelium, leukocytes, and fibroblasts in the host stroma
of normal and nude ice. A higher density of VEGFA-positive
fibroblasts and T lymphocytes was observed in the FGF-2-
activated host stroma of normal mice compared with those
of nude mice (Figure 5A; and Supplementary Figure 1, see
http://ajp.amjpathol.org). The level of VEGFA mRNA in the
host stroma was evaluated in normal and nude mice.
VEGFA mRNA was significantly increased in the FGF-2-
activated host stroma of normal mice but not nude mice

(Figure 5B). In contrast, FGF-2 did not induce mRNA of
angiogenic and/or lymphogenic factors such as FGF-2 and
VEGFC in the host stroma of normal and nude mice (data
not shown). Therefore, these results demonstrate that the
massive migration/infiltration of fibroblasts and T lympho-
cytes is closely associated with high VEGFA production in
the FGF-2-activated host stroma.

FK506 Inhibited FGF-2-Induced Tumor Growth,
Metastasis, and COX-2 and VEGFA Expression
in the Host Stroma

To rule out the possibility that FK506 directly or indi-
rectly affects tumor growth, we examined the direct
effect of FK506 on cellular proliferation in vitro and

Table 2. PECAM-1- and �-SMA-Positive Microvessel Formation in the FGF-2-Activated Host Stroma

Day after inoculation Mouse Group

Microvessel number �-SMA/PECAM-1

PECAM-1 �-SMA (%)

Day7 Normal Control 114 � 11]* 59 � 9]† 42 � 5]†FGF-2 253 � 18 207 � 9 83 � 2
Nude Control 131 � 26]n.s. 75 � 17]n.s. 59 � 11]n.s.

FGF-2 168 � 47 107 � 35 60 � 4

Number of PECAM-1- and �-SMA-positive microvessels per area (mm2) was counted with microscopy. The value represents the mean of five mice �
SEM. Significant differences were observed between control and FGF-2 groups in normal and nude mice at *P � 0.05 and †P � 0.01. N.S: not significant.

Figure 4. FGF-2-induced COX-2 expression in the host stroma is different between normal and nude mice. Normal and nude female mice were inoculated with
4T1 cells, and then FGF-2 was treated from days 1 to 2. A: The photographs show the immunostaining of COX-2 in the host stroma on days 3 and 5. The square
drawn with the orange lines in the photograph of H&E staining on day 3 shows the photograph area of the host stroma-stained COX-2. The T and S represent
the tumor tissue and host stroma, respectively. B: The level of COX-2 mRNA in the host stroma was measured on day 3. Each value represents the mean � SEM
for five samples. Significant differences between groups are shown as *P � 0.05 and N.S; not significant.
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tumor growth in vivo. FK506 did not influence cellular
proliferation after 24 hours (Figure 6A). After intraperi-
toneal FK506 administration in normal (Figure 6B) and
nude mice (data not shown), FK506 did not directly
affect tumor growth in vivo regardless of T-lymphocyte
infiltration.

We investigated whether inactivation of the T lympho-
cyte activation with FK506 influences FGF-2-induced tu-
mor growth and metastasis during the initial phase of
tumor growth. FK506 significantly decreased FGF-2-in-
duced tumor growth (Figure 6B) and slightly decreased
(P � 0.088) pulmonary metastasis (Figure 6C). We next
examined the suppression of T-lymphocyte activation on
COX-2 and VEGFA mRNA expression in the FGF-2-acti-
vated host stroma. FK506 significantly suppressed FGF-2-
induced mRNA expression of COX-2 and VEGFA on day 5
(Figure 6D). These findings support the results from the
nude mice that T-lymphocyte activation plays an important
role in marked tumor growth, and COX-2 and VEGFA mRNA
expression via FGF-2 activation of the host stroma.

NS-398 Inhibited the FGF-2-Induced Tumor
Growth, Metastasis, and VEGFA Expression in
the Tumor Stroma

Up-regulation of COX-2 synthesis in the FGF-2-activated
host stroma is closely associated with marked tumor
growth and metastasis. Therefore, we examined the role
of COX-2 in FGF-2-induced tumor growth and metas-
tasis by administering a selective COX-2 inhibitor NS-
398. Proliferation of 4T1 cells was not directly affected
by NS-398 in vitro (Figure 7A). The continuous admin-

istration of COX-2 inhibitor is known to exert the regres-
sion of tumor growth and metastasis.22–25 Therefore,
we administered NS-398 for a short period in FGF-2-
activated host stroma. Although intraperitoneal admin-
istration from days 1 to 9 did not significantly affect the
tumor growth and metastasis, FGF-2-induced tumor
growth and metastasis were significantly suppressed
by NS-398 (Figure 7, B and C). To examine the role of
FGF-2-induced COX-2 expression in the host stroma,
we examined the effects of NS-398 on VEGFA expres-
sion on days 3 and 5. FGF-2-induced VEGFA mRNA
expression was significantly suppressed on day 5 but
not on day 3 (Figure 7D). These results indicate that
high COX-2 activity in the FGF-2-activated host stroma
is essential for marked tumor growth and metastasis
and VEGFA expression.

Co-Cultured T Lymphocytes and Dermal
Fibroblasts Induce PGE2 and VEGFA
in Vitro

We examined PGE2 concentration in the culture me-
dium of T lymphocytes after FGF-2 addition (Figure
8A). FGF-2 increased significantly PGE2 production
from T lymphocytes. A significant increase in VEGFA
production was also observed in the co-cultured T
lymphocytes and fibroblasts (Figure 8B). On the con-
trary, T lymphocytes did not produce VEGFA in the
medium. These results demonstrate that FGF-2 directly
induces PGE2 production in T lymphocytes, and that
the interaction of T lymphocytes with fibroblasts en-
hanced VEGFA production.

Figure 5. FGF-2-induced VEGFA expression in the host stroma is different between normal and nude mice. Normal and nude female mice were inoculated
with 4T1 cells, and then FGF-2 was administered from days 1 to 2. A: The photographs show the immunostaining of VEGFA in the host stroma on day 5.
The T and S represent the tumor tissue and host stroma, respectively. B: The VEGFA mRNA levels in the host stroma were measured on day 5. Each value
represents the mean � SEM for five samples. Significant differences between groups are shown as *P � 0.05 and N.S; not significant. T and S in the
photographs represent the tumor tissue and host stroma, respectively.
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Discussion

FGF-2 is well known as one of the key factors for tumor
angiogenesis by activating vascular endothelial cells. In
addition, FGF receptors, expressed in various cells, exert
the multiple functions including angiogenesis.26 How-
ever, little is known about the multiple roles of FGF-2 in
the tumor malignancy via host stroma activation. In the
present study, we show new evidence that massive infil-
tration of T lymphocytes into the FGF-2-activated host
stroma play a critical role in the progression of tumor
growth and metastasis of 4T1 mammary tumors by en-
hancing the neovascular stability, which is regulated by
endogenous COX-2 and VEGFA.

In the spontaneous metastasis model of mouse 4T1
mammary tumors, the presence of FGF-2-activated host
stroma during the initial phase of tumor growth led to the
induction of the tumor growth and pulmonary metastasis
(Figure 1C). Moreover, FGF-2-induced tumor progression
was not observed during T-lymphocyte deficiency in
nude mice (Figure 1C) and during suppression of T-
lymphocyte activation by FK506 (Figure 6, B and C).
These results were supported by histological evidence
that intensive T-lymphocyte infiltration was observed
in the FGF-2-activated host stroma of normal mice (Figure
2, A and B). On the contrary, FGF-2 did not induce tumor
growth and metastasis when injected during the autono-
mous growth phase (Figure 1D), suggesting that abun-
dant blood flow from mature vasculatures provided a

stromal microenvironment favorable for tumor growth. We
previously reported that FGF-2 developed the intensive
leukocyte infiltration into the melanoma stroma accompa-
nying angiogenesis.17 FGF-2 has been reported to have
potential to recruit leukocytes after the administration of
rat dermal skin.12 Moreover, FGF induces the prolifera-
tion of T lymphocytes13 and Jurkat T cells14 with CD3�
antibody in vitro. Meij and colleagues27 reported that
inducible myocardium injury in FGF-2 transgenic mice
promoted the infiltration of FGF receptor-positive T lym-
phocytes to the injury site. Taken together, our findings
indicate that the marked induction of mammary tumor
growth and metastasis via host stroma activation by
FGF-2 depends on the infiltration and/or activation of T
lymphocytes during the initial phase of tumor growth
when tumor cells escape from dormancy.

FGF-2 enhanced the formation of pericyte/VMC-posi-
tive microvessels in the host stroma of normal mice ac-
companying with the intensive infiltration of T lympho-
cytes and macrophages (Table 2, Figure 3C). The MVD in
tumor tissues with FGF-2-activated host stroma was in-
creased in normal mice but not nude mice (Figure 3, A
and B). MVD in tumor tissue is recognized to correlate
well with tumor malignancy.20 Pericytes/VMCs act to sta-
bilize vessels28 and support the increase of blood perfu-
sion.29 Accordingly, the pericyte/VMC formation in neo-

Figure 6. FK506 inhibits FGF-2-induced tumor growth and COX-2 and
VEGFA mRNA expression in the host stroma. A: The 4T1 cells were cultured
in DMEM, then FK506 (1 and 10 �mol/L) was added to the medium, and the
number of cells was counted after 24 hours. B: Mice were inoculated with
4T1 cells in the mammary fat pad. FGF-2 was administered at the inoculation
site from days 1 to 2. Tumor volumes (B) until day 20 and the number of
pulmonary metastases (C) on day 30 were evaluated. Ten mice were exam-
ined in each group. A similar result was obtained in an independent exper-
iment. D: The relative expression level of COX-2 and VEGFA mRNA in the
host stroma was measured on day 5 using real-time PCR. Five mice were
examined in each group. Each value represents the mean � SEM. Significant
differences between groups are shown as *P � 0.05 and **P � 0.01.

Figure 7. NS-398 inhibits FGF-2-induced tumor growth, pulmonary metas-
tasis, and VEGFA mRNA expression in the host stroma. A: The 4T1 cells were
cultured in DMEM, then NS-398 (2 and 20 �mol/L) was added to the medium,
and the number of cells was counted after 24 hours. Mice were inoculated
with 4T1 cells in the mammary fat pad. FGF-2 was administered at the
inoculation site from days 1 to 2 after inoculation. NS-398 (20 mg/kg) was
administered intraperitoneally from days 1 to 9. Tumor volume (B) until day
20 and the number of pulmonary metastases (C) on day 30 were evaluated.
Fifteen mice were examined in each group. A similar result was obtained in
an independent experiment. D: The relative level of VEGFA mRNA in the
host stroma was measured on day 5 using real-time PCR. Five mice were
examined in each group. Each value represents the mean � SEM. Significant
differences between groups are shown as **P � 0.01 and *P � 0.05.
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vascular walls developed in host stroma is considered to
sustain the increase of blood flow in the tumor tissue. The
infiltration of T lymphocytes and macrophages into the
FGF-2-activated host stroma regulates pericyte/VMC for-
mation in neovascular walls to sustain vascular stability
and keep the blood flow into tumor tissues, which en-
hances tumor progression by developing a high MVD.
Because the migration potency of vascular endothelial
cells in the FGF-2-activated host stroma is identical be-
tween normal and nude mice, the direct action of FGF2
on the vascular endothelial cells was not involved in the
T-lymphocyte infiltration.

FGF-2 enhanced the expression of COX-2 in the
stroma, which had intensive T-lymphocyte infiltration (Fig-
ure 4A). In addition, the expression of COX-2 mRNA in
FGF-2-activated host stroma is suppressed during T-
lymphocyte deficiency (Figure 4A) as well as by the
immunosuppressant FK506 (Figure 6D). Although the
COX-2 inhibitor did not directly affect the mammary tumor
proliferation in vitro, FGF-2-induced tumor growth and
metastasis was suppressed (Figure 7, B and C). The
immunostaining of host FGF-2-activated stroma revealed
that the high level of COX-2 expression was mainly de-
tected in T lymphocytes in normal mice (Figure 4B). In
addition, abundant fibroblasts expressing COX-2 were
observed in the host stroma of normal mice as compared
with those of nude mice (Figure 4B). This evidence shows
that pericyte/VMC formation in the neovascular wall was
reduced during T-lymphocyte deficiency, which accom-
panies lower COX-2 expression. Lee and colleagues25

reported that a COX-2 inhibitor suppressed pericyte/VMC
recruitment in the neovascular endothelium consequently
leading to tumor regression. COX-2 is a key enzyme for
inflammation-induced angiogenesis.30 Therefore, the
present results indicate that high expression of COX-2 in
the FGF-2-activated host stroma is associated with the

maintenance of pericyte/VMC formation in the neovascu-
lar wall as well as vascular endothelial cell proliferation.
As shown in Figure 8A, FGF-2 increased the production
of PGE2 from cultured T lymphocytes. In addition, the
co-culture of abundant T lymphocytes and gingival fibro-
blasts (ratio, 10:1) has been reported to enhance PGE2

production.31 Yamamura and colleagues32 reported that
co-culture of resting T lymphocytes and synovial fibro-
blasts resulted in increased PGE2 production in the pres-
ence of IL-17. These phenomena may be based on the
interaction between T lymphocytes and immature mes-
enchymal cells, including fibroblasts, inducing COX-2
activity. Therefore, the present in vivo results indicate that
the up-regulation of COX-2 by T lymphocytes and/or the
interaction of T lymphocytes and fibroblasts in FGF-2-
activated host stroma lead to pericyte/VMC formation in
the neovascular wall to sustain vascular stability and
successive supply of the vascular endothelial cells. Cy-
totoxic T-lymphocyte (CTL) infiltration is recognized to
depend mainly on the rejection of tumor cells. Several
studies demonstrated that the depletion of CD4�- or
CD8�-positive T cells did not affect the tumor growth and
metastasis of 4T1 cells even if mice had an up-regulated
immune response.33–35 In addition, the number of CD4�

and CD8� T cells in the peripheral blood during the 4T1
tumor development was not significantly different com-
pared with intact mice.36 Recently, Sharma and col-
leagues37 showed that the high production of PGE2 from
tumor cells increases the regulatory T cells (Tregs) sup-
pressing the anti-tumor immune response. Chaput and
colleagues38 showed that the depletion of CD25� T cells
in the tumor site induces the 4T1 tumor regression by
increasing the number of CD8� T cells, and that the
massive infiltration of Tregs in tumor prevents the devel-
opment of a successful helper response. Moreover, my-
eloid-derived suppresser cells inhibit immune surveil-
lance of CD4� and CD8� T lymphocytes.39 PGE2 has
been shown to induce directly Treg function in human
CD4� T cells40 or indirectly via myeloid-derived sup-
presser cells.41 FGF-2 failed to induce directly the CTL
response. T lymphocytes infiltrating into the FGF-2-acti-
vated host stroma with high COX-2 activity may be mainly
CD4� and CD8� T lymphocytes, including Tregs. In
these T lymphocytes, Tregs and/or myeloid-derived sup-
presser cells contribute to escape from the anti-tumor
response of CTL even in massive T-lymphocyte infiltra-
tion. Characterization of T-lymphocyte subsets support-
ing the neovascular satiability is essential to understand
the FGF-2-induced activation of host stroma.

VEGFA is well known to have the potential to proliferate
and survive in the vascular endothelium.42 VEGFA pro-
duction was enhanced by the co-culture of T lympho-
cytes and dermal fibroblasts without FGF-2 activation.
During T-lymphocyte deficiency (Figure 5A) and sup-
pression of T-lymphocyte activation (Figure 6D), the ex-
pression of VEGFA mRNA was suppressed in the FGF-
2-activated host stroma. Immunohistochemical analysis
revealed that a high density of VEGFA-positive T lympho-
cytes and fibroblasts was observed in the FGF-2-acti-
vated host stroma of normal mice (Figure 5B). VEGFA
produced by T lymphocytes increases the local angio-

Figure 8. The effects of FGF-2 on PGE2 and VEGFA production in co-culture
of T lymphocytes and dermal fibroblasts. A: The T lymphocytes were cul-
tured with the DMEM supplemented with 1% FBS, and then FGF-2 (20 ng/ml)
was added to the medium. The concentration of PGE2 in the medium was
measured with ELISA. B: The T lymphocytes and dermal fibroblasts were
co-cultured with DMEM supplemented with 1% FBS. The concentration of
VEGFA in the medium was measured with ELISA. Five dishes were examined
in each group. Each value represents the mean � SEM. Significant differences
between groups are shown as *P � 0.05 and **P � 0.001.
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genic response in the tumor stroma.7,43 The co-culture of
activating T lymphocytes and synovial fibroblasts en-
hanced VEGFA production compared with T lympho-
cytes alone.44 These results suggest that continual
VEGFA production in the FGF-2-activated host stroma
depends partly on the synergic mechanism between T
lymphocytes and fibroblasts. The macrophages are also
involved in the induction of angiogenesis by delivering
VEGF to inflammatory sites.45 The intensive migration of
macrophages into the FGF-2-activated host stroma (Fig-
ure 2, C and D) may be one of the key factors in inducing
high VEGFA production. As shown in Figure 7D, a selec-
tive COX-2 inhibitor reduced the high expression of
VEGFA in the FGF-2-activated host stroma. PGE2 pro-
motes the production of VEGFA from the fibroblasts.46,47

In particular, Seno and colleagues48 shows that COX-2
up-regulates PGE2 in the tumor stroma that stimulates the
EP2 receptor, followed by VEGFA induction. The high
PGE2 production via T lymphocytes may contribute to
VEGFA production from fibroblasts in the FGF-2-acti-
vated host stroma. VEGFA produced from T lymphocytes
and macrophages is closely associated with the devel-
opment of collateral vessels in the ischemic limb model
using CD4, CD8 knockout9,11 and nude mice.10 FGF-2-
induced tumor angiogenesis and tumor growth were in-
hibited by the blockage of endogenous VEGF.17,49 Tak-
ing account of this evidence, the intensive infiltration of T
lymphocytes, interacting directly or indirectly with fibro-
blasts and macrophages, sustains the production of
VEGFA in the FGF-2-activated host stroma. This high and
continual production of VEGFA via these T-lymphocyte
functions is also associated with the proliferation, migra-
tion, and survival of vascular endothelial cells in the FGF-
2-activated host stroma.

In conclusion, these results indicate that massive T-
lymphocyte infiltration into the FGF-2-acitivated inflam-
matory host stroma during the initial phase of tumor
growth enhances stable neovascular formation-oriented
tumor tissue by regulating endogenous COX-2 and
VEGFA, which plays an important role in FGF-2-induced
tumor growth and metastasis of 4T1 mammary tumors.
Accordingly, the suppression of COX-2 activity is a rea-
sonable therapeutic target for FGF-2-induced inflamma-
tion-associated breast cancer malignancy.
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