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The underlying molecular mechanisms that cause immune cells, mediators of our defense system, to pro-
mote tumor invasion and angiogenesis remain incompletely understood. Constitutively activated Stat3 in
tumor cells has been shown to promote tumor invasion and angiogenesis. Therefore, we sought to determine
whether Stat3 activation in tumor-associated inflammatory cells has a similar function. We found that Stat3
signaling mediates multidirectional crosstalk among tumor cells, myeloid cells in the tumor stroma, and
ECs that contributes to tumor angiogenesis in mice. Myeloid-derived suppressor cells and macrophages iso-
lated from mouse tumors displayed activated Stat3 and induced angiogenesis in an in vitro tube formation
assay via Stat3 induction of angiogenic factors, including VEGF and bFGF. Stat3-regulated factors produced
by both tumor cells and tumor-derived myeloid cells also induced constitutive activation of Stat3 in tumor
endothelium, and inhibiting Stat3 in ECs substantially reduced in vitro tumor factor-induced endothelial
migration and tube formation. In vivo assays demonstrated the requirement for Stat3 signaling in tumor-
associated myeloid cells for tumor angiogenesis. Our results indicate that, by virtue of the ability of Stat3 in
tumor cells and tumor-derived myeloid cells to upregulate expression of factors that activate Stat3 in ECs,
Stat3 mediates multidirectional crosstalk among tumor cells, tumor-associated myeloid cells, and ECs that

contributes to tumor angiogenesis.

Introduction

Despite the emerging role of immune cells in mediating carcino-
genesis/tumor angiogenesis, the very fundamental function of our
immune system as a defense mechanism against pathogens is clear.
An essential part played by immune cells as an extrinsic tumor sup-
pressor has also been well demonstrated (1, 2). However, it is evi-
dent that there is a general lack of CD8" T cells infiltrating tumor
and a prominent presence of T regulatory cells and myeloid-derived
suppressor cells (MDSCs) in the tumor stroma, promoting tumor
immune evasion (3-7). Several recent studies also underscore the
importance of the interplay between immune suppression and
angiogenesis mediated by tumor-associated myeloid cells (8, 9). Evi-
dence supporting this includes the observations that tumor-associ-
ated MDSCs and/or tumor-associated macrophages (TAMs) pro-
duce angiogenic factors, MMP9, VEGF, and IL-1f, which enhance
MDSC accumulation in tumors and contribute not only to tumor
immune suppression, but also to tumor angiogenesis (10-15). A
similar role of TAMs in promoting tumor immune evasion and
angiogenesis/evasion has also been recognized (16-18). In spite of
this, how tumor cells might subvert the immune system from pet-
forming its antitumor functions to promoting immunosuppres-
sion and tumorigenesis has been intriguing and equivocal.

Stat3 is a point of convergence for numerous oncogenic signaling
pathways frequently activated in cancer (19-21). Stat3 is constitu-
tively activated with high frequency in cancer and is well known for
promoting tumor cell survival and proliferation (19). Recent studies
from our group as well as other laboratories suggest that Stat3 is an

Nonstandard abbreviations used: MDSC, myeloid-derived suppressor cell; TAM,
tumor-associated macrophage.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 118:3367-3377 (2008). doi:10.1172/JCI35213.

The Journal of Clinical Investigation

http://www.jci.org

important mediator of tumor immune suppression. Stat3 not only
inhibits expression of numerous Th1l immunostimulatory mol-
ecules, such as IL-12, IFNs, and costimulatory molecules necessary
for inducing antitumor immunity, but also promotes expression
of a number of immunosuppressive factors, many of which in turn
activate Stat3 in various immune cells in the tumor stroma and/or
tumor draining lymph nodes (3, 22, 23). Among the immunosup-
pressive factors that are inducible by Stat3 activity are IL-10, VEGF
(24, 25), and IL-23 (M. Kortylewski, unpublished observations).
Recent studies reveal that these 3 factors exert immune suppres-
sive effects, at least in part, by activating Stat3 in various immune
cells (3, 26). This propagation of Stat3 activity from tumor cells to
immune cells allows a crosstalk from tumor cells to various stromal
cells, leading to tumor immune suppression (3, 27). Of note, a num-
ber of the immunosuppressive factors, such as VEGF, produced by
tumor cells in a Stat3-dependent manner are also angiogenic fac-
tors. A role of constitutively activated Stat3 in tumor cells in pro-
moting tumor angiogenesis and metastasis has been documented
(25,28-30). A key unanswered question is whether Stat3 activation
in tumor-associated diverse inflammatory cells is critical for tumor
angiogenesis. Our current study shows that Stat3 activity in tumor
MDSCs, as well as TAMs, is critical for their angiogenic potential.
We identified that Stat3 activity in tumor-derived myeloid cells
upregulated the expression of a number of known Stat3 target genes
that are angiogenic, including VEGF, bFGF, and MMP9. Antibody
neutralization experiments showed that both VEGF and bFGF con-
tributed to myeloid cell-mediated, Stat3-dependent angiogenesis.
In addition, CCL2, CXCL2, and IL-1f, which have previously been
shown to contribute to myeloid cell-mediated angiogenesis (31,
32), required Stat3 for their elevated expression in tumor-derived
myeloid cells. Our results suggest that Stat3 activity in immune cells
can contribute to tumor angiogenesis at multiple levels.
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We have previously demonstrated that Stat3 activity induces
production of pleiotropic factors that inhibit DC functional mat-
uration (23). These factors inhibit DC maturation through Stat3
activation in differentiated, yet immature, DCs (3, 23). Thus, inhi-
bition of antitumor immunity involves a cascade of Stat3 activa-
tion propagating from tumor cells to DCs. Based on these findings,
we further address whether a similar cascade of Stat3 signaling
from tumor cells and tumor-derived myeloid cells to ECs mediates
tumor angiogenesis. The current study shows that Stat3 was con-
stitutively activated in tumor endothelium and that activation of
Stat3 in ECs depended on factors regulated by Stat3 in both tumor
cells and tumor-derived myeloid cells. Our results also show that
Stat3 activation in ECs was required for tumor factor-induced
tube formation and migration. In vivo analyses further demon-
strated a role of Stat3 in mediating tumor-derived myeloid cells
in tumor angiogenesis. The present study underscores the impor-
tance of Stat3 in mediating a multidirectional crosstalk among
tumor cells, tumor stromal myeloid cells, and ECs and suggests
that tumor immune suppression and angiogenesis are tightly
interwoven and mediated, at least in part, by Stat3.

Results
Role of Stat3 in tumor-associated MDSCs and tumor angiogenesis. We first
assessed the relative presence of CD11b*Gr1*CD11- MDSCs com-
pared with CD11b*Gr1"CD11c* DCs in B16 melanoma tumors.
Tumor and spleen tissues were harvested from C57BL/6 naive
mice and mice bearing large B16 melanoma tumors approximately
10 mm in diameter. Flow cytometric analysis of CD11b" myeloid
cells enriched from spleen and tumor tissues indicated that while
the percentage of DCs remained similar in normal spleens and
spleens derived from tumor-bearing mice, the number of MDSCs in
spleens from tumor-bearing mice drastically increased (Figure 1A).
CD11b*Gr1*CD11- MDSCs were the largest population of myeloid
cells residing within tumor tissue. In contrast, the number of tumor-
associated DCs was small, and these were less phenotypically distinct
(Figure 1A). We have previously found that tumor-infiltrating Gr1*
cells, including MDSCs, increase Stat3 activity relative to their splenic
3368
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Figure 1

Role of Stat3 in the contribution of tumor-associated MDSCs to tumor
angiogenesis. (A) Flow cytometric analysis of cells isolated from
spleens and B16 tumors shows accumulation of Gr1+*CD11b* cells in
the tumors and spleens of tumor-bearing mice. Cells were labeled with
antibodies for CD11b, CD11c, and Gr1, as indicated. (B) Top: Western
blot analysis of VEGF protein levels in Gr1+CD11b+ cells isolated from
B16 melanoma. Gr1+CD11b* cells were purified by flow cytometric cell
sorting, using spleens and/or tumors from mice with Stat3++ and Stat3--
hematopoietic systems. Bottom: Flow cytometric analysis of CD11b*
cells isolated from B16 tumors indicates increased Stat3 activation in
Stat3+* but not in Stat3-- cells. (C) ECs form tube structures when
coincubated with Stat3++ but not Stat3*- MDSCs (Gr1*CD11b*CD11c")
isolated directly from B16 melanoma (tumor-associated MDSCs; TM-
MDSC). Tumor supernatant (spnt) was also added to the EC culture as
a positive control. Graph shows mean + SEM of 2 independent experi-
ments (n = 3). *P < 0.05.

counterparts (3). Because Stat3 regulates the expression of several
proangiogenic factors, including VEGF, in tumor cells (25, 29), we
next determined whether MDSCs are involved in promoting tumor
vascularization. We used conditional and inducible Stat3 knockout
(Stat3flox/MxCre) mice to abrogate Stat3 signaling in all hematopoietic
cell lineages. As previously reported (3, 33), repeated treatment with
poly(I:C) allows for functional deletion of Stat3 in hematopoietic cells
in adult Star3/ex/MxCre mice. Cell suspensions prepared from tumors
or spleens of mice with Stat3-positive and Stat3-negative hematopoi-
etic systems were sorted by fluorescence-activated cell sorting to iso-
late MDSC:s. Results of Western blot analysis indicated that whereas
splenic CD11b*Gr1*CD11c¢” MDSCs did not produce a detectable
amount of VEGF, tumor-associated Stat3*/* MDSCs, but not Stat37~
MDSCs, expressed markedly more VEGF (Figure 1B). Flow analysis
of the whole CD11b* population within the tumor tissue indicated
high Stat3 activation only in the Stat3*/* cells (Figure 1B).

To directly test whether Stat3 activity contributes to angiogene-
sis mediated by tumor-associated MDSCs, we performed EC tube
formation assay using collagen matrix. As a positive control to
show responsiveness of the cultured ECs, we used conditioned
medium containing 2.5% of culture medium from C4 melanoma
cells. For comparison, ECs were cocultured together with MDSCs
freshly isolated from growing B16 tumors. As shown in Figure
1C, Stat3** tumor-associated MDSCs induced EC tube forma-
tion. In contrast, the ability of tumor-derived Stat37/~ MDSCs to
promote EC function was markedly compromised. The residual
tube formation on collagen matrix induced by Stat3-deficient
MDSCs may reflect the involvement of other signaling pathways
in promoting angiogenesis (34, 35).

Stat3 activation and tumor angiogenesis is modulated by other myeloid
cells. Our results above undetline an important role of Stat3 signal-
ing in MDSCs for promoting tumor angiogenesis. Coincubation
of splenic Stat3** MDSCs with ECs in the presence of a relatively
low concentration of tumor-conditioned medium resulted in a
3-fold increase in the number of tube-like structures formed by ECs
on collagen matrix (Figure 2A). Surprisingly, even in the absence
of tumor-derived factors, the addition of MDSCs enhanced the
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Figure 2

Role of Stat3 activity and different populations of myeloid cells in angiogenesis. (A) In vitro collagen tube formation assays using different sub-
sets of CD11b* myeloid cells. Both Gr1*CD11b*CD11c- cells and Gr1-CD11b*CD11c- cells in the presence of 2.5% tumor-conditioned medium
successfully induced ECs to form tube-like structures. Gr1-CD11b*CD11c* DCs did not induce efficient EC tube formation. Graph shows
mean + SEM of 2 independent experiments. (B) VEGF and bFGF expression in CD11b*Gr1+ myeloid cells contribute to angiogenesis. Splenic
CD11b*Gr1+ myeloid cells were exposed to tumor-conditioned medium. Left: Flow cytometric analysis of Stat3++ and Stat3-- CD11b*Gr1+
myeloid cells isolated from spleens of tumor-bearing mice for phospho-Stat3 (p-Stat3) and VEGF levels. Levels of bFGF in the indicated cells
were determined by the Luminex system (see Methods). Graph shows mean + SEM of 2 independent experiments. Right: Neutralization of
VEGF and VEGF together with bFGF partially but significantly reduced myeloid cell-mediated angiogenesis. Graph shows mean + SEM of
2 independent experiments with triplicates. (C) VEGF and bFGF are important for Stat3-dependent, tumor-derived MDSC—mediated angiogen-
esis. MDSCs purified from B16 tumors were used for tube formation assays in the presence of the indicated antibodies. Data are mean + SEM
of 3 independent experiments, each involving 10-15 pooled mice per group done in triplicates. (D) Stat3 activity in tumor-associated myeloid
cells contributes to elevated expression of multiple angiogenic factors. Stat3++ and Stat3-- CD11b* myeloid cells were directly isolated from
B16 tumors, and real-time RT-PCR was performed to detect RNA levels of the indicated genes. RNA levels of each indicated gene relative to a
housekeeping gene (either 18s or GAPDH) in Stat3++ myeloid cells were assigned as 1. Data are mean + SEM (n = 3). *P < 0.05; **P < 0.01.

number of tubes, possibly as a result of low-level Stat3 activation
induced by growth factor-rich culture medium. ECs incubated in
the presence of Stat3/~ MDSCs with or without tumor-conditioned
medium formed fewer tubes than did the respective controls. Simi-
lar, although slightly weaker, proangiogenic effects were observed
when ECs were coincubated with the fraction of non-MDSC, non-
DC myeloid cells (CD11b*Gr1 CD11c") composed mostly of macro-
phages. Moreover, ablating Stat3 completely blocked the proangio-
genic effects of CD11b'Gr1"CD11c" cells on ECs. In contrast, splenic
Stat3*/* DCs did not stimulate tube formation by ECs. Furthermore,
ablating Stat3 in DCs had some inhibitory effect on EC function,
resulting in abrogation of tube formation (Figure 2A). Next, we inves-
tigated whether splenic MDSCs, which show relatively low levels of
Stat3 phosphorylation, acquire proangiogenic potential as a result
of induced Stat3 activation in the presence of tumor-secreted fac-
tors. Flow analysis indicated that after stimulation with tumor-con-
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ditioned medium, MDSCs isolated from spleens of tumor-bearing
Stat3** mice showed increased levels of Stat3 phosphorylation and
VEGF expression compared with their Stat37/~ counterparts (Figure
2B). Furthermore, we observed Stat3-dependent induction of pro-
angiogenic bFGF in myeloid cells isolated from spleens of tumor-
bearing mice stimulated with tumor-conditioned medium (Figure
2B). To assess the role of these 2 factors in myeloid cell-induced,
Stat3-mediated angiogenesis, we performed antibody neutralization
experiments. Myeloid cells isolated from spleens were exposed to
low levels of tumor-conditioned medium (i.e., 2.5%) before they were
used for tube formation assay in the presence of specific antibodies.
We found partial but significant reduction in the number of tubes
after coincubation with anti-VEGF antibody and the combination
of both anti-VEGF and anti-bFGF antibodies (Figure 2B).

Results from the in vitro experiments using tumor superna-
tant suggested that Stat3 downstream factors, including VEGF
Volume 118 3369
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Figure 3

Stat3 is constitutively activated in ECs exposed
to the tumor milieu in vivo and in vitro. (A)
Immunohistochemistry staining of mouse B16
melanoma tissue sections with pY75-Stat3 anti-
body. Dashed lines indicate tumor blood vessels.
(B) Immunofluorescent staining (pY7%-Stat3 and
goat anti-rabbit Alexa Fluor 488 antibodies) of
ECs cultured alone or with mouse C4 melanoma
cells at a 1:5 ratio. ECs were labeled with Cell-
Tracker Orange (red) prior to coculturing. Arrows
indicate ECs. Below are examples of nuclear
translocation of phospho-Stat3 in cells from
the same experiment visualized with confocal
microscopy. (C) Tumor-derived CD11b* myeloid
cells induce Stat3 activation in ECs. Stat3++
and Stat3-- CD11b* myeloid cells isolated from
B16 tumors were added to the EC culture. ECs
were labeled with CellTracker Orange (red), and
pY7%5-Stat3 was detected using rabbit antibody
and goat anti-rabbit Alexa Fluor 488 antibody
(green). Arrows indicate ECs. (D) Stat3-positive
myeloid cells interact with ECs in human breast
cancer tissues. Human breast cancer tissue sec-
tions were first stained with rabbit pY705-Stat3
antibody and mouse anti-CD68 antibody to
detect human myeloid cells, followed by staining
with secondary antibodies goat anti-rabbit Alexa
Fluor 488 (green) for Stat3 and goat anti-mouse
Alexa Fluor 555 (red) for CD68. Insets show
higher magnification of the boxed region, both
nuclear counterstaining (Hoechst 33342, blue)
and CD68 staining (red). Arrows indicate CD68*
cells; arrowhead indicates blood vessel. Original
magnification, x400 (A; B, top; C; and D); x1,000
(B, bottom); x1,250 (D, insets).

ies against VEGF or bFGF led to significant reduction of tube
formation (P < 0.01 for each), reaching levels similar to those
observed for Stat3/~ cells (P = 0.0136) when VEGF and bFGF
were neutralized simultaneously (P < 0.01; Figure 2C).
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Stat3 activity in tumor cells affects Stat3 activity and tube formation potential in ECs. (A) Tumor-conditioned media generated after blocking
Stat3 activity in mouse C4 melanoma cells reduced Stat3 DNA binding in ECs, as shown by EMSA. C, DMSO control. (B) Inhibition of VEGF
expression in mouse C4 melanoma cells by transfection with siRNA or Stat3 inhibitor CPA7, as detected by real-time PCR. (C) Collagen tube
formation assay of ECs exposed to tumor-conditioned medium containing tumor supernatant collected from C4 melanoma cells exposed to
vehicle or CPA7. The control cells were cultured in RPMI medium with 1% FBS. Shown are representative microphotographs of 3 independent
experiments. Original magnification, x100. (D) Quantification of tube-like structures per well of 48-well plates for EC lines derived from colon and
prostate exposed to tumor-conditioned media. Data are mean + SEM of 3 independent experiments. *P < 0.05.

To determine whether Stat3 activity in tumor-infiltrating
myeloid cells affects expression of other angiogenic factors in addi-
tion to VEGF, we performed quantitative real-time PCR. Results
from these analyses showed that Stat3 activity in tumor-associated
myeloid cells contributed to elevated gene transcription of not
only VEGF and bFGF, but also IL-1, MMP9, CCL2, and CXCL2
(Figure 2D). All of these molecules have been recently demon-
strated to be important for MDSC- and/or TAM-induced tumor
angiogenesis (9, 18, 36, 37).

Stat3 is constitutively activated in tumor ECs in vivo and in vitro. Our
results above demonstrated that Stat3 signaling within MDSCs and
in TAMs is critical for tumor angiogenesis. The next key question
we addressed was how these cells communicate with ECs, thereby
leading to angiogenesis. Because many of the Stat3 target genes
encoding factors — including VEGF, IL-6, bFGF, and HGF — are
activators of Stat3, we hypothesized that Stat3 signaling intrinsic to
ECs s critical for their communication with tumor stromal myeloid
cells. To test this hypothesis, we performed immunohistochemical
staining for phospho-Stat3 in mouse B16 melanoma samples. We
found that Stat3 not only was highly activated in tumor cells, but
was also persistently activated in the ECs within tumor vasculature
(Figure 3A). Together with the data shown in Figure 2A, these find-
ings suggest that Stat3 is constitutively activated in tumor cells,
in tumor myeloid cells, and in ECs. We next sought to determine
whether EC Stat3 activation is caused mainly by factors encoded
by Stat3 downstream genes, using tumor cell/EC coculture experi-
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ments. ECs derived from mouse prostate (38) were labeled with
CellTracker OrangeCMTMR reagent (see Methods). In this experi-
ment, ECs were mixed with C4 melanoma cells at a 1:5 ratio. In the
absence of tumor cells or tumor factors, the ECs did not exhibit
detectable Stat3 activity, as assessed by phospho-Stat3 (pY7%5-Stat3)
antibody staining. However, upon coculturing with C4 melanoma
tumor cells, which display highly activated Stat3 (39), the ECs
acquired constitutively activated Stat3, as demonstrated by positive
nuclear staining with pY”%-Stat3 antibody (Figure 3B).

To assess whether factors secreted by tumor-derived myeloid
cells can directly activate Stat3 in ECs, we added CD11b" myeloid
cells freshly isolated from B16 tumors to cultured ECs, which were
labeled with CellTracker OrangeCMTMR reagent. After coincu-
bation with tumor-derived myeloid cells, the cultured cells were
stained with pY7%-Stat3 antibody to detect Stat3 activity in the
ECs. Our results suggest that tumor-associated myeloid cells, like
tumor cells, are able to produce factors that stimulate Stat3 in ECs
(Figure 3C). Using Stat37~ myeloid cells derived from growing B16
tumors, we further demonstrated that production of myeloid cell-
secreted factors critical for stimulating Stat3 in ECs required Stat3
(Figure 3C). To confirm the potential importance of Stat3 signal-
ing in myeloid cells in human cancer angiogenesis, we performed
immunofluorescence staining of human breast carcinoma tissues.
In 10 analyzed tissue samples, 7 showed visible infiltration of CD68*
macrophages and other myeloid cells. We found blood vessels in 3 of
the tissue samples, all of which had myeloid cells in the vessel areas
Volume 118 Number 10
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Stat3 signaling in ECs is important for tumor factor—induced tube formation. (A) Representative microphotographs of tube formation assay of ECs
treated with vehicle or Stat3 inhibitor CPA7 for 16 h in the presence of control (RPMI medium with 1% FBS) or 10% tumor-conditioned media.
Quantification of tube-like structures per well (48-well plate) exposed to control medium or 3 different concentrations of tumor-conditioned media
with or without Stat3 inhibitor treatment is shown. Data are mean + SEM of 3 independent experiments. EMSA results of Stat3 DNA-binding
of nuclear extracts isolated from ECs are also shown. (B) Representative microphotographs of tube formation assay of ECs transfected with
scrambled or Stat3 siRNA and exposed to control (RPMI medium with 1% FBS) or 10% tumor-conditioned media. Quantification of tube-like
structures per well (48-well plate) exposed to control medium or 10% tumor-conditioned media is shown. Data are mean + SEM of 3 indepen-
dent experiments. Transfection efficiency, as shown by Western blot analysis of total protein lysates using indicated antibodies, is also shown.

*P < 0.05. Original magnification, x40 (A); x100 (B).

to varying extents. Not only tumor cells and ECs were positive for
phospho-Stat3, so were CD68* myeloid cells (Figure 3D).

EC tube formation involves not only extrinsic, but also intrinsic, Stat3
activation. We further investigated whether Stat3 signaling intrinsic
to ECs is critical for tumor angiogenesis. While tumor cell-condi-
tioned medium induced Stat3 DNA binding activity in ECs, inhibi-
tion of Stat3 activity in tumor cells by transfecting siRNA or incu-
bating with small-molecule Stat3 inhibitor CPA7 (3) in tumor cells
reduced their ability to induce Stat3 activity in ECs (Figure 4A).
Because one of the Stat3 downstream genes important for angio-
genesis produced by tumor cells is VEGF, we assessed whether
VEGEF expression is Stat3 dependent in C4 tumor cells. Blocking
Stat3 by siRNA or CPA7 strongly decreased expression of VEGF
in C4 melanoma cells (Figure 4B). When the EC Stat3 activity was
high, which can be induced by soluble factors secreted by tumor
cells with high Stat3 activity, ECs formed extensive tubes on colla-
gen matrix. In contrast, tube formation was significantly reduced
when ECs displayed little Stat3 activity because they were exposed
to the tumor-conditioned medium collected from the melanoma
cells treated with the Stat3 inhibitor (Figure 4, C and D). These
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results, together with the findings that Stat3 was constitutively
activated in tumor endothelium, indicate that Stat3 activation in
ECs is important for angiogenesis.

We therefore tested whether blocking Stat3 activity in ECs affects
the cells’ angiogenic functions. Treating the mouse ECs with a
small-molecule Stat3 inhibitor, CPA7, inhibited Stat3 DNA-bind-
ing activity induced by tumor factors. In the absence of Stat3 activ-
ity, tube formation process induced by the tumor soluble factors
was significantly inhibited. A significant reduction in the number
of tubes per well was observed for each of the 3 concentrations of
tumor supernatant used; additionally, blocking Stat3 with CPA7
significantly inhibited basal-level tube formation by the cultured
ECs without stimulation by tumor factors (Figure 5A). To con-
firm the results generated by the small-molecule Stat3 inhibitor,
we used an siRNA approach to knock down Stat3 gene expression
in ECs. Transfecting a mouse Stat3 siRNA into the ECs reduced
the levels of phospho-Stat3 protein (Figure 5B). While conditioned
medium with the tumor supernatant stimulated EC tube forma-
tion, knocking down Stat3 in ECs effectively inhibited tumor fac-
tor-induced tube formation (Figure 5B).
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Figure 6
* Stat3 activity is required for tumor factor—
induced migration of ECs. (A) Representative
microphotographs of wound healing assay of
ECs transfected with scrambled or Stat3 siRNA
and exposed to 10% tumor-conditioned media
at the beginning and end of incubation (0 and
16 h, respectively). Quantification of cells that
migrated into the wound is also shown. (B)
Representative microphotographs of wound
healing assay of ECs treated with vehicle or
Stat3 inhibitor CPA7 and exposed to 10%
tumor-conditioned media at 0 and 16 h of incu-

Scrambled

Vehicle

Stat3

o] bation. Quantification of cells that migrated into
SI

the wound is also shown. (C) Representative
microphotographs of Transwell migration assay
inserts of ECs transfected with scrambled or
Stat3 siRNA after 6 h of migration toward con-
trol medium (RPMI medium; 1% FBS) or 10%
tumor-conditioned media, stained with Harris
hematoxylin solution. Quantification of cells that
migrated toward control and tumor-conditioned
media is also shown. Data are mean + SEM
of 3 independent experiments; for each, 4
images were analyzed. *P < 0.05. Original
magnification, x100.

CPA7

Intrinsic Stat3 activity positively regulates migration of ECs. The vas-
cularization process requires activation of many cellular and sub-
cellular mechanisms, among which are migration and motility
of ECs. To test whether Stat3 activation in ECs contributes to
migration and/or mobility of ECs, we performed wound healing
assays. We blocked Stat3 using Stat3 siRNA and the small-mol-
ecule Stat3 inhibitor CPA7, which caused a significant reduction
in the number of cells that migrated into the wounding area (Fig-
ure 6, A and B). The same inhibitory effect on EC migration and
mobility by Stat3 blockade was observed using Transwell migra-
tion assay. Tumor-soluble factors released by the C4 melanoma
cells with high Stat3 activity induced robust migration of ECs.
Blocking Stat3 activity in ECs by siRNA significantly reduced
the number of cells migrating toward the tumor-conditioned
medium (Figure 6C).

Stat3 regulates induction of tumor angiogenesis by myeloid cells in vivo.
To determine whether tumor angiogenesis mediated by tumor-
infiltrating myeloid cells directly requires Stat3, we performed in
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vivo angiogenesis assays. Because our in vitro results indicated that
tumor-derived factors are required to induce and maintain angio-
genic potential of myeloid cells (Figure 2A), we implanted Matri-
gel plugs containing B16 tumor cells admixed with either Stat3"/*
or Stat37/~ CD11b*CD11c™ myeloid cells. The recipient mice were
Stat3 deficient, in order to avoid the infiltration of the Matrigel
by host-derived Stat3-positive myeloid cells. At 6 d after implanta-
tion, Matrigel plugs were harvested to measure hemoglobin con-
tent, which is indicative of neovascularization. Matrigel plugs con-
taining the Stat3”* myeloid cells showed a significant increase in
tumor angiogenesis, whereas those with Stat37~ myeloid cells did
not have significantly increased vascularization compared with
Matrigel plugs containing B16 tumor cells alone (Figure 7A and
Tables 1 and 2). Results of immunofluorescence analysis of Matri-
gel sections using CD31 antibody support the results from hemo-
globin content assays; namely, there was more microvessel density
in the Matrigel plugs containing Stat3"* myeloid cells (Figure 7B).
Data generated from the in vivo angiogenesis assays recapitulated
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what we observed in vitro: Stat3 activity in tumor cells propagated
to myeloid cells and ECs, and Stat3 activity in myeloid cells further
enhanced Stat3 activity in ECs, contributing to tumor angiogen-
esis via elevated production of angiogenic factors induced by con-
stitutive Stat3 activation (Figure 7C).

Discussion

The importance of TAMs in promoting cancer progression through
angiogenesis and/or invasion has been well documented (16, 17, 37,
40). However, the underlying molecular mechanisms that define
their carcinogenic characteristics remain to be fully explored. More
recent studies have also shown that bone marrow-derived leucocytes,
including Gr1*CD11b* MDSCs, contribute to tumor angiogen-
esis by producing MMP9 and by directly incorporating into tumor
endothelium (9, 37). Furthermore, in the absence of TGF-f3 signal-
ing, mammary tumor cells recruit Gr1*CD11b* MDSCs, leading
to tumor metastasis (13). The data presented in the present study
demonstrate that constitutive activation of Stat3 in both TAMs and
MDSCs was important for myeloid cell-mediated tumor angiogene-
sis. In support of data previously obtained using mouse systems, our
limited analysis of human breast cancer tissues indicated that acti-
vation of Stat3 is not only in tumor cells, but also in tumor stromal
myeloid cells surrounding ECs. Further experiments involving far
more human tumor specimens with different levels of Stat3 activity
are highly desirable. We also show that in tumor-associated myeloid
cells, Stat3 upregulates expression angiogenic genes, including
VEGF, bFGF, IL-1B, MMP9, CCL2, and CXCL2. Neutralizing VEGF
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Figure 7

Stat3 is critical for myeloid cell-induced tumor angiogen-
esis by in vivo. (A) Matrigel plugs containing a mixture
of B16 melanoma cells and CD11b+*CD11c¢c- myeloid
cells isolated from spleens of tumor-bearing mice were
implanted into mice with Stat3-- hematopoietic system.
Both Stat3++ and Stat3-/- myeloid cells were used for
the Matrigel assays. Plugs were harvested for hemoglo-
bin content measurement 6 d after implanting in vivo.
Data are mean + SEM of 3 independent experiments
combined. *P < 0.05 (see Methods, Table 1, and Table 2
for detailed statistical analysis). (B) Representative
microphotographs of Matrigel plug frozen sections
stained with CD31 (red) and pY705-Stat3 (green) anti-
bodies. Arrows indicate newly formed vessels. Original
magnification, x100. (C) Stat3 activity allows multidi-
rectional crosstalk in the tumor stroma. Stat3 activity in
tumor cells propagates, through Stat3-regulated factors
(circles), to myeloid cells and ECs, and Stat3 activity in
myeloid cells can further impact Stat3 activity in ECs,
contributing to tumor angiogenesis.

and/or bFGF led to partial but significant reduction of tumor-associ-
ated myeloid cell-induced tube formation. Akin to the relationship
between tumor cells and tumor-associated DCs and other immune
effector cells such as neutrophils and NK cells in tumor immune
evasion (3, 23), propagation of Stat3 activity from tumor-associated
myeloid cells to ECs is important for EC tumorigenic activity. Our
findings in growing tumors and in the simulated tumor milieu that
Stat3 activation in ECs was important for tumor angiogenesis are in
agreement with previous reports indicating a requirement of Stat3
activity in EC tube formation and migration upon VEGF stimulation
in vitro (41, 42). Nevertheless, the current study involves the tumor
microenvironment with multiple interacting factors.

Our present results, together with several other published reports
(3, 23), illustrate a fundamental mechanism that allows multidi-
rectional crosstalk among diverse tumor stromal cells with tumor
cells, promoting tumor progression. This is achieved, at least in
part, by a Stat3 feed-forward mechanism mediated by Stat3 down-
stream gene products, including (but not limited to) VEGF, bFGF,
IL-10, IL-23, and HGF. In support of the importance of tumor-
infiltrating myeloid cells in enhancing Stat3 activity in tumor cells
is the observation that tumor cells purified from tumors grown
in mice with Stat3”~ myeloid cells have reduced phospho-Stat3
(M. Kortylewski and H. Yu, unpublished observations). The fact
that some of these factors activate other critical oncogenic path-
ways underscores the importance of participation of diverse sig-
naling pathways for myeloid cell-mediated tumorigenesis and/or
angiogenesis. VEGF, bFGF, and HGF, for example, are also activa-
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Table 1
Least square means for each treatment

Treatment n Least square mean 95% CI

B16 cells only 5 2.855 0.636 t0 5.074
B16 and Stat3/-CD11b+ 6 3.431 1.363 to 5.499
B16 and Stat3++CD11b+ 6 7.349 5.2811t0 9.417

Cl, confidence interval.

tors of the Akt pathway, and IL-23 activates not only Stat3, but also
Stat5 (43). The critical roles of Akt and Stat5 in promoting cancer,
which are partially mediated via angiogenesis, are well established
(44,45). At this point, the relative contributions to tumor angiogen-
esis and the relative levels of angiogenic factors produced by tumor
cells versus tumor-associated myeloid cells are unknown. However,
it is likely that the crosstalk among tumor cells, myeloid cells, and
ECs is essential for tumor angiogenesis, and each type of the cells
may contribute differently at various stages of tumor development.

Stat3 is known as a negative regulator of granulopoiesis and
ablating Stat3 in hematopoietic cells results in increased numbers
of granulocytes (3, 33, 46). Because the surface markers used for
the identification of MDSCs are common for several populations
of myeloid and granulocyte cells, it is not feasible to unequivocally
determine the numbers of MDSCs using immunohistochemical
staining of tumor tissues. However, as shown in the current study,
Stat3”~ tumor-associated Gr1* myeloid cells no longer supported
tumor vascularization. We note that our experiments were per-
formed in an isolated environment of Matrigel plugs containing
tumor cells and myeloid cells in order to demonstrate that Stat3
can affect MDSC-mediated tumor angiogenesis. A reduction in
angiogenesis associated with Stat37- MDSCs is not likely to cause
obvious tumor growth inhibition if is not supported by T cell-
dependent antitumor immune responses in mice with a Stat37/~
myeloid compartment (3). Nevertheless, while the reduction
in angiogenesis by Stat37~ MDSCs was not sufficient to cause
tumor regression in the aggressive B16 tumor model, it can still
contribute to T cell-mediated antitumor effects by affecting the
state of tumor vasculature.

Tumor-infiltrating myeloid cells undergo a fundamental func-
tional change as a result of Stat3 ablation: the displacement of
several key angiogenic factors in MDSCs and macrophages with
antiangiogenic mediators released by reactivated DCs. This is
reminiscent of the dual characteristics of macrophages; the well-
described M1 is pro-antitumor immune responses, and M2 is
associated with inflammation-mediated carcinogenesis. Whether
macrophages are M1 are M2 depends on what they produce — Th1
immune mediators, such as IFNs and IL-12, or immunosuppres-
sive, angiogenic, and/or growth factors, including IL-10, VEGF,
bFGF, IL-23, IFN-f, and MMP9. Importantly, many of the Thl
immunostimulatory molecules, including IFN-f, IFN-y, IP-10, and
IL-12, are also antiangiogenic factors. In parallel, several angiogenic
factors, including VEGF and IL-23, play key roles in immunosup-
pression. The ability of Stat3 to contribute to modulation of these
factors — inhibiting immunostimulating and antiangiogenic fac-
tors while upregulating immunosuppressive and angiogenic fac-
tors — highlights the importance of oncogenic signaling in inflam-
mation-induced carcinogenesis, further underscoring the point
that the oncogenic process is what converts the mediators of our
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immune system from mounting antitumor immunity to immune
evasion and carcinogenesis.

Methods

Cells and cell culture conditions. The B16 cell line was obtained originally from
American Type Culture Collection and has been cultured in our laboratory
for more than 10 years. The highly metastatic clone of K1735 melanoma
(C4) and EC lines derived from prostate and colon were kindly provided
by S. Huang and J. Fidler (M.D. Anderson Cancer Center, Houston, Texas).
These cell lines were maintained in RPMI medium supplemented with
5%-10% FBS and 100 U/ml penicillin/streptomycin.

Animals. Stat3M* mice were provided by S. Akira (Osaka University, Suita,
Osaka, Japan) and K. Takeda (Kyushu University, Fukuoka, Japan). Mouse
care and experimental procedures were performed under pathogen-free con-
ditions in accordance with established institutional guidance and approved
protocols from the Institutional Animal Care and Use Committee of Beck-
man Research Institute at City of Hope National Medical Center.

Cell transfection and treating cells with Stat3 small molecule inbibitor. To sup-
press Stat3 expression, siRNA transfections were carried out using Lipo-
fectamine 2000 (Invitrogen). To block Stat3 signaling with the Stat3
small-molecule inhibitor CPA7, tumor cells and ECs were treated with
CPA7 at 20 uM. The supernatants were collected, or in vitro experiments
were performed, 24 h after CPA7 treatment. The sequences for mouse Stat3
siRNA and negative control (scrambled sequence) were 5'-UUAGCCCAU-
GUGAUCUGACACCCUGAAT-3" and 5'-UCCAAGUAGAUUCGACGGC-
GAAGUG-3', respectively. At 24 h after transfection, the cells were used for
tube formation or migration assays. For RNA and protein analyses, cells
were processed 48 h after transfection.

Tube formation assay. ECs (5 x 10* per 0.2-ml well of a 48-well plate) were
seeded on neutralized collagen (1.2 mg/ml; BD Biosciences) in RPMI medi-
um with 1% FBS with or without tumor supernatant at various concentra-
tions for 16 h. The cells were fixed in 4% paraformaldehyde (USB) for 10 min
in RT, washed, and analyzed under an inverted light microscope (Nikon).
All tube-like structures were counted for each well; only closed networks of
vessel-like tubes were counted. In some experiments ECs were coincubated
with different subsets of myeloid cells (1:1 ratio, each 4.5 x 10* per 0.2-ml
well of a 48-well plate). Myeloid cells were sorted from tumors or spleens
of tumor-bearing mice. CD11b* cells were first enriched using EasySep kit
(StemCell Technologies), then sorted using a MoFlo sorter (Dako) after
labeling with antibodies against extracellular markers (CD11b, CD11c,and
Grl; all BD Biosciences). The purity achieved was greater than 98%.

For antibody neutralization studies, myeloid cells were sorted by flow
cytometry sorter from B16 melanoma tumors or enriched with EasySep
kit (StemCell Technologies) from spleens and then coincubated with ECs
on collagen matrix in the presence of neutralizing antibodies against VEGF
(S ug/ml; R&D Systems) and bFGF (5 ug/ml; Abcam Inc.), alone or in com-
bination. IgG antibody at the same concentration was used as control.

In vivo Matrigel angiogenesis assay. Mice with or without inducible abla-

tion of Stat3 in hematopoietic cells, as described previously (3), were used.

Table 2
Pairwise comparisons between groups

Treatment I statistic PA
B16 and Stat3-- CD11b+*vs. B16 0.42 0.91
B16 and Stat3++ CD11b* vs. B16 3.31 0.02
B16 and Stat3++ CD11b* vs. 3.00 0.03
B16 and Stat3-- CD11b+
ATreatments vs. control.
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CD11b* cells (5 x 10%) were enriched from spleens (greater than 90% purity)
after removal of CD11c* cells using positive selection EasySep kits (Stem-
Cell Technologies) and mixed with 5 x 10 B16 melanoma cells in 600 ul
growth factor-reduced Matrigel (BD Biosciences) and injected into Stat37~
mice. Matrigel plugs were dissected 6 d later and either analyzed for hemo-
globin content by colorimetry using Drabkin reagent (Sigma-Aldrich) or
frozen and analyzed by immunofluorescent staining.

Flow cytometry. Cells suspensions from spleen and tumor tissues were pre-
pared as described previously (3) and stained with different combinations of
fluorochrome-coupled antibodies to CD11c, CD11b, Gr1, pY7%-Stat3, and
VEGEF (BD Biosciences). Fluorescence data were collected on a FACSCalibur
(BD) and analyzed using FlowJo software (version 7.2.4; Tree Star).

Wound healing and transwell migration assays. ECs were grown on 6-cm plates
until 90% confluence, and 2 scratches with a tip were done along the plate.
Cells were rinsed and exposed overnight to 10% tumor-conditioned media.

At the beginning and end of the experiments, 4 images of the wound
were taken, and the number of cells migrating into the wound was counted
using Image] software (http://rsb.info.nih.gov/ij/). In Transwell migration
assay, collagen-coated inserts with 8 um pore size (Corning-Costar) were
used. Cells (15 x 10°) resuspended in RPMI medium were placed in the top
chamber of the insert, and the bottom well was filled with RPMI medium
with or without 10% tumor supernatant added. After 6 h, the inserts were
removed, and the inner side was whipped with cotton swaps and stained
with Harris hematoxylin solution (Sigma-Aldrich). After washing, filters
were cut out, mounted on microscope slides, and analyzed. For each filter,
4 images covering the majority of the sample were collected, and the cells
were counted using Image] software.

RNA isolation and real-time PCR analysis. Total RNA was isolated using
RNeasy Kit (Qiagen) according to the manufacturer’s protocol. Reverse
transcriptions were done using iScript cDNA Synthesis Kit (Bio-Rad), and
real-time PCR reactions were performed using iQ SYBR Green supermix
(Bio-Rad) on DNA Engine thermal cycler equipped with Chromo4 detector
(Bio-Rad). For gene expression analysis of Stat3, VEGF, IL-13, MMP9, CCL2,
and CXCL2, with 18S rRNA or GAPDH housekeeping genes as internal con-
trols, we used mouse-specific primer sets purchased from SuperArray.

Cell lysis and Western blot analysis. Cell lysates were prepared as described pre-
viously (47) and clarified by centrifugation, and protein concentrations of
supernatants were determined by Bio-Rad protein assay. Equivalent amounts
of total cellular proteins were separated by SDS plus 10% PAGE, transferred
onto nitrocellulose membranes, probed with the respective antibodies, and
detected for signals using horseradish peroxidase-conjugated secondary
antibodies by enhanced chemiluminescence (Pierce Biotechnology).

bFGF detection. To detect bEGF, myeloid cells were isolated from spleens,
exposed to tumor-conditioned medium, and incubated for 4 h in the pres-
ence of 10 ug/ml brefeldin A (Sigma-Aldrich). Collected cells were incu-
bated in hypotonic buffer and sonicated, and cytoplasmatic fractions
were analyzed using cytokine bead array (Invitrogen) and Luminex system
according to the manufacturer’s protocol.

EMSA. EMSA to detect Stat3p DNA binding was performed essentially as
previously described (48). Briefly, nuclear extracts (1-8 ug of total protein),
normalized for protein concentration, were incubated with the 3?P-radio-
labled high-affinity Sis-Inducible Element (hSIE) oligonucleotide probe.
Protein-DNA complexes were resolved by 5% nondenatured PAGE, and
specific STAT/DNA complexes were detected by autoradiography.

TImmunobistochemistry and immunofluorescence. Tumor tissues were forma-
lin fixed and paraffin embedded. Sections of 3 um were deparaffinized and
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stained with pY7%-Stat3 antibody (1:50; Santa Cruz Biotechnology Inc.).
Archival human breast carcinoma tissue arrays from an anonymous group
of patients were provided by the Pathology Core of City of Hope Com-
prehensive Cancer Center. Sections were deparaffinized and stained with
rabbit pY7%-Stat3 antibody and mouse anti-CD68 (1:40; AbD Serotec), a
marker for human macrophages and monocytes. For fluorescent detection,
secondary antibodies were used (Alexa Fluor 488-labeled goat anti-rabbit
and Alexa Fluor 555-labeled goat anti-mouse; 1:100, both Invitrogen).

For immunofluorescence staining in coincubation experiments before
trypsinization, ECs were labeled with CellTracker OrangeCMTMR reagent
(Invitrogen) at the final concentration of 5 uM, and then washed 3 times.
ECs alone or mixed 1:5 with C4 melanoma cells (total 8 x 10° cells) were
seeded on round coverslips placed in 24-well plates. After overnight cul-
ture, cells were fixed with methanol at -20°C, permeabilized, blocked with
1% BSA solution, and incubated overnight with pY7%>-Stat3 antibody (1:50;
Santa Cruz Biotechnology Inc.). The next day, the coverslips were washed,
and Alexa Fluor 488-labeled goat anti-rabbit secondary antibody was
applied for 1 h (1:100; Invitrogen). After washing, coverslips were mounted
with Vectashield medium containing DAPI (Vector Laboratories).

For immunofluorescent staining of frozen Matrigel plugs, sections were
fixated in 2% paraformaldehyde and permeabilized in methanol. After block-
ing in PBS containing 10% goat serum and 2.5% mouse serum, slides were incu-
bated overnight with CD31 (1:50; BD Biosciences) and pY”%>-Stat3 (1:50; Santa
Cruz Biotechnology Inc.) antibodies. The next day, the slides were washed, and
Alexa Fluor 488-labeled goat anti-rabbit and Alexa Fluor 555-labeled goat
anti-rat secondary antibodies were applied for 1 h (1:100; Invitrogen).

Statistics. For data obtained from in vivo Matrigel assays, a general linear
model was used to analyze the association between the outcome and the
treatment effect adjusting for experimental effects. Normality and equal
variance assumption were checked, and requirements were satisfied. To
reduce the type I error, we used the Tukey’s adjustment for the results.
A Pvalue less than 0.05 was considered significant.
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