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Abstract
Macrophage secretion of VEGF in response to the hypoxic tumor microenvironment contributes to
tumor growth, angiogenesis, and metastasis. We have recently demonstrated that macrophages
stimulated with GM-CSF at low O2 secrete high levels of a soluble form of the VEGF receptor
(sVEGFR-1), which neutralizes VEGF and inhibits its biological activity. Using siRNA targeting
to deplete HIF-1α or HIF-2α in murine macrophages, we found that macrophage production of
sVEGFR-1 in response to low O2 was dependent on HIF-2α, while HIF-1α specifically regulated
VEGF production. In our current report, we evaluated the growth of B16F10 malignant melanoma
in mice with a monocyte/macrophage-selective deletion of HIF-1α or HIF-2α (HIF-1αflox/flox-or
HIF-2αflox/+/LysMcre mice). GM-CSF treatment increased intra-tumoral VEGF and sVEGFR-1 in
control mice, an effect that was associated with a decrease in microvessel density. GM-CSF
treatment of HIF-1αflox/flox/LysMcre mice induced sVEGFR-1 but not VEGF, resulting in an
overall greater reduction in tumor growth and angiogenesis compared to control mice. In addition,
real-time PCR for melanoma-specific genes revealed a significantly reduced presence of lung
micrometastases in HIF-1αflox/flox/LysMcre mice treated with GM-CSF. Conversely, GM-CSF
treatment induced VEGF but not sVEGFR-1 in HIF-2αflox/+/LysMcre mice, and correspondingly,
GM-CSF did not decrease tumor growth, angiogenesis, or lung metastasis in these mice. This
study reveals opposing roles for the HIFs in the regulation of angiogenesis by tumor-associated
macrophages, and suggests that administration of GM-CSF might be an effective means of
inducing sVEGFR-1 and inhibiting tumor growth and angiogenesis in patients with melanoma.

INTRODUCTION
An abundance of tumor-associated macrophages is associated with poor clinical outcome in
numerous human cancers, including breast, ovarian, and prostate cancer (1–3). Tumor-
associated macrophages contribute to tumor progression, in part, through their section of the
potent angiogenic molecule vascular endothelial growth factor (VEGF), which is driven
largely by the low O2 concentration within the tumor microenvironment (4, 5). In addition to
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VEGF, hypoxia upregulates the expression of the VEGF receptor (VEGFR-1), as well as
genes involved in anaerobic metabolism, cell survival, and proliferation (6). In addition to
the membrane-bound isoform of VEGFR-1, macrophages secrete a soluble form of the
VEGF receptor (sVEGFR-1) (7), which results from alternative splicing of the same gene
transcript (8). sVEGFR-1 comprises the extracellular ligand-binding domain of the
membrane-bound form of the receptor, and serves as a potent antagonist of VEGF signaling
by sequestering VEGF and inhibiting its interaction with the transmembrane receptors (9).
Based on the observation that both VEGF and the VEGF receptor contain a hypoxia-
responsive promoter element, we previously examined the effect of hypoxia on GM-CSF-
induced sVEGFR-1 production. We found that in addition to VEGF, macrophages
stimulated with GM-CSF secreted high levels of sVEGFR-1, which bound and neutralized
the VEGF. Furthermore, sVEGFR-1 secretion from GM-CSF-stimulated macrophages
increased with decreasing O2 concentration (10). These findings suggested that hypoxia,
canonically thought to promote angiogenesis, could induce the secretion of anti-angiogenic
molecules within a GM-CSF-rich environment.

The transcriptional response to hypoxia is driven primarily by a family of transcription
factors known as the hypoxia inducible factors (HIFs). The HIFs are constitutively
transcribed but are rapidly degraded under normoxic conditions, principally through the
hydroxylation of proline residues by prolyl hydroxylase domain (PHD) proteins, of which
there are three isoforms (PHD1-3). This modification allows binding of the von Hippel-
Lindau (VHL) E3 ubiquitin ligase, which targets the HIF for ubiquitination and proteasomal
degradation. Hypoxia promotes HIF protein accumulation by inhibiting PHD-mediated
proline hydroxylation, as O2 is the rate-limiting co-factor in the hydroxylation reaction. The
exact contribution of HIF-1α and HIF-2α to the regulation of hypoxic gene expression
appears to vary between cell types, although a number of studies suggest that HIF-2α is
primarily upregulated by hypoxic macrophages (11, 12). In order to determine which of the
HIFs was responsible for sVEGFR-1 production in hypoxic macrophages, we utilized
macrophages from mice deficient in HIF-1α or HIF-2α in the monocyte/macrophage lineage
(HIF-1αflox/flox- or HIF-2αflox/+/LysMcre mice). HIF-1α-deficient macrophages cultured
with GM-CSF at 0.5% O2 produced less VEGF than control macrophages under the same
conditions, while sVEGFR-1 secretion was unaffected. In contrast, deletion of HIF-2α
inhibited the production of sVEGFR-1 in response to GM-CSF and low O2, without
affecting VEGF production (10). These findings suggested that HIF-1α drives macrophage
production of VEGF in response to GM-CSF and low O2, while HIF-2α controls sVEGFR-1
production.

In the current report, we examined melanoma growth and response to GM-CSF therapy in
mice with HIF-1α- or HIF-2α-deficient tumor macrophages. GM-CSF treatment of control
mice induced a low amount of VEGF production and a much greater production of
sVEGFR-1, resulting in a net decrease in tumor growth and angiogenesis. Deletion of
HIF-1α from tumor-associated macrophages inhibited VEGF production in response to GM-
CSF with no effect on sVEGFR-1 production, resulting in an even greater reduction in
tumor growth and angiogenesis than was observed in GM-CSF-treated control mice.
Conversely, deletion of HIF-2α from tumor-associated macrophages inhibited sVEGFR-1
production in response to GM-CSF with no effect on VEGF production and abrogated the
anti-tumor response to GM-CSF.

MATERIALS AND METHODS
Generation of HIF-1αflox/flox/LysMcre and HIF-2αflox/+/LysMcre mice

HIF-1αflox/flox/LysMcre were originally developed by Dr. Randall Johnson, University of
California at San Diego, and were obtained from Dr. Philip Popovich of The Ohio State

Roda et al. Page 2

J Immunol. Author manuscript; available in PMC 2012 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



University. These mice were generated by crossing a C57BL/6 mouse containing loxP
sequences flanking the HIF1A gene with a C57BL/6 mouse expressing Cre recombinase
from the lysozyme M (LysM) promoter, which is expressed only in myeloid lineage cells
(13). HIF-2αflox/flox mice (originally developed by Dr. Celeste Simon, University of
Pennsylvania (14)) and LysMcre recombinase mice (originally developed by Irmgard
Foerster, University of Duesseldorf (15)) (both purchased from The Jackson Laboratory, Bar
Harbor, ME) were crossed to generate mice heterozygous for both LysMcre and the floxed
HIF-2α allele. These mice were then bred with each other, and HIF-2αflox/+/LysMcre
offspring, which are heterozygous for the floxed HIF-2α allele and homozygous for LysM-
driven cre recombinase, were selected for use in these studies. C57BL/6 mice expressing
LysMcre recombinase but no floxed alleles were used as controls.

Murine melanoma tumor model
6–8-week-old HIF-1αflox/flox/LysMcre mice, HIF-2αflox/+/LysMcre mice, or LysMcre
control mice were injected with 1× 105 B16F10 murine melanoma cells subcutaneously on
the left flank. Once tumors become palpable (approximately 5 days), mice were randomly
allocated to receive treatment with either PBS (negative control) or with murine GM-CSF
(100 ng per mouse in a 50µL volume). Mice were treated intratumorally 3 times per week
until tumors reached a size of 20 mm in any dimension (approximately 2.5 weeks), at which
point mice were euthanized, in accordance with institutional policy. Tumor diameters were
measured 3 times per week with calipers, and tumor volumes were calculated as follows:
Tumor volume = 0.5 × [(large diameter) × (small diameter)2]. For experiments analyzing the
effect of neutralizing sVEGFR-1 in combination with GM-CSF treatment, mice were treated
intratumorally 3×/week with either PBS or GM-CSF and 4 µg anti-VEGFR-1 neutralizing
antibody (R&D Systems) or 4 µg polyclonal goat IgG isotype control (Santa Cruz
Biotechnology). All protocols were approved by the Ohio State University Animal Care and
Use Committee, and mice were treated in accordance with institutional guidelines for animal
care.

Texas red-dextran staining for tumor angiogenesis
HIF-1αflox/flox/LysMcre mice, HIF-2αflox/+/LysMcre mice, or LysMcre control mice were
inoculated with B16F10 melanomas and treated 3×/week with intratumoral PBS or GM-
CSF, as described above. Five minutes prior to sacrifice, mice were administered Texas red-
conjugated dextran (molecular weight 70,000, Invitrogen/Molecular Probes) via tail vein
injection (20 µg dextran/g of mouse weight) and subsequently perfused for 5 minutes with
PBS. Tumor sections were visualized by fluorescent microscopy and analyzed blindly.
Functional blood vessels (Texas red-positive) were identified and quantified using Adobe
Photoshop CS2 histogram analysis.

Real-time PCR
Organs collected from mice at the time of euthanasia were flash-frozen in liquid nitrogen,
pulverized, and dissolved in Trizol reagent (Invitrogen). RNA was extracted in chloroform
and then purified using the RNeasy Minikit (Qiagen). cDNA was generated from 1 µg of
RNA using the Superscript First Strand Synthesis System (Invitrogen) and used for real-time
PCR using SYBR Green PCR Master Mix (Applied Biosciences). Primer sets were designed
using Primer Express v3.0 software (ABI Prism, Perkin-Elmer) and synthesized by
Invitrogen, and have been described previously (10). Data were analyzed according to the
comparative threshold method and normalized against the GAPDH internal control
transcript. Results are semi-quantitative and represent the relative expression of a transcript
in a particular treatment group as compared with levels in PBS-treated control mice.
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Evaluation of lung metastases
Lung metastases were evaluated by detection of mRNA for melanocyte-specific proteins
within the lungs of tumor-bearing mice. B16F10 tumor-bearing HIF-1αflox/flox/LysMcre
mice, HIF-2αflox/+/LysMcre mice, or LysMcre control mice were treated with intratumoral
PBS or GM-CSF, as described above. At the time of sacrifice, lungs were excised and flash-
frozen in liquid nitrogen. RNA was extracted and cDNA was generated as described above.
The melanocyte-specific mRNAs TRP2 and Pmel17 were detected by nested PCR using a
modification of the protocol described by Tsukamoto et al. (16). For the initial reaction, 30
cycles of PCR were carried out (95°C for 1 minute, 58°C for 1 min, 72°C for 1 min) in a 20
µl reaction volume containing 2 µl of cDNA. For reamplification with the nested primers, 1
µL of the first reaction product was amplified in a 20 µl reaction volume for a further 30
cycles. Data were analyzed according to the comparative threshold method and normalized
against the GAPDH internal control transcript. Results are semi-quantitative and represent
the fold difference in transcript levels in HIF-1αflox/flox- or HIF-2αflox/+/LysMcre mice as
compared with levels in PBS-treated LysMcre control mice.

Statistical analyses
The ANOVA test was used to compare independent measurements between multiple
treatment groups. The data was log-transformed to normalize the variance across groups. P-
values were adjusted using the Holm’s procedure to conserve the type I error at 0.05 due to
the multiple comparisons. For tumor growth data, changes in tumor volume over time were
assessed via a longitudinal model. Tumor values were log-transformed, and estimated slopes
(changes in tumor volume over time) were calculated with 95% confidence intervals.
Estimated differences in tumor volume were calculated by a random-effects regression of
the longitudinal data. For all analyses, p ≤ 0.05 was considered statistically significant.

RESULTS
Growth of B16F10 melanomas is inhibited in mice with HIF-1α-deficient macrophages

Our previous studies showed that deletion of HIF-1α inhibits macrophage production of
VEGF in response to GM-CSF and low O2, with no effect on sVEGFR-1 production under
the same conditions, in vitro (10). We therefore hypothesized that tumor growth would be
decreased in HIF-1αflox/flox/LysMcre mice, due to a decrease in VEGF production from
HIF-1α-deficient tumor-infiltrating macrophages. HIF-1αflox/flox/LysMcre mice or LysMcre
control mice were inoculated with B16F10 tumors and treated with intratumoral PBS or
GM-CSF. As shown in Figure 1A, tumor growth was decreased in HIF-1αflox/flox/LysMcre
mice as compared to LysMcre control mice, even in the absence of GM-CSF therapy (p =
0.002). Furthermore, GM-CSF treatment of HIF-1αflox/flox/LysMcre mice further decreased
tumor growth compared to GM-CSF-treated control mice. These results demonstrated that
the selective deletion of HIF-1α from tumor-infiltrating macrophages could decrease tumor
growth and increase the anti-tumor effects of GM-CSF.

GM-CSF does not inhibit tumor growth in mice with HIF-2α-deficient macrophages
We next examined the effect of HIF-2α deletion on melanoma growth. In our previous
studies, deletion of HIF-2α inhibited macrophage production of sVEGFR-1 in response to
GM-CSF, with no effect on VEGF production (10). We therefore hypothesized that tumor
growth would not be reduced by GM-CSF in HIF-2αflox/+/LysMcre mice, due to the
inability of tumor-infiltrating macrophages to secrete sVEGFR-1 in these mice. As
previously observed, treatment of LysMcre control mice with GM-CSF significantly
inhibited tumor growth (p = 0.019). However, GM-CSF had no effect on tumor growth in
HIF-2αflox/+/LysMcre mice (p = 0.318) (Figure 1B). These results suggest that HIF-2α
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expression in tumor-infiltrating macrophages contributes to the anti-tumor effects of GM-
CSF, possibly through the secretion of sVEGFR-1.

GM-CSF inhibits angiogenesis in mice with HIF-1α-deficient macrophages but not mice
with HIF-2α-deficient macrophages

Our model proposes that in HIF-1αflox/flox/LysMcre mice, HIF-1α-deficient tumor-
infiltrating macrophages would secrete sVEGFR-1 but would secrete reduced amounts of
VEGF in response to GM-CSF, resulting in an overall decrease in tumor angiogenesis.
Conversely, our model proposes that in HIF-2αflox/+/LysMcre mice, VEGF production
would be preserved from HIF-2α-deficient tumor-infiltrating macrophages but sVEGFR-1
production would be inhibited, abrogating the anti-angiogenic properties of GM-CSF. In
order to determine if the differences in tumor growth that we observed in HIF-1αflox/flox/
LysMcre and HIF-2αflox/+/LysMcre mice were associated with differences in tumor
angiogenesis, tumors from each of the mice were stained by immunohistochemistry for the
endothelial cell marker CD31. As shown in Figure 2A and 2B, GM-CSF treatment
significantly reduced tumor vascularity in both control and HIF-1αflox/flox/LysMcre mice (p
= 0.015 and p = 0.025, respectively). Additionally, we observed a decrease in tumor
angiogenesis in PBS-treated HIF-1αflox/flox/LysMcre mice as compared to PBS-treated
control mice, with tumors from GM-CSF-treated HIF-1αflox/flox/LysMcre mice showing the
lowest amount of vascularity. However, GM-CSF treatment had no effect on tumor
vascularity in HIF-2αflox/+/LysMcre mice (p = 0.193), consistent with the failure of GM-
CSF to inhibit tumor growth in these mice.

CD31 immunostaining does not identify functional blood vessels, only endothelial cells
present in the tumor, which is insufficient to classify vessels as blood transporters, since
many vascular beds within tumors lack lumens and are non-functional. To assess functional
blood vessels within the tumors, mice were injected with Texas red-conjugated dextran five
minutes prior to sacrifice, and tumors were examined by fluorescent microscopy. Blood
flow transports the Texas red-dextran into functional blood vessels, while non-functional
vessels remain unlabeled. Consistent with the CD31 immunostaining results, GM-CSF
reduced the vascularity of tumors from control mice and HIF-1αflox/flox/LysMcre mice (p =
0.005 and p = 0.008, respectively), but not HIF-2αflox/flox/LysMcre mice (p = 0.576) (Figure
2C and 2D).

GM-CSF induces VEGF but not sVEGFR-1 in mice with HIF-2α-deficient macrophages
We have shown that macrophage production of VEGF in response to GM-CSF and hypoxia
was dependent on HIF-1α, while HIF-2α controlled macrophage production of sVEGFR-1.
We next hypothesized that the inability of GM-CSF to inhibit angiogenesis in HIF-2αflox/+/
LysMcre mice was due to the inability of tumor-infiltrating macrophages in these mice to
secrete sVEGFR-1 in response to GM-CSF. We therefore used real-time PCR to evaluate
the levels of VEGF and sVEGFR-1 within the tumors of PBS- or GM-CSF-treated mice.
Increased levels of sVEGFR-1 were detected within the tumors of GM-CSF-treated
LysMcre control mice and HIF-1αflox/flox/LysMcre mice (p = 0.007 and p = 0.041,
respectively). However, GM-CSF failed to induce sVEGFR-1 mRNA within the tumors of
HIF-2αflox/+/LysMcre mice (p = 0.973) (Figure 3A). Conversely, GM-CSF increased levels
of tumoral VEGF in control and HIF-2αflox/+/LysMcre mice (p = 0.023 and p = 0.056,
respectively), but VEGF levels were not elevated within the tumors of HIF-1αflox/flox/
LysMcre mice treated with GM-CSF (p = 0.517) (Figure 3B).

The anti-tumor effects of GM-CSF are dependent on sVEGFR-1 production
We observed increased sVEGFR-1 levels in the tumors of GM-CSF-treated mice,
correlating with decreased tumor growth and angiogenesis. To confirm that the modulation
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of tumor growth and angiogenesis was due to sVEGFR-1 production, we treated LysMcre
control mice or HIF-1αflox/flox/LysMcre mice with GM-CSF in the presence or absence of a
sVEGFR-1 neutralizing Ab. GM-CSF decreased tumor growth in LysMcre control mice
treated with an isotype control antibody (p = 0.021), but GM-CSF had no effect on tumor
growth in mice treated with the anti-sVEGFR-1 neutralizing Ab (p = 0.943) (Figure 4A).
GM-CSF also failed to inhibit tumor growth in HIF-1αflox/flox/LysMcre mice treated with
the sVEGFR-1 neutralizing Ab (p = 0.627) (Figure 4B).To confirm the role of sVEGFR-1
production in tumor angiogenesis, we immunostained the tumors from the mice in the
sVEGFR-1 neutralization experiment for the endothelial cell marker CD31. As shown in
Figure 4C, neutralization of sVEGFR-1 abrogated the anti-angiogenic effects of GM-CSF in
both LysMcre and HIF-1αflox/flox/LysMcre mice.

Macrophage infiltration of the tumor is preserved in HIF-1αflox/flox/LysMcre and HIF-2αflox/+/
LysMcre mice

We have previously demonstrated that GM-CSF induced macrophage infiltration into
murine breast tumors, an effect which correlated with increased sVEGFR-1 production and
decreased tumor growth (17). We therefore wanted to determine whether macrophage
infiltration into the tumor was altered in HIF-1αflox/flox/LysMcre or HIF-2αflox/+/LysMcre
mice. As shown in Figure 5A and 5B, GM-CSF significantly increased the number of
macrophages infiltrating the tumors, as determined by immunostaining for the macrophage
marker F4/80 antigen. However, there was no difference in macrophage infiltration in
response to GM-CSF between control mice, HIF-1αflox/flox/LysMcre mice, or HIF-2αflox/+/
LysMcre mice. These results demonstrate that ablation of HIF-1α or HIF-2α from the
myeloid compartment does not affect macrophage trafficking into the tumor, and indicate
that the differences in tumor growth observed in HIF-1αflox/flox/LysMcre mice and
HIF-2αflox/+ mice are due to differences in the phenotype of HIF-1α- and HIF-2α-deficient
macrophages, not due to differences in the number of macrophages within the tumor.

GM-CSF inhibits pulmonary metastases in mice with HIF-1α-deficient macrophages
Increased angiogenesis is associated with increased risk of metastasis, both in humans and in
murine tumor models. We therefore evaluated lung metastasis following GM-CSF treatment
in LysMcre control mice, HIF-1αflox/flox/LysMcre mice, and HIF-2αflox/+/LysMcre mice.
The level of the melanoma-specific gene Pmel17 detected in the lungs was used as an
indicator of metastasis (16). Significantly reduced levels of Pmel17 were detected within the
lungs of GM-CSF-treated HIF-1αflox/flox/LysMcre mice as compared to PBS-treated control
mice (p = 0.047) (Figure 6, upper panel). However, GM-CSF-treated HIF-2αflox/+/LysMcre
mice had similar levels of Pmel17 mRNA as PBS-treated controls (p = 0.822). Similar
results were obtained with real-time PCR for a second melanoma-specific gene, TRP2
(Figure 6, lower panel).

DISCUSSION
GM-CSF has been explored as a cancer therapeutic due to its ability to increase the
proliferation and activation of tumor-specific T cells and to enhance antigen presentation
from dendritic cells and macrophages. However, intravenous or subcutaneous recombinant
GM-CSF was ineffective at limiting melanoma growth in phase I/II studies, and in
numerous cases, severe dose-limiting toxicities developed (18, 19). Although systemic
therapy with GM-CSF is unsuccessful due to the large pharmacological doses required
within the tumor itself, we have previously demonstrated that local, intratumoral injection of
GM-CSF is effective at inhibiting tumor growth in a murine cancer model (17). Hurdles for
GM-CSF as a therapy for breast cancer include a delivery system that enables high
concentrations at the tumor site without the toxic effects of high levels of GM-CSF in the
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systemic circulation. We have shown that a major contributor to the anti-tumor effect of
GM-CSF is the induction of sVEGFR-1 from tumor macrophages and the removal of free
VEGF from bioactivity. Because melanoma is easily accessible for injection, and because
tumor-infiltrating macrophages (20, 21) and VEGF (22) each predict poor prognosis in
melanoma patients, we chose to investigate the ability of locally administered GM-CSF to
inhibit tumor growth, angiogenesis, and metastases in the B16F10 mouse model of
melanoma to elucidate the potential for GM-CSF as a novel therapeutic.

We recently published a report demonstrating that macrophage production of VEGF in
response to GM-CSF and low O2 in vitro was dependent on HIF-1α, while HIF-2α
controlled macrophage production of sVEGFR-1 under the same conditions (10). Here, we
extend this study and examine the effect of a myeloid cell-specific deletion of HIF-1α or
HIF-2α on the growth of B16F10 melanomas in vivo. Taken together, our findings suggest a
model in which GM-CSF treatment induces VEGF and sVEGFR-1 from tumor-associated
macrophages, resulting in a net inhibition of angiogenesis and a resultant reduction in tumor
growth. In mice with HIF-1α-deficient macrophages, GM-CSF induces sVEGFR-1
production but VEGF production is inhibited, resulting in greater decreases in angiogenesis
and tumor growth. In mice with HIF-2α-deficient macrophages, GM-CSF fails to induce
sVEGFR-1 while VEGF production is preserved, resulting in increased angiogenesis and
accelerated tumor growth. Therefore, although hypoxia is canonically considered to be pro-
angiogenic, our results demonstrate a significant anti-angiogenic effect of hypoxia in a GM-
CSF-rich environment. Furthermore, these results demonstrate opposing roles for the HIFs
in tumor angiogenesis, with HIF-1α exhibiting pro-angiogenic behavior via its effects on
VEGF secretion, in support of Semenza et al. (23), and HIF-2α exhibiting anti-angiogenic
behavior by inducing the production of the endogenous angiogenesis inhibitor, sVEGFR-1.

Macrophage lysozyme (LysM) is expressed in all cells of the myeloid lineage, including
neutrophils as well as monocytes/macrophages. Therefore, HIF-1α or HIF-2α is deleted
from neutrophils as well as macrophages in HIF-1αflox/flox- or HIF-2αflox/+/LysMcre mice.
Because neutrophils also express the GM-CSF receptor, it is possible that neutrophils
contribute to the sVEGFR-1 production observed in the tumors of GM-CSF-treated mice. In
our previous studies, however, neutrophils stimulated with GM-CSF at low O2 secreted
approximately 0.5% of the amount of sVEGFR-1 as an equivalent number of macrophages,
an amount which was insufficient to neutralize endogenous VEGF (10). In the current study,
we immunostained tumors from PBS- and GM-CSF-treated mice with a neutrophil-specific
cell surface marker (clone 7/4, AbD Serotec), and failed to observe an increase in neutrophil
migration into the tumor in response to GM-CSF (data not shown). These data suggest that
neutrophils do not substantially contribute to sVEGFR-1 production in GM-CSF-treated
tumors, indicating that the differences in sVEGFR-1 production, tumor growth, and
angiogenesis which we observed are due to ablation of HIF-1α and HIF-2α within the
macrophage compartment.

This study utilized HIF-1αflox/flox/LysMcre mice, which are homozygous for the floxed
HIF-1α allele, and HIF-2αflox/+/LysMcre mice, which are heterozygous for the floxed
HIF-2α allele. Bone marrow-derived macrophages from these mice contain approximately
50% as much HIF-2α mRNA as macrophages from LysMcre control mice (10). In our
previous studies, bone marrow-derived macrophages from HIF-2αflox/+/LysMcre mice failed
to produce sVEGFR-1 in response to GM-CSF and 0.5% O2. Furthermore, an approximately
30% knockdown of HIF-2α mRNA by siRNA treatment of bone marrow-derived
macrophages from wildtype mice was sufficient to inhibit sVEGFR-1 production (10). It
therefore appears that a partial reduction in HIF-2α substantially inhibits sVEGFR-1
production from macrophages stimulated with GM-CSF at hypoxia. Based on these previous
findings, we chose to use the HIF-2αflox/+/LysMcre mice in the current study even though
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HIF-2α was only partially reduced. We observed an approximately 50% increase in tumor
growth in mice treated with PBS and the sVEGFR-1 neutralizing antibody as compared to
mice treated with PBS and the isotype control (Figures 4A and 4B), suggesting a role for
sVEGFR-1 in the growth of the B16F10 tumors, independent of GM-CSF therapy. We had
therefore expected that deletion of HIF-2α would decrease endogenous sVEGFR-1
production and increase the rate of tumor growth over that of control mice. However, we
observed no difference in tumor growth between HIF-2αflox/+/LysMcre mice and LysMcre
control mice. We feel that this is likely due to residual sVEGFR-1 production resulting from
the partial deletion of HIF-2α, and expect that tumor growth in HIF-2αflox/flox/LysMcre mice
will be increased as compared to control mice.

The idea of the “angiogenic balance” being shifted toward a pro-angiogenic phenotype by
the repression of pro-angiogenic regulators like VEGF has been described by Mazzone et
al., who showed that PHD2 (the oxygen-dependent regulator of both HIF-1α and VEGF)
hemizygosity in mice reduces tumor cell intravasation and metastatic progression in solid
tumors, but does not inhibit tumor growth (24). In that study, the loss of VEGF actually
acted to repair aberrant and non-functional blood vessels by decreasing vascular leakage.
The physiological role of sVEGFR-1 is the regulation of VEGF activity. It might seem that
the expression of an “anti-angiogenic” molecule within tissue exposed to hypoxia is
counterintuitive, especially when that molecule is up-regulated by a HIF protein. But,
unregulated VEGF activity in hypoxic tissue would be counterproductive for the goal of
obtaining a fresh blood supply by angiogenesis. VEGF, previously known as VPF or
vascular permeability factor, induces vascular leakage, and when in excess (as a result of
hypoxia for example), leads to aberrant vessel sprouting and inefficient vasculature. We
speculate that the need for a regulator of VEGF activity in a hypoxic environment is
essential to maintain this angiogenic balance, and that HIF-2α is the regulator in this
process. In this same manner, it is possible that small amounts of sVEGFR-1 production
could actually augment tumor growth for the same reason – the recuperation of leaky vessels
into the tight-junction vascular endothelium required to efficiently deliver blood to the
tumors.

This study supports previous findings that macrophages are intimately involved in the
metastatic potential of solid tumors (25, 26). Even though, as stated above, deletion of
HIF-2α from tumor-associated macrophages did not increase tumor growth, we did observe
that the HIF-2αflox/+/LysMcre mice had increased pulmonary metastasis compared to the
LysMcre control mice. Moreover, in LysMcre control mice, GM-CSF treatment reduced
tumor growth but had no effect on pulmonary metastasis, suggesting that macrophage
HIF-2α regulates an anti-metastatic pathway, and that the anti-metastatic effect of GM-CSF,
previously illustrated in mammary tumors (17), is not observed in this model of malignant
melanoma. This data suggest that macrophage HIF-2α alone regulates metastatic genes even
in the absence of GM-CSF. Studies to identify these genes are currently underway in our
laboratory.

Imtiyaz et al. demonstrated that migration of macrophages into hepatocellular carcinoma
lesions is inhibited in HIF-2αflox/flox/LysMcre mice, an effect that was associated with
decreased tumor burden (27). These results suggest that HIF-2α is essential for macrophage
recruitment to the tumor microenvironment. The authors characterize the migratory ability
of HIF-2α-deficient macrophages in vitro, and demonstrate that HIF-2α-deficient
macrophages display significantly decreased chemotaxis towards M-CSF, and also express
lower levels of the M-CSF receptor and the CXCR4 receptor (27). However, we observed
no difference in the number of tumor-infiltrating macrophages in B16F10 melanomas in
PBS-treated control mice, HIF-1αflox/flox/LysMcre mice, or HIF-2αflox/+/LysMcre mice.
Furthermore, GM-CSF treatment increased macrophage infiltration of the tumor

Roda et al. Page 8

J Immunol. Author manuscript; available in PMC 2012 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



equivalently in mice of each genotype, suggesting that neither HIF-1α nor HIF-2α deletion
had an effect on GM-CSF-induced macrophage chemotaxis in this model. Macrophage
infiltration of different tumors is likely due to the expression of different chemotactic
factors. For example, GM-CSF induces overexpression of macrophage chemoattractant
CCL2 in mammary breast tumors (28). Further studies are ongoing in our lab to characterize
the stimuli that drive macrophage infiltration of B16F10 melanoma tumors, as well as to
determine the extent to which HIF-1α and HIF-2α regulate macrophage chemotaxis in
response to these factors.

We have shown that GM-CSF is effective at limiting tumor growth and angiogenesis in
mammary tumors and now in a mouse model of malignant melanoma, but that it is only
effective when delivered intratumorally at pharmacological doses. Intravenous GM-CSF has
been explored as a melanoma treatment due to its effects on the proliferation and activation
of T cells, but was ineffective as a cancer therapeutic when delivered systemically, and in
many cases, severe dose-limiting toxicities developed. The use of GM-CSF delivered
intratumorally avoids this toxicity and can be easily administered to melanoma patients in
the clinical setting.
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Figure 1. GM-CSF fails to inhibit tumor growth in mice with HIF-2α-deficient macrophages
(A) HIF-1αflox/fox/LysMcre mice are homozygous for a floxed HIF-1α allele and for cre
recombinase driven from a myeloid-specific promoter, LysMcre. LysMcre control mice
contain the LysM-driven cre recombinase but no floxed alleles. Control mice or
HIF-1αflox/fox/LysMcre mice with subcutaneous B16F10 tumors were treated intratumorally
3×/week with PBS or murine GM-CSF. Tumor dimensions were measured 3×/week, and
tumor volumes were calculated as described in the Methods section. (B) HIF-2αflox/+ mice
are heterozygous for a floxed HIF-2α allele and homozygous for LysM-driven cre
recombinase. These mice contain approximately 50% the levels of HIF-2α mRNA as control
mice, but bone marrow-derived macrophages from these mice do not secrete sVEGFR-1 in
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response to GM-CSF (10). HIF-2αflox/+ mice or LysMcre control mice bearing B16F10
melanomas were treated with PBS or GM-CSF and tumor volumes were calculated as
described in (A). For both A and B, each data point represents the mean tumor volume ±
SEM of at least 15 mice per group.
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Figure 2. GM-CSF fails to inhibit angiogenesis in mice with HIF-2α-deficient macrophages
HIF-1αflox/flox/LysMcre mice, HIF-2αflox/+/LysMcre mice, and LysMcre control mice were
treated with PBS or GM-CSF, as described in Figure 1. At the time of sacrifice, tumors were
harvested, fixed in 10% formalin, and stained for CD31 by immunohistochemistry. (A)
Representative images from mice in each of the treatment groups. (B) CD31
immunostaining was digitally quantified by comparing the number of CD31-positive pixels
to the total number of pixels in each high-powered field (HPF) for stitched images taken
across entire tumors. The graph shows the average percentage of CD31-positive pixels for at
least 15 mice per treatment group. (C) Mice from the experiment described in Figure 1 were
injected with a fluorescently labeled dextran immediately prior to sacrifice. Tumors were
harvested and sections were imaged with a fluorescent microscope to assess the extent of
functional blood vessel development within the tumor. Representative samples from tumors
taken from each group are shown. (D) Stitched images taken across the entire tumor of each
mouse were digitally quantified for the number of fluorescent pixels. The graph shows the
average percentage of Texas red-positive pixels for at least 10 mice per treatment group.
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Figure 3. GM-CSF fails to induce intratumoral sVEGFR-1 in mice with HIF-2α-deficient
macrophages
Mice with HIF-1α -or HIF-2α-deficient macrophages were treated with PBS or GM-CSF, as
shown in Figure 1. At the time of sacrifice, tumor sections were excised and flash-frozen in
liquid nitrogen. Frozen tissue was pulverized in liquid nitrogen and dissolved in TRIzol.
Real-time PCR was performed for sVEGFR-1 (A) or VEGF (B). Results represent the mean
± SEM mRNA level as compared to the levels in PBS-treated control mice. Each group
contains at least 15 mice.
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Figure 4. The inhibition of tumor growth and angiogenesis by GM-CSF is dependent on
sVEGFR-1 production
LysMcre control mice (A) or HIF-1αflox/flox/LysMcre mice (B) were treated 3×/week with
PBS or GM-CSF, and an isotype control antibody or an anti-sVEGFR-1 neutralizing
antibody. Tumor dimensions were measured and tumor volumes were calculated as
described in Figure 1. For both A and B, each data point represents the mean tumor volume
± SEM of at least 10 mice per group. (C) At the time of sacrifice, tumors from mice in
Figure 4A and 4B were fixed in 10% formalin and labeled for CD31 by
immunohistochemistry. CD31 staining was quantified as described in Figure 2.
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Figure 5. Macrophage infiltration of tumors in response to GM-CSF is unaffected by deletion of
HIF-1α or HIF-2α
HIF-1αflox/flox/LysMcre mice, HIF-2αflox/+/LysMcre mice, and LysMcre control mice were
treated with PBS or GM-CSF, as described in Figure 1. At the time of sacrifice, tumors were
harvested, fixed in 10% formalin, and stained for the murine macrophage marker F4/80
antigen by immunohistochemistry. (A) Representative images from mice in each of the
treatment groups. (B) F4/80 antigen immunostaining was digitally quantified by comparing
the number of positive (brown) pixels to the total number of pixels in each high-powered
field (HPF) for stitched images taken across entire tumors. The graph shows the average
percentage of F4/80 antigen-positive pixels for at least 10 mice per treatment group.
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Figure 6. GM-CSF inhibits pulmonary metastases in mice with HIF-1α-deficient macrophages
Mice with HIF-1α -or HIF-2α-deficient macrophages were treated with PBS or GM-CSF, as
shown in Figure 1. At the time of sacrifice, lungs were flash-frozen in liquid nitrogen.
Frozen tissue was pulverized in liquid nitrogen and dissolved in TRIzol to extract RNA. A
nested real-time PCR was performed for the melanoma-specific proteins Pmel17 (top panel)
and TRP2 (bottom panel). Results represent the mean ± SEM mRNA level in each treatment
group as compared to the levels in PBS-treated control mice. Each group contains at least 10
mice. *, p < 0.05 vs. PBS-treated LysMcre control mice.
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