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Abstract
IL-12 has been shown to be effective in enhancing antitumor responses. However, how IL-12
exerts its antiangiogenic effect is largely unknown. In this study, we elucidate this mechanism
using B16 transfected to express IL-12 (B16/IL-12), a system that provides constant, local
production of IL-12 within the tumor microenvironment. Intratumoral IL-12 resulted in a
significant delay in tumor growth and phenotypic changes in the vasculature. Vessels found within
B16 tumors are chaotic and poorly formed and express vascular endothelial growth factor receptor
3 (VEGFR3), a growth factor receptor not expressed on normal adult vessels. However, the
vessels within B16/IL-12 tumors have a more normal morphology and do not express VEGFR3.
We have shown that IFN-γ is required for IL-12 to suppress the aberrant expression of VEGFR3.
Indeed, the presence of intratumoral IL-12 stimulates the immune system resulting in more IFN-γ–
producing tumor-infiltrating lymphocytes per tumor when compared with parental B16 tumors,
which may have a marked effect on control of tumor growth. Interestingly, within B16/IL-12
tumors, T cells are necessary to suppress VEGFR3 expression on tumor vessels. Finally, using
IFN-γ receptor knockout mice in a bone marrow chimera system, we show that the IFN-γ
produced within the tumor suppresses VEGFR3 expression in two ways: 1) acting directly on
tumor vessel endothelial cells, and 2) acting on the tumor-infiltrating lymphocytes to indirectly
alter endothelial cells’ VEGFR3 expression. Our data indicate a mechanism in which tumor-
infiltrating immune cells regulate tumor vessel phenotype.

Targeting the immune system to treat cancer has long been an important goal of cancer
therapy; however, achieving this goal has been hindered by our limited understanding of the
exact cellular and molecular mechanisms underlying the immune/tumor microenvironment
interactions. For instance, cytokine-based strategies have included i.v. injection of
immunomodulatory cytokines such as IL-12, IL-2, IFN-α, and IFN-γ, alone or in
combination. The success of such strategies has been limited by the short half-life of
circulating cytokines and side effects associated with their use in higher concentrations
(1-3).

IL-12, a cytokine that plays an important role in both innate and adaptive immune responses,
acts on both cytotoxic T cells and NK cells (4,5) and is one of the main cytokines involved
in eliciting type I T cell responses in the form of both CD4+ Th1 cells and CD8+ Tc1 cells
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(6,7). In addition, it has been shown to have significant stimulatory effects on the host
antitumor immune response by stimulating tumor-infiltrating lymphocytes (TILs) to produce
IFN-γ (8-10). Although the systemic delivery of IL-12 has been effective in enhancing
antitumor responses in metastatic melanoma and renal cell carcinoma, severe side effects in
clinical trials have limited its application (11-13).

To gain better understanding of the role of IL-12 within the tumor microenvironment, we
and others have investigated its antitumor effects in multiple preclinical animal models of
melanoma, and demonstrated that IL-12 not only enhances the infiltration and function of
host immune cells, but surprisingly, suppresses the development of new blood vessels as
well, a process termed angiogenesis (14-17). Angiogenesis is a complex process affected by
many different factors. In normal tissue, the vast majority of vessels are quiescent and the
same is true for very small tumors that are oxygenated through diffusion from existing
surrounding vessels. However, as tumors grow and become hypoxic, the tumor cells secrete
large amounts of proangiogenic growth factors that, in the absence of opposing
antiangiogenic factors, cause uncontrolled vessel growth and promote tumor progression.
The tumor vessels are typically large, poorly formed, and leaky, either having an
overabundance or complete lack of basement membrane (18). It has been postulated that
some anti-angiogenic therapies may actually normalize these vessels, which has been
defined as the pruning of excess vessels, leading to the formation of a more efficient
vascular network. This may allow better delivery of chemotherapeutic agents, Ab
treatments, and host immune cells (18,19).

To elucidate the effects in vivo of IL-12, we developed an IL-12–producing B16 melanoma
tumor cell line (B16/IL-12), which provides local delivery of IL-12 and enables the
experimental study of the immunological and vascular effects of IL-12 within the tumor
microenvironment. Our previous studies have demonstrated that in addition to delayed
growth kinetics, B16/IL-12 elicits profound morphological changes in the vasculature along
with the suppression of the proangiogenic receptor, vascular endothelial growth factor
receptor 3 (VEGFR3), on the tumor vessels (20).

Tumor angiogenesis is regulated by multiple receptors expressed on blood vessel endothelial
cells. VEGFR3, one of the three receptors that bind members of the proangiogenic vascular
endothelial growth factor (VEGF) family, is typically expressed only on embryonic blood
vessels and adult lymphatic vessels (21,22). Although downregulated on quiescent adult
vessels, it can be upregulated during angiogenesis, either in the context of chronic wound
healing (23), or within growing tumors (24-27). Using Abs to block VEGFR3 on tumor
vessels can lead to an inhibition of tumor angiogenesis (28,29). The main ligand for
VEGFR3, VEGF-C, is known to affect lymphangiogenesis in multiple models; however, its
effects on angiogenesis are controversial and may be dependent on the specific tumor model
(30-32). The mechanism through which VEGFR3 is regulated on both normal and tumor
vessels is poorly understood. However, recent reports have begun to shed light on this
process. For example, VEGF-A injected into monkey eyes induced VEGFR3 on both
existing vessels and on angiogenic vascular sprouts thereby promoting angiogenesis (33).
Alternatively, Notch1 can suppress VEGFR3 on the surface of vessels, as evidenced by the
use of pharmacological inhibitors of Notch signaling causing an upregulation of VEGFR3
expression on blood vessel endothelial cells (34). In our current study, we elucidate how the
interplay via stimulation of cytokine production between TILs, specifically T cells, and
tumor vessel endothelial cells is required to induce the suppression of VEGFR3 on tumor
vessels. In particular, we demonstrate that IFN-γ can act both directly on the tumor vessels
and indirectly through immune cells to suppress VEGFR3 expression within B16/IL-12
tumors.
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Materials and Methods
Mice and cell lines

C57BL/6Jwild-type(WT), B6.129S7-Ifngtm1ts(IFN-γ–deficient), B6.129S7-Ifngr1tm1Agt/J
(IFN-γ receptor-deficient), and B6.129P2-Cxcr3tm1Dgen/J (CXCR3-deficient) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Nude mice were purchased from
Taconic Farms (Germantown, NY). GFP-transgenic mice (C57BL/6-H-2KbP-GFP) were
generated as previously described (35). B6.129S1-Il12rb2tm1Jm/J (IL-12 receptor β2-chain–
deficient) mice were a kind gift from B. Segal (University of Rochester, Rochester, NY).
The transgenic mice were bred in the animal facility at the University of Rochester.
Guidelines for the humane treatment of animals were followed, as approved by the
University Committee on Animal Resources. The B16-F0 (B16) cell line, a spontaneously
arising C57BL/6-derived melanoma, was obtained from the American Type Culture
Commission (Manassas, VA; CRL 6322). B16-F0 transfected to express IL-12p70 (B16/
IL-12) has been previously described (20). Tumor cell lines were maintained in MAT/P
medium (U.S. patent 4.816.401) supplemented with 100 U/ml penicillin, 100 mg/ml
streptomycin, and 2% FCS. In addition, 400 mg/ml G418 (Life Technologies, Rockville,
MD) was added to the medium used to culture B16/IL-12.

Tumor growth
Tumor cells (2 × 105) were injected in 100 μl HBSS (Sigma-Aldrich, St. Louis, MO) i.m.
into the thigh muscle of the mice. Mean thigh diameters were determined, as described
previously (36). Mice were sacrificed when the mean thigh diameter reached 10–13 mm.

Whole mount histology and image analysis
Tumor vasculature analysis was performed as previously described (20). In brief, small
pieces of tumor were excised and stained at 4°C in staining buffer (PBS and 1% BSA, 0.1%
sodium azide). Samples were blocked using Fc Block (BD Pharmingen, San Diego, CA) and
the primary Abs, allophycocyanin-conjugated anti-CD31 (BD Pharmingen) and biotinylated
anti-VEGFR3 (R&D Systems, Minneapolis, MN) added directly to the tube at
predetermined concentrations. The samples were then incubated at 4°C with rocking for 2 h.
The samples were then washed once in staining buffer, streptavidin-PE (BD Pharmingen)
added at a dilution of 1:1000 in staining buffer and stained for an additional hour as
described previously. Stained tumor samples were then viewed using a fluorescence
microscope connected to a monochrome CCD digital camera. Band-pass filter cubes
designed to detect allophycocyanin and PE wavelengths were used to acquire alternate
images of the same fields of view. Monochrome images were analyzed using ImagePro Plus
software (MediaCybernetics, Bethesda, MD). The percentage area of VEGFR3 positive
tumor vessels was determined by first autothresholding the CD31 image, based on pixel
intensity, to construct a binary mask. The corresponding VEGFR3 image was thresholded in
the same way, and the masked images combined to produce an image that included only the
portions of the image that were positive for both CD31 and VEGFR3. The percent area of
this image was then divided by the percent CD31 area to attain the proportion of tumor
vessels that were VEGFR3+ for that field of view.

Generation of bone marrow chimeric mice
Bone marrow was isolated from femurs of WT, IL-12Rβ2–deficient (IL-12Rβ2−/−), and
IFN-γR–deficient (IFN-γR−/−) mice and washed twice in HBSS. Bone marrow cells (3 ×
106) in HBSS were injected i.v. into lethally irradiated (10 Gy) WT, IL-12Rβ2−/−, or IFN-
γR−/− recipient mice on the same day. After injection, chimeric mice were allowed to rest
for a minimum of 8 wk before experimental use.
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Flow cytometric analysis and detection of IFN-γ–secreting cells
Tumors were minced with scissors and dissociated using collagenase as previously
described (37). The single cell suspensions were cultured in MAT/P media supplemented
with 5% FCS (Hyclone Laboratories, Lakewood, NJ) and 10 μg/ml Trp-2 peptide
(SYVDFFVWL) for 16–18 h. GolgiPlug (BD Biosciences, San Jose, CA) was then added to
the culture for 6 h. The cells were then blocked using Fc block and stained with PerCP anti-
CD45 (clone 30-F11, BD Pharmingen), FITC anti-CD8 (clone 53-6.7, eBioscience, San
Diego, CA), allophycocyanin anti-CD4 (clone GK1.5, eBioscience), or PE anti-NK1.1
(PK136) to identify host immune cell populations. Cells were then fixed and permeablized
with 4% paraformaldehyde and stained with PE anti–IFN-γ (XMG1.2, BD Pharmingen)
Samples were analyzed using a FACSCalibur flow cytometer and Cell-Quest software (BD
Biosciences).

Ab depletion of NK cells
In nude mice, NK cells were depleted using a rat anti-mouse IL-2Rβ mAb (TM-β1) (38).
Briefly, mice were injected with 0.5 mg/mouse Ab on days 2 and 7 after tumor injection. In
C57BL/6 mice, NK cells were depleted by treating them two times per week with 100 μg/
mouse and once per week with 300 μg/mouse rat anti-NK1.1 Ab (PK136).

Results
IL-12 significantly delays the growth of B16

Previously, our laboratory has shown that local, continuous production of IL-12 within the
tumor microenvironment causes a delay in the growth of B16 melanoma in WT mice (20).
To extend these findings and show that the mechanism of the tumor control is indeed
mediated through the IL-12 receptor, we injected B16 or B16/IL-12 into both WT and
IL-12Rβ2−/− mice. Although IL-12Rβ2−/− mice express the high affinity receptor for IL-12
and can bind the IL-12 heterodimer, they lack the ability to signal through it. In addition, the
IL-12Rβ2–chain is the only chain of the trimeric IL-12 receptor to be exclusively specific to
IL-12; both the IL-12Rα– and β1-chains are also part of the IL-23 receptor. As a result,
IL-12Rβ2−/− mice have completely normal IL-23 binding and receptor signaling, but
deficient IL-12 receptor signaling.

To compare the growth kinetics of these cell lines in both mouse strains, equivalent numbers
of tumor cells were injected i.m. into the animals and thigh diameter measured over time.
Consistent with our earlier findings, B16/IL-12 grew with significantly slower kinetics than
the parental line (Fig. 1A) (20). There was no difference in the growth of these cell lines in
vitro (data not shown), indicating that the differences seen in vivo were not due to clonal
variation among cell lines. As expected, when B16/IL-12 was injected into IL-12Rβ2−/−

mice, the kinetics of growth were indistinguishable from that of the parental line (Fig. 1B),
suggesting that the tumor suppression seen in WT mice was due to the presence of IL-12.
The identical kinetics of tumor growth in IL-12Rβ2−/− and WT mice also indicates that the
effect of the IL-12 produced within the tumor is mediated through IL-12 receptor signaling
on host cells and not on the tumor cells directly.

IL-12 indirectly suppresses VEGFR3 on tumor vessel endothelial cells
Using multiple staining techniques (20) we have previously shown that VEGFR3 is reduced
on tumor vessels as a result of the local production of IL-12; however, the mechanism of
suppression is not well understood. To examine the dependence of VEGFR3 suppression on
IL-12, we performed whole mount histology on B16 and B16/IL-12 tumors grown in both
C57BL/6 (WT) and IL-12Rβ2−/− mice. Because of the in vivo disparity in growth curves
between these lines, all tumors were grown to equivalent thigh diameters before removal
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and staining with anti-CD31 and anti-VEGFR3. Fig. 2 shows representative images from
B16 (upper panels) and B16/IL-12 (lower panels) tumors grown in both WT (Fig. 2A) and
IL-12Rβ2−/− (Fig. 2B) mice. Each row of images represents the same field of view using
different filter sets; anti–CD31-allophycocyanin (pseudo-colored green), anti–VEGFR3-PE
(pseudo-colored red), and a composite image of both. As expected, B16 tumors from both
WT and IL-12Rβ2−/− mice stained positive for VEGFR3 in a vascular pattern. The vascular
pattern of staining was not evident when B16/IL-12 was injected into WT mice. However,
when B16/IL-12 was injected into IL-12Rβ2−/− mice, which were unable to respond to the
intratumoral IL-12, there was little to no suppression of the VEGFR3 on the tumor vessels
(Fig. 2B). The extent to which VEGFR3 was suppressed on the vessels within these tumors
was calculated by determining the proportion of vessel area (CD31+) that stained for
VEGFR3 using the ImagePro software, as described in the Materials and Methods (Fig. 3A).
We determined that viable B16 tumor cells do not express VEGFR3 in vitro or in vivo;
however, necrotic tumor cells nonspecifically bind the VEGFR3 Ab (data not shown), and
considerable nonspecific staining of nonvascular, necrotic cells was seen in B16/IL-12
tumors (Fig. 2A, lower panels). Previous work using the VEGFR3 Ab on thin sections has
confirmed that the staining seen in B16/IL-12 is not on the vessels and any overlap seen is a
result of the whole mount technique, as the figure is a projected image of multiple planes of
the field of view (20). This nonspecific, nonvascular staining is represented by a dotted line
in all figures that quantify VEGFR3 staining.

To determine whether IL-12 acts directly on the tumor vessel endothelial cells, we generated
bone marrow chimeric mice using bone marrow from IL-12Rβ2−/− mice to reconstitute WT
mice that were given a lethal whole-body radiation dose of 10 Gy (IL-12R−/−→WT) and
allowed to recover for a minimum of 8 wk before use. Under these conditions, although the
radioresistant host cells would be able to respond to IL-12 produced within B16/IL-12, the
reconstituted hematopoietic cells would not. We generated the reverse chimeras
(WT→IL-12R−/−), in which the hematopoietic cells could respond to the IL-12 produced
within the tumor, but the stromal cells and vascular endothelium could not, as well as
(WT→WT) and (IL-12R−/−→IL-12R−/−) chimeras to control for the effects of the radiation
and reconstitution process. B16 and B16/IL-12 cells were injected into these mice and
vascular VEGFR3 levels assessed by whole mount histology. In tumors in which the vessels
had the ability to respond to the IL-12 produced locally, but the immune cells did not, the
presence of IL-12 within the tumor failed to suppress the upregulation of VEGFR3 on the
tumor vessels. However, the vascular expression of VEGFR3 was suppressed in the reverse
chimeras (Fig. 3B). This indicates that the IL-12 within B16/IL-12 does not act directly on
the tumor vessels, but requires WT hematopoietic cells that can respond to the IL-12
produced within the tumor. Also, the WT→WT and IL-12R−/−→IL-12R−/−chimeric mice
yielded the same results as the nonchimeric WT and IL-12Rβ2−/− mice, respectively (data
not shown).

IFN-γ is required to suppress VEGFR3
Because our results suggest that a downstream product of IL-12, produced by
hematopoietically derived cells, is required to suppress the upregulation of VEGFR3 on
tumor vasculature, we hypothesized that IFN-γ, a major product of IL-12 signaling, may
have a role in the suppression of VEGFR3. To test this, B16 and B16/IL-12 were injected
into IFN-γ−/− mice. In mice that lack the ability to make IFN-γ, the growth delay previously
shown between B16/IL-12 compared with B16 in WT mice was not observed (Fig. 4A), as
was seen in WT mice. When stained for VEGFR3 and quantified by image analysis, both
B16 and B16/IL-12 in the IFN-γ−/− mice contained VEGFR3 positive tumor vessels
indicating that IFN-γ has an integral role in the suppression of VEGFR3 on tumor vessels
(Fig. 4B).
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IFN-γ–producing T cells are responsible for suppressing VEGFR3
In light of the evidence that IFN-γ is required to suppress VEGFR3, we next assessed the
effect of IL-12 on the number of IFN-γ–producing cells within the tumor, particularly T and
NK cells, because IL-12 increases IFN-γ production by both (4). To determine the number
of IFN-γ–producing TILs, either B16 or B16/IL-12 cells were injected into WT mice, the
tumors removed at equivalent thigh diameters, dissociated into single cell suspensions, and
the cells pulsed overnight with the melanoma-associated Ag Trp-2, found in B16. The
following day, the TILs were stained intracellularly for IFN-γ and analyzed by flow
cytometry. In the case of all subsets examined (CD4+, CD8+, and NK1.1+), the number of
IFN-γ–producing cells per tumor was significantly higher in B16/IL-12 (Fig. 4C). This
increase in the number of IFN-γ–producing cells, and the likely increase in intratumoral
IFN-γ, could be responsible for the suppression of VEGFR3 on the tumor vessels within
B16/IL-12. It has been shown that IFN-γ can suppress the transcription of certain melanoma
lineage markers in the melanoma tumor microenvironment (39). To address the possibility
that the transcription of VEGFR3 might be suppressed in B16/IL-12, we isolated RNA from
whole tumor homogenate of both B16 and B16/IL-12 tumors grown in WT mice. Not only
were we able to see a significant decrease in VEGFR3 transcript in B16/IL-12 tumors, but
we also saw a concomitant increase in the transcription of IFN-γ as well (data not shown).
This reinforces the decrease in VEGFR3 protein we observed in B16/IL-12 tumors by whole
mount histology.

To determine whether one or both subsets are required for the downregulation of VEGFR3,
B16 and B16/IL-12 were injected into WT mice depleted of NK cells by treatment with an
anti-NK1.1 Ab. The treatment protocol used for Ab depletion is indicated in Fig. 5A and the
absence of NK cells was confirmed by flow cytometry both in the tumor and the spleen at
the time of sacrifice (data not shown). In the absence of NK cells, the same tumor
suppression is seen in B16/IL-12, as in untreated WT mice (Fig. 1A versus Fig. 5A).
Analysis of the VEGFR3 levels within whole mount samples taken from these tumors
confirms that the absence of NK cells does not affect the ability of IL-12–induced IFN-γ to
suppress VEGFR3 within B16/IL-12 (Fig. 5B).

Because we established that NK cells are not absolutely required to suppress VEGFR3
within B16/IL-12 tumors, we next investigated whether T cells were required to suppress
VEGFR3. To accomplish this, we used nude mice that, although lacking T cells, have
functional NK cells. These mice were treated with nonspecific rat IgG (Fig. 6A) or a rat IgG
specific for IL-2Rβ, which effectively depletes NK cells (40) (Fig. 6B). In this way, we can
compare VEGFR3 suppression in tumors grown in mice that lack T cells and those that lack
both T and NK cells to determine whether the IFN-γ produced by tumor-infiltrating NK
cells is sufficient to downregulate vascular expression of VEGFR3. Not surprisingly, both
B16 and B16/IL-12 grow faster in nude mice (the absence of T cells, but presence of NK
cells) than in their WT counterparts. B16/IL-12 still grows more slowly than parental B16 in
nude mice, although the extent of tumor control is less than in WT mice (Figs. 1A, 6A).
When both T cells and NK cells are absent, there is no difference in the growth rate between
B16 and B16/IL-12 tumors (Fig. 6B), which indicates that the tumor control seen in B16/
IL-12 can be mediated partially by NK cells in the absence of T cells. On analysis of
VEGFR3 levels on the tumor vessels, we found that in the absence of T cells, IL-12 was not
able to suppress VEGFR3 on tumor vessels (Fig. 6C). Likewise, vessels in both B16 and
B16/IL-12 tumors from mice treated with anti–IL-2Rβ, which lack both T cells and NK
cells, were unable to suppress VEGFR3 expression (Fig. 6C). This indicates that tumor-
infiltrating NK cells, in the absence of T cells, are insufficient to effect the suppression of
VEGFR3 on the tumor vessel endothelial cells. Taken together, these data demonstrate that
T cells are the cell subset responsible for VEGFR3 suppression on B16/IL-12 tumor vessels.
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IFN-γ acts on both immune and nonhematopoietic cells to suppress VEGFR3
IFN-γ has been demonstrated necessary to suppress VEGFR3 on tumor vessels (Fig. 4B);
however, it remains to be seen whether IFN-γ acts directly on the tumor vessels or induces
the production of a secondary mediator, which suppresses VEGFR3. To elucidate this
mechanism, we generated chimeric mice using IFN-γR−/− mice as the bone marrow donors.
Interestingly, we found that when we injected B16/IL-12 into chimeric IFN-γR−/−→WT
mice, the tumors only grew once the cells had lost their ability to produce IL-12 (data not
shown). To eliminate the possibility of direct suppressive effects of IFN-γ on the tumor
cells, we instead used tumor lines transfected with the gene for IFN-γR dominant-negative
mutant (DNM) (B16/DNM and B16/IL-12/DNM), which would significantly decrease the
amount of productive IFN-γ signaling on the tumor cells.

Although in both chimeras we saw a delay in B16/IL-12/DNM growth, as compared with
B16/DNM (Fig. 7A, 7B), surprisingly, we found a larger delay in the B16/IL-12/DNM
tumors within the IFN-γR−/−→WT mice (Fig. 7B). When VEGFR3 was quantified on the
tumor vessels, we found that vessels within the IL-12–producing tumors were VEGFR3
negative in both the IFN-γR−/−→WT and WT→IFN-γR−/− chimeras. These results indicate
that IFN-γ can act directly on the tumor vessel endothelium, or that IFN-γ induces an
endothelial cell-produced tertiary mediator that acts in an autocrine fashion to affect the
downregulation of VEGR3. However, within mice in which the endothelial cells are unable
to respond to IFN-γ, there appears to be a tertiary mediator produced by immune cells in
response to intratumoral IFN-γ that can suppress VEGFR3 (Fig. 7C).

Discussion
Very little is known of the mechanisms by which the levels of VEGFR3 are regulated on
either normal or tumor vessels. In this study, we have shown that IL-12 can suppress the
aberrant expression of VEGFR3 on tumor vessels via an IFN-γ–dependent mechanism (Fig.
4B). IFN-γ is produced by the TILs and NK cells (Fig. 4C); however, it is the T cells that are
required for the IL-12–mediated VEGFR3 suppression (Fig. 6). Using IFN-γR−/− bone
marrow chimeras, we have found that in the absence of immune cell responsiveness to IFN-
γ, VEGFR3 can still be suppressed via a direct mechanism of IFN-γ acting on vessel
endothelial cells (Fig. 7). Interestingly, IFN-γ can also act in an indirect mechanism in
animals that have endothelial cells unable to respond to IFN-γ. There exists the possibility
that a small population of mesenchymal stem cells may have been transferred with the donor
marrow that could result in the presence of fibroblasts and endothelial cells of donor origin
that could have a role in the antiangiogenesis in these tumors (41). To examine this, we grew
tumors in chimeric mice in which WT recipients received GFP+ bone marrow. Flow
cytometry revealed a subset of tumor-associated GFP+ cells; however, the vast majority
(>95%) of these cells were CD45+ and therefore not fibroblasts. In addition, we failed to
observe any GFP+ tumor vessels (data not shown). Therefore, we have no evidence to
suggest that donor bone marrow can develop into significant numbers of either stromal or
endothelial cells within our model. Thus, there appears to be at least two distinct
mechanisms by which IFN-γ can suppress VEGFR3.

The indirect mechanism by which IFN-γ can downregulate VEGFR3 requires an immune
cell-produced mediator. The candidate for this mediator could be any gene product that is
downstream of IFN-γ signaling that can act on endothelial cells. The chemokine CXCL10 is
one of the few mediators for which there is published data for a role in the antiangiogenic
axis initiated by IL-12. For example, it has been reported that blocking CXCL10 abrogates
the antiangiogenic effects of IL-12 within IL-12–treated tumors (42,43). Thus, CXCL10 is a
likely potential mediator of the indirect mechanism of IFN-γ on tumor vessel endothelial
cells. To test the role of CXCL10 and other ligands of CXCR3, we injected B16 and B16/
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IL-12 into CXCR3−/− mice. In these experiments, even in the absence of CXCR3 signaling,
IL-12 was still able to downregulate VEGFR3 on the tumor vessels (data not shown),
suggesting that the ligands of CXCR3, including CXCL10, are not essential for the
suppression of VEGFR3. This is in line with our findings that, even when the indirect
mechanism is blocked, IFN-γ can act directly on endothelial cells to down-regulate
VEGFR3.

Regarding the direct mechanism of IFN-γ–mediated VEGFR3 suppression, it is possible that
IFN-γ acts alone on tumor endothelial cells to suppress VEGFR3 by upregulating receptors
known to suppress VEGFR3. Recent studies into VEGFR3 regulation have revealed a role
for the Notch ligand Delta-like 4 (DLL4) and Notch1 in antiangiogenesis and VEGFR3
downregulation. Interestingly, although VEGF is a strongly proangiogenic factor, it has
recently been shown to induce DLL4 in tip cells, the single specialized endothelial cell at the
leading edge of a vessel sprout that can define the direction in which the newly formed
vessel grows or if it grows at all. The upregulation of DLL4 in tip cells in turn suppresses
sprouting in the adjacent endothelial cells through its interaction with Notch1 (44-47).
Interestingly, Notch signaling can suppress VEGFR3 on the surface of tumor vessels (34).
Therefore, it is possible that IFN-γ acts via endothelial Notch1 regulation; indeed,
preliminary experiments in vitro, using an immortalized mouse endothelial cell line (SVEC),
have indicated that IFN-γ can upregulate Notch1 mRNA in a CXCL10-independent fashion
(data not shown). If IFN-γ has a role in the downregulation of endothelial Notch1, it could
be responsible for the direct mechanism of IFN-γ–mediated VEGFR3 downregulation.

Vessels within tumors are known to be chaotic and poorly formed; however, the presence of
IL-12 seems to have a normalizing effect on tumor vasculature morphology, as shown by a
decrease in the number and the diameter of the tumor vessels, as well as a suppression of
VEGFR3 (20). The suppression of VEGFR3 on tumor vessels can improve tumor control in
several ways. It may increase the efficacy of current angiogenic treatments such as Avastin
(Genentech, San Francisco, CA). Because this treatment only blocks VEGF-A, and many
types of tumors contain vessels that express VEGFR3, VEGF-C and VEGF-D within the
tumor can continue to act in a proangiogenic manner. Indeed, even in the absence of VEGF-
A, VEGFR2 can enhance VEGFR3 phosphorylation and signaling by heterodimerizing with
it (48,49). In addition, the outright blockade of VEGFR3 alone within the tumor results in
decreased vessel formation and increased tumor control (28,29). Aside from the positive
effects yielded from VEGFR3 suppression alone, it is thought that overall vascular
normalization could possibly lead to more potent tumor control. For example, blockade of
VEGF leads to less leaky and dilated vessels, and increases pericyte coverage (18).
Therefore, although both anti-angiogenic therapies and local treatment of tumors with IL-12
cause a decrease in the number of vessels and may lead to more areas of hypoxia, the vessels
that remain become more functional as they normalize. Although fewer in number, these
normalized vessels could increase drug delivery to the tumor and may enhance lymphocyte
function through relieving hypoxia, a condition that can suppress immune function in
multiple ways. For example, hypoxia can decrease production of T cell prosurvival and
procytotoxic cytokines (IL-2 and IFN-γ) and an induction of cAMP, which can interfere
with the effector signaling pathways (50,51). In addition, elevated tumor oxygenation can
increase efficacy of radiation therapy because of the increase of oxygenation of the tumor
cells themselves.

The concept of using the immune system to alter the vasculature is a novel one. Thus,
promoting immunotherapy may have 2-fold effects of: 1) enhancing the immune response to
recognize and eliminate tumor cells, and 2) suppressing angiogenesis, which not only slows
tumor growth, but may also normalize vessels resulting in increased influx of immune cells,
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which will continue to have antiangiogenic effects on the vasculature. This cyclic process
may result in potent antitumor effects.
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FIGURE 1.
Local production of IL-12 delays growth of B16. B16 (solid lines) or B16/IL-12 (dotted
lines) cells (2 × 105) were injected i.m. into (A) WT or (B) IL-12Rβ2−/− mice and the thigh
diameter measured over time. Each line represents one mouse. Growth curves are
representative plots from two independent experiments.
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FIGURE 2.
IL-12 suppresses VEGFR3 on tumor vessels. B16 or B16/IL-12 cells (2 × 105) were injected
i.m. into (A) WT or (B) IL-12Rβ2−/− mice and grown to a mean thigh diameter of 10–13
mm. Representative images of whole mount preparations of B16 (top rows) and B16/IL-12
(bottom rows) are shown stained with biotinylated anti-VEGFR3 and PE-streptavidin
(pseudo-colored red) and FITC-conjugated anti-CD31 (pseudo-colored green). Scale bar, 50
μm.
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FIGURE 3.
IL-12 does not act directly on endothelial cells or tumor cells to mediate VEGFR3
suppression on tumor vessels. A, B16 or B16/IL-12 cells (2 × 105) were injected i.m. into
WT or IL-12Rβ2−/− mice and grown to a mean thigh diameter of 10–13 mm. B, Lethally
irradiated WT or IL-12Rβ2−/− mice were reconstituted with WT or IL-12Rβ2−/− bone
marrow, rested for 8 wk, and injected i.m. with 2 × 105 B16 or B16/IL-12 cells. Tumors
were then removed as stated in the Materials and Methods, stained for VEGFR3 and CD31,
and visualized by whole mount fluorescence microscopy. The proportion of vessel area that
stained positive for VEGFR3 was calculated using ImagePro software. The dotted line at
0.36 represents the level of staining seen in B16/IL-12 tumors grown in a WT mouse, which
does not have VEGFR3 on its vessels and therefore represents nonspecific staining. Graphs
represent two experiments with four to six animals per condition. Significance was
calculated using Bonferroni’s multiple comparison test.

Sorensen et al. Page 15

J Immunol. Author manuscript; available in PMC 2011 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
IL-12 suppresses VEGFR3 on tumor vessels via IFN-γ and upregulates IFN-γ production by
tumor infiltrating immune cells. A, B16 (solid lines) or B16/IL-12 (dotted lines) cells (2 ×
105) were injected i.m. into IFN-γ−/− mice and thigh diameter measured over time. Each line
represents one mouse. B, The proportion of vessel area that stained positive for VEGFR3 in
the mice described in A was calculated using ImagePro software. The dotted line at 0.36
represents the level of staining seen in B16/IL-12 tumors grown in a WT mouse, which does
not have VEGFR3 on its vessels and therefore represents nonspecific staining. Growth
curves and VEGFR3 quantification represents pooled data from two experiments with a total
of six animals per group. C, WT mice injected with 2 × 105 B16 or B16/IL-12 cells. Tumors
were grown to a thigh diameter of 10 mm, weight-matched, and analyzed for IFN-γ
production by intracellular cytokine staining. Each population was pregated on CD45+ cells.
Significance was calculated using Mann-Whitney U test.

Sorensen et al. Page 16

J Immunol. Author manuscript; available in PMC 2011 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
T cells are sufficient to suppress VEGFR3. C57BL/6 mice were treated with anti-NK1.1
IgG. A, B16 (solid lines) or B16/IL-12 (dotted lines) cells (2 × 105) were injected i.m. and
thigh diameter measured over time. Each line represents one mouse. B, Tumors were then
removed and stained with biotinylated anti-VEGFR3 and PE-streptavidin and
allophycocyanin-conjugated anti-CD31 and visualized by whole mount fluorescence
microscopy. The dotted line at 0.36 represents the level of staining seen in B16/IL-12
tumors grown in a WT mouse, which does not have VEGFR3 on its vessels and therefore
represents nonspecific staining. Growth curves are representative plots and VEGFR3
quantification represents pooled data from two experiments with a total of five to seven
animals per group. Significance was calculated using Mann-Whitney U test.
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FIGURE 6.
NK cells are insufficient to suppress VEGFR3 in the absence of T cells. Nude mice were (A)
left untreated or (B) treated with anti–IL-2Rβ IgG. B16 (solid lines) or B16/IL-12 (dotted
lines) cells (2 × 105) were injected i.m. and thigh diameter measured over time. Each line
represents one mouse. C, Tumors were then removed and stained with biotinylated anti-
VEGFR3 and PE-streptavidin and allophycocyanin-conjugated anti-CD31 and visualized by
whole mount fluorescence microscopy. The dotted line at 0.36 represents the level of
staining seen in B16/IL-12 tumors grown in a WT mouse, which does not have VEGFR3 on
its vessels and therefore represents nonspecific staining. Growth curves are representative
plots and VEGFR3 quantification represents pooled data from two experiments with a total
of five to seven animals per group. Significance was calculated using Bonferroni’s multiple
comparison test.
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FIGURE 7.
IFN-γ indirectly suppresses VEGFR3 on tumor vasculature. Lethally irradiated IFN-γR−/−

or WT mice were reconstituted with (A) WT or (B) IFN-γR−/− bone marrow, respectively,
rested for 8 wk, and injected i.m. with 2 × 105 B16/IFN-γR DNM (B16/DNM, solid lines) or
B16/IL-12/DNM (dashed lines) cells. Mean thigh diameter was measured over time and the
tumors were grown to a mean thigh diameter of 10–12 mm before use. Each line represents
one mouse. C, Tumors were then removed and stained for VEGFR3 and CD31 and
visualized by whole mount fluorescence microscopy. The proportion of vessel area that
stained positive for VEGFR3 was calculated using ImagePro software. The dotted line at
0.36 represents the level of staining seen in B16/IL-12 tumors grown in a WT mouse, which
does not have VEGFR3 on its vessels and therefore represents nonspecific staining. Graphs
represent two experiments with four to six animals per condition. Significance was
calculated using Bonferroni’s multiple comparison test.
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