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The Role of IL-1f3 in the Early Tumor Cell-Induced
Angiogenic Response

Yaron Carmi,* Shahar Dotan,* Peleg Rider,* Irena Kaplanov,* Malka R. White,*
Rona Baron,* Shai Abutbul,* Monica Huszar,* Charles A. Dinarello,* Ron N. Apte,”"1 and
Elena Voronov*'!

In this study, we assessed the involvement of IL-1f3 in early angiogenic responses induced by malignant cells using Matrigel plugs
supplemented with B16 melanoma cells. We found that during the angiogenic response, IL-13 and vascular endothelial growth
factor (VEGF) interact in a newly described autoinduction circuit, in which each of these cytokines induces the other. The IL-1(3
and VEGF circuit acts through interactions between bone marrow—derived VEGF receptor 1*/IL-1R1* immature myeloid cells
and tissue endothelial cells. Myeloid cells produce IL-13 and additional proinflammatory cytokines, which subsequently activate
endothelial cells to produce VEGF and other proangiogenic factors and provide the inflammatory microenvironment for angio-
genesis and tumor progression. These mechanisms were also observed in a nontumor early angiogenic response elicited in
Matrigel plugs by either rIL-1f3 or recombinant VEGF. We have shown that IL-1( inhibition stably reduces tumor growth by
limiting inflammation and inducing the maturation of immature myeloid cells into M1 macrophages. In sharp contrast, only
transient inhibition of tumor growth was observed after VEGF neutralization, followed by tumor recurrence mediated by
rebound angiogenesis. This occurs via the reprogramming of VEGF receptor 1*/IL-1R1" cells to express hypoxia inducible
factor-1a,, VEGF, and other angiogenic factors, thereby directly supporting proliferation of endothelial cells and blood vessel
formation in a paracrine manner. We suggest using IL-1[3 inhibition as an effective antitumor therapy and are currently optimizing

the conditions for its application in the clinic. The Journal of Immunology, 2013, 190: 3500-3509.

rogressively growing tumors emerge from a unique micro-
environment derived from the interactions between tumor
cells and the host that support tumor proliferation, inva-
siveness, and immune escape (reviewed in Refs. 1-6). Myeloid
cells, such as myeloid-derived suppressor cells (MDSCs) and other
hemopoietic precursors, neutrophils, and monocytes/macrophages,
are recruited to the tumor microenvironment by factors released
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by the malignant cells, and they are subsequently educated in situ
to acquire a proinvasive and proangiogenic as well as immuno-
suppressive phenotype (reviewed in Refs. 1, 7-14).

The angiogenic switch in tumors occurs after disruption of the
local, delicate balance of pro- and antiangiogenic factors, which
causes changes in the malignant cells, such as switching on se-
cretion of vascular endothelial growth factor (VEGF), as well as
changes in the tumor microenvironment (reviewed in Refs. 5, 15—
20). Inflammation usually accompanies pathological angiogenesis,
whereas it is not observed during a physiological angiogenic re-
sponse. It has been suggested that inflammatory mediators act in
parallel pathways to direct angiogenic factors during tumor-induced
angiogenesis. However, Grunewald et al. (21) demonstrated the
requirement for inflammation in the angiogenic response, even
when VEGF is overexpressed in tissues. The proximity of myeloid
cells to endothelial cells (ECs) lining blood vessels suggests a
paracrine role for myeloid cells in the angiogenic response by
mechanisms not yet completely elucidated. Most studies assessed
mechanisms of tumor-mediated angiogenesis in established tumors,
whereas interactions between cancer cells and their microenviron-
ment in the angiogenic switch were not examined, due to difficulties
in recovering and evaluating small or even nonapparent tumors at
early stages of tumor invasiveness.

The necessity for microenvironment-derived IL-1@ for tumor-
mediated angiogenesis and the ability of the IL-1 inhibitor, the IL-
1 receptor antagonist (IL-1Ra), to reduce the angiogenic response
and to attenuate tumor progression was demonstrated by us (22—
24) and by others (25-28). However, the mechanisms through
which IL-13 induces the angiogenic switch and activates tumor
progression have not yet been characterized.

VEGF-A has been identified as a predominant regulator of tu-
mor angiogenesis (reviewed in Refs. 5, 15-20). In cancer, in response
to hypoxia and/or inflammatory signals, VEGF is upregulated and
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secreted by tumor cells or induced in cells of the microenviron-
ment. The biological effects of the members of the VEGF family
are mediated by two tyrosine kinase receptors, VEGF receptor
(VEGFR) 1 and VEGFR2. VEGFR2 is mainly expressed in ECs
and its signaling is involved in migration and proliferation of ECs.
In contrast, signaling through VEGFR1 in ECs does not induce
their activation and rather acts as a VEGF decoy receptor. VEGFR1
is expressed on a variety of myeloid cells, such as monocytes/
macrophages and immature myeloid cells (iMCs), where its sig-
naling is essential for cell migration to sites of inflammation and
tumors (reviewed in Refs. 29, 30). Myelomonocytic VEGFR1-
positive cells were shown to be especially important in tumor in-
vasiveness and in creating the metastatic niche of invasive tumors
(11, 12, 29, 31-33). Signaling through VEGFR1 in myeloid cells
was shown to be involved in their migration to tumor sites, con-
tributing significantly to angiogenesis and tumor progression.

In the current study, we assessed the role of IL-1 in the early
angiogenic response occurring in plugs of basement membrane-
like matrix (Matrigel, BD Biosciences, San Jose, CA) containing
tumor cells, emphasizing the interactions between IL-1f and
VEGF, the major proinflammatory and angiogenic factors, re-
spectively. We showed that IL-13 and VEGF induce each other
and act in a differential, but complementary, manner in the induc-
tion of angiogenesis in Matrigel plugs supplemented by tumor
cells. This cross talk between IL-13 and VEGF occurs as a result
of in situ interactions between infiltrating myeloid cells of bone
marrow (BM) origin and tissue-resident ECs. The intricacies of
the involvement of IL-1f in the early, tumor-induced, angiogenic
response described in this study suggest the feasibility of using
IL-1 neutralization approaches in anticancer therapy.

Materials and Methods
Mice

IL-1Ra and IL-1B knockout (KO) mice were generated as described (34).
GFP transgenic mice (C57BL/6-Tg [UBC-GFP] 30Scha/J) and IL-1R1 KO
mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Wild-
type (WT) C57BL/6 mice were obtained from Harlan. Animal studies were
approved by the Animal Care Committee of Ben-Gurion University.

Cell lines

B16-F10 and B 16-mCherry melanoma cell lines were cultured under standard
conditions. B16-mCherry melanoma cells were used to discriminate between
malignant cells and inflammatory cells. Both cell lines have similar growth
patterns in mice. Cell lines were routinely tested for mycoplasma and for their
ability to generate characteristic tumors in recipient mice.

Tumor models

For tumor-invasiveness studies, 2 X 10> B16-F10 tumor cells were injected
into the footpad of mice. Neutralizing Abs against IL-18 (AF-401-NA) or
VEGF (AF-493-NA) (R&D Systems, Minneapolis, MN) (10 pg/mouse,
i.p.) were injected once a week after tumor challenge. Tumor development
was measured with a caliper every other day, and the experiments were
terminated when tumor size reached a diameter of 8 mm.

For the Matrigel plug assay, 0.5 ml Matrigel (BD Biosciences) was mixed
with 2 X 10° B16 cells and injected s.c. into mice. In some experiments,
neutralizing Abs against IL-18 (1 pg/plug) or VEGF (1 ng/plug) were
added to the Matrigel mixture and incubated at 4°C for 2 h before injection
into mice. At different time intervals, Matrigel plugs were removed for
further examination.

BM transplantation experiments

WT mice were irradiated with a lethal dose of y-Cobalt (130 Gy y-Cobalt per
mouse), and 24 h later, mice were injected i.v. with GFP-tagged BM-derived
cells (2.5 X 10%mouse in 0.2 ml PBS). After 2 mo, these mice were injected
with Matrigel (BD Biosciences) supplemented with tumor cells.

Recovering cells from Matrigel plugs

Matrigel plugs were obtained from mice and further digested using a
mixture of enzymes (1 g/100 ml collagenase type IV, 20,000 units/100 ml
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DNase type IV, 1 mg/ml hyaluronidase type V [Sigma-Aldrich, Rehovot,
Israel]) at 37°C for 1 h, as described (35). Recovered cells were analyzed
and used for further experiments. MACS separation columns (Miltenyi
Biotec, Bergisch-Gladbach, Germany) were used for isolation of specific
infiltrating cells using anti-mouse CD11b, anti-mouse VEGFRI, or anti-
mouse VEGFR?2 (all from eBioscience, San Diego, CA) (35). Supernatants
from digested Matrigel plugs were collected and stored at 20°C for sub-
sequent evaluation. In all experiments in which Matrigel-infiltrating cells
were characterized or isolated for further experiments, we used B16-
mCherry cells.

The aortic ring sprouting assay

Aortas were removed from 6-wk-old naive WT mice and embedded in
Matrigel in 48-well plates together with cells, Abs, or supernatants to
determine their angiogenic potential. Sprouting was observed after 72 h
under a light microscope, as described (36).

Cytokine measurements

IL-1B levels were measured using a specific ELISA kit (BD Biosciences).
To measure concentrations of VEGF, we used the DuoSet specific for
mouse VEGF (R&D Systems).

Real-time PCR

Total mRNA was extracted using an RNA extraction kit (RNeasy; Qiagen,
Valencia, CA). One microgram total RNA was annealed with random hex-
amers and reverse-transcribed using MuLV reverse transcriptase (Applied
Biosystems, Foster City, CA). Subsequent real-time PCR was performed with
an ABI Prism 7500 sequence detection system (Applied Biosystems). The
following primers were used: Actg, forward 5'-TGGATCTCTGTGAG-
CACCAC-3' and reverse 5'-AGGCAACTAACAACCGATGG-3'; IL-1B,
forward 5'-TTGGGAAACACAGGTCAGAA-3’ and reverse 5'-CCCTT-
GTGCTAGGATGGACT-3'; VEGF, forward 5'-ACTGGACCCTGGCTT-
TACTG-3' and reverse 5'-AGCTTCGCTGGTAGACATCC-3’; angiopoietin
1, forward 5'-CAAATGCGCTCTCATGCTAA-3" and reverse 5'-ATCAT-
GGTGGTGGAACGTAAG-3'; basic fibroblast growth factor (bFGF), for-
ward 5'-CCCGACGGCCGCGTGGAT-3' and reverse 5'-ACTTAGAAGC-
CAGCAGCCG-3'; platelet-derived growth factor (PDGF), forward 5'-CG-
AAAGAAGCCCATCTTCAA-3' and reverse 5'-CCTTGTCATGGGTGT-
GCTTA-3'; placental growth factor (PIGF), forward 5'-CTGCTGGGAA-
CAACTCAA-3’ and reverse 5'-AGGACACAGGACGGACTG-3'; MMP9,
forward 5'-ACTATGGAAACTCAAATGGTGC-3' and reverse 5'-GAGC-
CACGACCATACAGATACT-3'; stromal cell-derived factor-1a, forward
5'-TGCCAGAGCCAACGTC-3' and reverse 5'-CAGCCGGGCTACAATC-
3'; CCL3, forward 5-TTGAAACCAGCAGCCTTTG-3' and reverse 5'-
CAGGCATTCAGTTCCAGGTC-3"; CCL2, forward 5'-CCTGCTGCTACT-
CATTCACC-3' and reverse 5'-CACAGACCTCTCTCTTGAGCTTG-3'; and
Bv8, forward 5'-TGTGACAAGGACTCCCAATG-3' and reverse 5'-AGA-
CATGGGCAAGTGTGATG-3'.

Specificity of each primer was verified by the National Center for Bio-
technology Information Blast module, and the primers were synthesized by
IDT (Beit-Shemesh, Israel). PCR results were analyzed with SDS 2.02
software (Applied Biosystems). The level of target gene expression was
calculated following normalization of the actin gene level in each sample
and presented as relative units.

Immunohistochemistry (paraffin sections)

Samples from Matrigel plugs were embedded in paraffin and stained with
H&E or subjected to immunohistochemistry, according to previously de-
scribed protocols (36). Rabbit polyclonal anti—von Willebrand factor
(VWF) (DakoCytomation, Glostrup, Denmark), rat anti-CD11b (Serotec,
Oxford, U.K.), goat anti-IL-13 (R&D Systems), rabbit anti-VEGF (Santa
Cruz Biotechnology, Santa Cruz, CA), and monoclonal mouse anti-human
Smooth Muscle Actin (DakoCytomation) Abs were used for staining. The
Vectastain Elite ABC Peroxidase kit (Vector Laboratories, Burlingame,
CA) or the universal anti-mouse/rabbit IG InmPRESS Reagent Kit (MP-
7500; Vector Laboratories) was used for secondary Ab detection. Visual-
ization was performed using AEC as a substrate (Zymed Laboratories, San
Francisco, CA).

Immunohistochemistry (frozen sections)

Part of the Matrigel plugs were frozen at —80°C in frozen tissue matrix
(Tissue-Tek OCT, Torrance, CA) for immunofluorescence staining. The
following Abs were used: goat anti-IL-1B, goat anti-VEGF, rat anti-
VEGFRI, and goat anti-VEGFR?2 (all purchased from R&D Systems), rat
anti-CD11b (eBioscience, San Diego, CA), and rabbit anti-hypoxia in-
ducible factor-1oe (HIF-1a; Bethyl Laboratories, Montgomery, TX). Sec-
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ondary Abs conjugated with Cy-2 or Cy-3 (Jackson ImmunoResearch
Laboratories, West Grove, PA) were used. Nuclei were counterstained with
DAPI. Sections were examined under a Zeiss Laser Scanning Confocal
Microscope (Carl Zeiss).

Microvessel density

The microvessel density (MVD) was calculated by counting blood vessels
in areas of high vascularity, as described (24).

Flow cytometry

Single-cell suspensions obtained from Matrigel plugs were analyzed using
flow cytometry (FACSCanto II; BD Biosciences). Datasets were analyzed
using FlowJo software (Tree Star). mAbs conjugated to FITC, PE, PE-Cy7,
PE-CyS5.5, allophycocyanin, allophycocyanin-Cy7, or Pacific Blue specific
for the following Ags were used: anti-CD11b, anti-Gr1, anti-F4/80, anti-
CD80, anti—I—Ab, anti-CD31, anti-VEGFR2 (eBioscience), and anti-
VEGFRI1 (R&D Systems). Dead cells were excluded using the Live/
Dead Fixable Aqua Dead Cell Stain kit (Invitrogen). Intracellular cytokine
staining in permeabilized cells was performed using anti-IL-13 (eBio-
science) and anti-VEGF Abs (R&D Systems) as described (35).
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IL-1 REGULATES THE EARLY ANGIOGENIC RESPONSE OF TUMORS

Angiogenesis induced by recombinant cytokines in Matrigel
plugs

The Matrigel plug assay, with either rIL-18 (0.5 pg/plug) or recombinant
VEGEF (rVEGF; 0.5 pg/plug) (PeproTech, Rocky Hill, NJ), was performed
as indicated above. Neutralization assays were performed with anti—IL-1

or anti-VEGEF, as indicated above. Anti-VEGFRI (1 pg/plug) and anti-
VEGFRII (1 pg/plug) (R&D Systems) were also used.

Statistical analyses of the results

Each experiment was performed three to five times. In Matrigel plug assays,
each experimental group consisted of four to five mice. Significance of
results was determined using the two-sided Student 7 test.

Results

Myeloid cell-derived IL-1 is essential for tumor angiogenesis

To evaluate the role of IL-1f3 in early events of the tumor-induced
angiogenic response, we used the Matrigel plug assay that was
routinely terminated on day 9. The gross morphology of a Matri-
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FIGURE 1. Microenvironment-derived IL-1{ is involved in tumor angiogenesis. (A) Gross morphology and histological sections from day 9 Matrigel

plugs stained with H&E (original magnification X200), anti-CD11b, anti-vWF, anti-VEGF, or anti—IL-1f (original magnification X400). Representative
pictures from one out of six independent experiments. (B) Kinetics of tumor and inflammatory cell accumulation in Matrigel plugs. Total cell counts versus
CD45"¢/PEP**~B16-mCherry cells (left panel); kinetics of IL-13 and VEGF secretion (right panel). The data represent mean = SEM from three inde-
pendent experiments. (C) Microenvironment IL-1(3 dictates tumor cell-mediated angiogenic responses. Paraffin sections of Matrigel plugs containing B16
cells were obtained on day 9 from WT and IL-1 KO mice and stained with H&E (original magnification X200), anti-vWF, anti-VEGF, or anti—a-smooth
muscle Ab (aSMA) (original magnification X400). Representative pictures from one out of five independent experiments. (D) BM-derived cells producing
IL-1P are essential for the angiogenic response. VEGF levels (fop panel) and MVD counts (bottom panel) in day 9 Matrigel plug extracts from WT and IL-
1B KO mice lethally irradiated and rescued with self-BM (control [CT] BM) or BM cells from WT mice. The data represent mean = SEM from five
independent experiments. The p values relate to statistical significance compared with the relevant values in WT mice. **p < 0.005 (n = 4-5 mice/group).
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gel plug containing B16 melanoma cells is presented in Fig. 1A.
In H&E and immunohistochemical stainings, the close proximity
of myeloid cells (CD11b-positive) to blood vessels (vWE-positive)
and tumor deposits is shown. It was found that VEGF is mostly
expressed in cells lining blood vessels, whereas IL-1(3 is expressed
in mononuclear cells near blood vessels (Fig. 1A). The number of
B16 and infiltrating cells increased with time in Matrigel plugs
(Fig. 1B, left panel) concomitantly with increasing levels of
VEGEF and IL-13 (Fig. 1B, right panel).

The necessity of IL-1 for the tumor-induced angiogenic response
was further demonstrated using IL-13 and IL-1Ra KO mice. In
B16-containing Matrigel plugs obtained from IL-13 KO mice,
a minimal angiogenic response was evidenced by low numbers of
blood vessels (VWF), decreased numbers of VEGF-producing cells,
and pericyte-coated mature blood vessels that were a-smooth
muscle actin—positive (Fig. 1C). In contrast, in IL-1Ra KO mice,
which display unattenuated IL-1 activity, angiogenesis was more
pronounced than in WT mice. Reconstitution of irradiated IL-1§3
KO mice with BM cells from WT mice resulted in a significant
restoration of the angiogenic response in Matrigel plugs (Fig. 1D).
BM transplantation of lethally irradiated WT mice and IL-1Ra KO
mice with BM cells from WT mice was used as a control. These
results clearly show that an IL-1B—induced inflammatory re-

(8]
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sponse, mediated by BM-derived myeloid cells, is essential for
inducing the angiogenic switch in B16-containing Matrigel plugs.

Next, we characterized the composition of the cellular infiltrate
in B16 melanoma cell-containing Matrigel plugs. All infiltrating
cells were initially gated as PE-negative to exclude tumor cells
from the analyses. As shown in Fig. 2A, left panel, most ECs
displayed a mature phenotype (CD11b"°¢/CD117"°¢/VEGFR2"/
CD31%"), and their number increased with time. Immature ECs
(CD117*/VEGFR2*/CD31"®) infiltrated the plugs only in low
numbers. Two dominant populations of myeloid cells infiltrated
the Matrigel within hours, iMCs (Gr1"/CD11b"/VEGFR1*/MHC
class II [MHC I1]"°®) and, to a lesser extent, mature macrophages
(CD11b%/Gr1'°/F4/80*/MHC II*/CD80"). We prefer to use the term
iMCs, rather than MDSCs, as in this study, we did not examine im-
munomodulating functions of myeloid cells. The number of iMCs
increased with time. An elevation in the number of macrophages
was observed only at early time intervals (until day 6), after which
their numbers decreased (Fig. 2A, right panel).

To assess the cell source of IL-1 and VEGF at the tumor site,
sections from day 9 Matrigel plugs were stained for both cytokines,
along with VEGFR1, a functional marker for protumorigenic and
proangiogenic myeloid cells, or VEGFR2, which is mainly ex-
pressed by ECs. IL-1B was predominantly coexpressed with
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FIGURE 2. IL-1B and VEGF expression by different cells at early stages of the angiogenic response in Matrigel plugs. (A) Kinetics of myeloid cells,

Gr1'°/CD11b*/F4/80*/MHC 1I* (mature macrophages) and Gr1"/CD11b*/VEGFR1* (iMCs) (right panel), and ECs, CD117*/VEGFR2*/CD31"¢ (EPCs)
and CD11b"#/CD117"°¢/VEGFR2*/CD31" (mature ECs) (left panel), in B16 cell-containing Matrigel plugs. Data represent mean = SEM from three
independent experiments (n = 4—7 mice/group in each experiment). (B) Expression of IL-1p and VEGF in Matrigel plugs. Frozen sections of day 9 Matrigel
plugs were stained with anti—IL-18 (green), anti-VEGFR2" (blue), and anti-VEGFR1* (red) (top panel) or with anti-VEGF (green) and anti-VEGFR2" (red)
or anti-VEGF (blue) and anti-VEGFR1" (red) (bottom panel) (original magnification X600). Representative pictures from one out of three independent
experiments. (C) Levels of IL-1B and VEGF in 24-h supernatants of VEGFR1* and VEGFR2*-enriched cells recovered with magnetic beads from day 9
Matrigel plugs. Data represent mean = SEM from four independent experiments (n = 5-8 samples/group in each experiment). The p values relate to
statistical significance comparing secretion patterns of VEGFR1*- versus VEGFR2*-enriched cells. (D) Top panel, Frozen sections (left panel) and FACS
analysis (right panel) of Matrigel plugs containing B16 cells obtained from GFP-tagged BM chimeric mice stained for CD11b (red). Bottom panel, Frozen
sections (left panel) and FACS analysis (right panel) of Matrigel plugs obtained from GFP-tagged BM chimeric mice stained for VEGFR2 (red) (original
magnification X60). Photomicrographs and FACS analyses are from one representative experiment out of three performed. **p < 0.005.
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VEGFR1-positive cells (Fig. 2B, top panel), whereas VEGF
colocalized with VEGFR2-stained ECs (Fig. 2B, bottom panel).
VEGFR2" or VEGFR1" cells were isolated from day 9 Matrigel
plugs using magnetic beads. All VEGFR2" cells were also CD31%,
whereas 85% of VEGFR1" cells were CD11b". To determine if
these cells secrete IL-13 and VEGEF, isolated cells were cultured
for 24 h, and supernatants were examined for cytokine production.
IL-1PB was detected only in supernatants from VEGFR1"-enriched
myeloid cells, whereas VEGF was mainly secreted by VEGFR2*-
enriched cells (Fig. 2C).

Finally, we demonstrated the origin of myeloid cells and ECs
infiltrating B16-containing Matrigel plugs using GFP-tagged BM
chimeric mice. Most myeloid cells (CD11b*/VEGFR1*cells) were
colocalized with GFP (Fig. 2D, top panel), whereas VEGFR2*
ECs were mainly GFP negative (Fig. 2D, bottom panel). This
indicates that myeloid cells of BM origin and tissue-resident ECs
participate in the early angiogenic response in Matrigel plugs
containing B16 melanoma cells.

VEGFR2" endothelial cells and VEGFRI™ myeloid cells perform
different functions in the early angiogenic response of tumors. The
expression patterns of other proinflammatory and angiogenic
factors in enriched VEGFR1* myeloid and VEGFR2" ECs re-
covered from Matrigel plugs were further assessed. Expression
levels of the major angiogenic factors, such as VEGF, bFGF, PIGF,
and PDGEF, and also of stromal cell-derived factor-1a, were 2—4-
fold higher in VEGFR2™ cells, compared with VEGFR1™ cells
(Fig. 3A, top panel), whereas proinflammatory mediators, such as
IL-1P3, BvS, angiopoietin 1, MMP-9, and CCL2 were dominantly
expressed in VEGFR1*-enriched myeloid cells (Fig. 3A, bottom
panel). Thus, myeloid cells and ECs complement each other’s
function in the early angiogenic response by expressing the es-
sential proinflammatory and proangiogenic factors, respectively.
To elucidate the distinct role of myeloid and ECs in the tumor-
mediated early angiogenic response, we examined their direct
effects on EC function, using the aortic ring-sprouting assay,
which is inflammation independent. Coculture of aortic rings from
control mice with VEGFR2"-enriched cells induced marked EC
sprouting, whereas only marginal sprouting was observed following
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FIGURE 3. VEGFR2" and VEGFR1" cells ex- L& L
press different patterns of angiogenic and inflam- :
matory genes. (A) Relative quantification (RQ) of 4
angiogenic and inflammatory transcripts in VEGFR1* 25
and VEGFR2"-enriched cells recovered from Matri- =)
gel plugs on day 9. The data represent mean values 21
from five independent experiments. (B) Sprouting 0

of aortic rings cocultured with VEGFR1* or with
VEGFR2"-enriched cells recovered from Matrigel

plugs containing B16 cells (original magnifica-

tion X40). Photomicrographs are from one repre- B
sentative experiment out of five performed.

coincubation of aortic rings with VEGFR1*-enriched cells (Fig.
3B). These findings are consistent with the patterns of gene ex-
pression in myeloid cells and ECs.

We next performed in vivo experiments to assess the effects of
IL-1PB neutralization on EC responses in Matrigel plugs. Anti—IL-
13 Abs reduced the prevalence of ECs in Matrigel plugs by 5-8-
fold, which is comparable with the effects induced by inhibition
of VEGF (Fig. 4A). IL-1B was shown to affect the in vivo pro-
liferation of ECs, as evidenced by BrdU incorporation into ECs in
mice bearing Matrigel plugs with B16 melanoma cells alone or
with anti-IL-1B. As seen in Fig. 4B, tumor growth in Matrigel
plugs induced a potent proliferative response in ECs, which was
significantly reduced upon IL-1B or VEGF neutralization. Control
isotype matched Abs did not have any effects on these parameters.

To determine whether the inhibitory effect of anti—IL-1(3 on EC
proliferation was direct or indirect, we preincubated extracts of day
9, B16-containing Matrigel plugs from WT mice with anti-IL-1§3
Abs and as a positive control with anti-VEGF and then added them
to aortic rings. Extracts from plugs containing only B16 melanoma
cells induced potent aortic ring sprouting, which was abolished
following VEGF neutralization, whereas inhibition of IL-13 only
modestly affected sprouting (Fig. 4C). This indicates that in
contrast to VEGF, IL-1 has no direct mitogenic effect on ECs,
but probably plays an accessory role in the angiogenic response.

IL-1B levels at the tumor site regulate the influx and
maturation of infiltrating myeloid cells

Next, we assessed the effects of IL-13 on the recruitment and
activation of VEGFR1" iMCs, which represent the major myeloid
cell population present in the microenvironment of Matrigel
plugs. GR-1"&"/CD11b"€" iMCs (population A) express higher
levels of VEGFR1 and IL-1R1 compared with GR-1'°¥/CD11b""
myeloid cells (population B) (Fig. 5A), suggesting the possible
responsiveness of iMCs to IL-1f and VEGF in the tumor micro-
environment. iMCs in the peripheral blood express only back-
ground levels of these receptors (results not shown).

We further characterized the effects of IL-1(3 neutralization on
myeloid cell recruitment into Matrigel plugs. The levels of iMCs
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FIGURE 4. Neutralization of IL-1p reduces the recruitment and pro-
liferation rate of ECs in vivo. (A) FACS analyses of cells obtained from
day 9 Matrigel plugs containing B16 melanoma cells. Shown is a repre-
sentative picture of the percentage of CD317/VEGFR2" ECs from the total
number of cells. The data are from one of four independent experiments.
(B) Levels of proliferating ECs in Matrigel plugs containing B16 cells
mixed with control (WT) or neutralizing Abs for IL-1 or VEGF. Shown
is the percentage of BrdU incorporated into VEGFR2*/CD31" cells. The
results shown in this figure represent mean values from three independent
experiments (= SEM; n = 5-6 samples/group in each experiment). The p
values relate to statistical significance compared with the relevant values in
mice treated with control isotypic Abs (WT). (C) Photographs of aortic rings
incubated with extracts of day 9 Matrigel plugs as such or after depletion of
IL-1B or VEGF from the extracts by preincubation with the relevant Abs
(original magnification X40). The graph (bottom panel) indicates the score
of aortic ring sprouting in arbitrary units. The results shown in this figure
represent mean values from five independent experiments (= SEM, n = 5-6
samples/group per each experiment). Photomicrographs are from one rep-
resentative experiment out of five performed. *p < 0.01, **p < 0.005.

and mature macrophages were evaluated at different time inter-
vals. IL-1B neutralization leads to fewer iMCs (Fig. 5B, top panel)
and concomitantly to a significant elevation in the number of
mature macrophages (Fig. 5B, bottom panel). These results sug-
gest the possibility that local IL-13 may affect not only the re-
cruitment of iMCs, but also their differentiation state at the tumor
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site. To confirm this observation, we isolated enriched GFP-tagged
VEGFR1 cells from GFP-transgenic mice bearing Matrigel plugs
containing B16 melanoma cells. These cells were subsequently
injected into secondary mice together with Matrigel mixed with
B16 cells, with or without anti-IL-18 Abs. Two days later, plugs
were removed, and the maturation state of GFP-tagged VEGFR1™*
cells was assessed. Upon IL-1p neutralization, the composition
of GFP-tagged cells in the Matrigel was shifted toward mature
macrophages in comparison with plugs without IL-1( neutrali-
zation, where iMCs dominated (Fig. 5C).

The effect of IL-1 signaling on the composition of myeloid
cells was also investigated using mice deficient in IL-1R1. Cells
obtained from Matrigel were gated as PE”CD11b*VEGFR1* and
then assessed for myeloid maturation markers, such as F4/80,
MHC II, CD80, and CD86. In WT mice, 20% of myeloid cells
were Gr1*CD11b*F4/80"°YMHC II_CD80~ cells, compared with
only 8% in IL-1R1 KO mice (Fig. 5D, fop panel). In contrast, at
least three times more mature macrophages were found in IL-1R1
KO mice than in WT mice.

As another approach to demonstrate the effects of IL-13 on
maturation of myeloid cells in Matrigel plugs containing tumor
cells, we used isolated BM-derived CD11b"/VEGFR1* myeloid
cells from WT or IL-1R1 KO mice. BM-derived cells were labeled
in vitro with CFSE and subsequently injected i.v. into WT mice
bearing B16 cell-containing Matrigel plugs that already displayed
tumor-mediated inflammation (day 7). After 2 additional days, the
maturation of CFSE-tagged cells was assessed in excised plugs.
When CD11b"/VEGFR1" myeloid cells from WT mice were
injected into WT mice, 32% of cells displayed an immature
phenotype and 40% a phenotype of mature macrophages. How-
ever, injection of CD11b*/VEGFR1" myeloid cells from IL-1R1
KO mice into WT mice leads to a decrease in iMCs (7%) and an
increase in mature macrophages (63%) (Fig. 5D, bottom panel).
These results support the hypothesis that IL-1 serves as a nega-
tive regulator of iMC differentiation at tumor sites.

Neutralization of IL-18 inhibits tumor progression more
effectively than VEGF neutralization

Based on our finding that IL-1 is a key molecule in the tumor-
induced angiogenic response, we next compared the antitumor
effects of IL-13 neutralization to that of VEGF neutralization that
is already in use to treat cancer patients. Thus, WT mice were
injected intrafoot pad with B16 melanoma cells and treated
weekly with neutralizing Abs. Neutralization of either of these
molecules initially inhibited the rate of growth of B16 tumors.
Nevertheless, a late burst in tumor growth was observed after
VEGF neutralization, whereas treatment with anti-IL-1 Abs in-
duced a more stable growth inhibition during the experiment (Fig.
6A, left panel). Similar results were observed in Matrigel plugs
containing B16 cells injected into WT mice with neutralizing Abs
(Fig. 6A, right panel).

Neutralization of VEGF shifts the phenotype of VEGFRI™*
myeloid cells into proangiogenic cells

Next, we assessed the effects of neutralization of VEGF or IL-13
in Matrigel plugs on the expression of proinflammatory and an-
giogenic factors in VEGFR1" iMCs, which are important mye-
loid accessory cells for the angiogenic response. Neutralization of
VEGF in Matrigel plugs resulted in a significant and consistent
elevated expression of direct angiogenic factors, such as VEGF,
bFGF, and PDGF in VEGFR1" myeloid cells (Fig. 6B). In con-
trast, IL-1( neutralization inhibited proinflammatory genes, such
as Bv8, CCL2, and CCL3 in myeloid cells and did not signifi-
cantly change the expression of angiogenic factors.
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cells were isolated from naive WT or IL-1R1 KO mice and labeled in vitro with CFSE. CFSE-labeled cells were injected i.v. into WT mice bearing B16-
containing Matrigel plugs (day 7). After 2 additional days, the maturity of CFSE-tagged cells removed from the Matrigel was assessed. FACS analyses are
from a representative experiment out of three performed. *p < 0.01; p values relate to the statistical significance between cells obtained from control and
IL-1B—depleted Matrigel plugs.

Next, we assessed whether VEGFR1* cells from tumor cell—
containing Matrigel plugs after IL-13 or VEGF inhibition could
stimulate EC sprouting. As already shown (Fig. 3), VEGFR1"
cells recovered from plugs containing only B16 cells failed to in-
duce potent sprouting. However, VEGFR1" cells recovered from
plugs containing B16 cells in the presence of anti-VEGF Abs
potently stimulated aortic ring sprouting (Fig. 6C). VEGFR1"
cells from Matrigel plugs in which IL-1@ was inhibited induced
only a weak sprouting response. Thus, VEGF neutralization
induces reprogramming of VEGFR1" myeloid cells into active
proangiogenic cells, which directly stimulate ECs. This reprog-
ramming was also accompanied by increased expression of HIF-
la in VEGFR1* iMCs (Fig. 6D). Thus, in Matrigel plugs containing
B16 melanoma cells obtained from WT mice, only relatively low
numbers of VEGFR1™ cells expressed HIF-1a.. Neutralization of
IL-1B in such plugs reduced the number of VEGFR1™" cells, but
did not significantly alter expression of HIF-la, as observed by
immunofluorescence. Upon VEGF neutralization, HIF-1a is ac-
tivated in VEGFR 1" myeloid cells, which results in the capacity to
directly stimulate EC proliferation through expression of direct
angiogenic factors.

Cross talk between IL-1B and VEGF also occurs in the early
angiogenic response in Matrigel plugs supplemented with
recombinant cytokines

In this study, we illustrated the mutual interactions between IL-13
and VEGF in early tumor-mediated angiogenesis. To confirm that
this interaction is also important in nontumor inflammation-de-
pendent angiogenic responses, we injected mice with Matrigel
containing either rIL-13 or r'VEGF. We found that both rIL-1 and
rVEGF induce a potent angiogenic response in Matrigel plugs
(Fig. 7A, 7B). Both molecules induce each other’s production
(Fig. 7C). Furthermore, neutralization of VEGF abrogates angio-
genesis in Matrigel plugs injected with rIL-13. Moreover, IL-13-
induced angiogenesis was VEGFR1 dependent, whereas inhibition
of VEGFR?2 signaling in Matrigel caused a burst in the angiogenic
response (Fig. 7A, 7B). Neutralization of IL-1f3 also abrogates
angiogenesis induced by rVEGF in Matrigel plugs (Fig. 7A, 7B).
The importance of the interactions between IL-13 and VEGF was
also demonstrated by the weak angiogenic response, as well as by
decreased amount of infiltrating cells into Matrigel plugs in mice
lacking IL-1B, which were injected with Matrigel containing
rVEGF (Fig. 7D-F).
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FIGURE 6. Differential effects of anti—IL-1p and anti-VEGF treatment
on tumor invasiveness and reprogramming iMCs. (A) Mice were injected
intrafoot pad with B16 cells together with control Abs (WT), anti—IL-1f,
or anti-VEGF Abs. The diameter of tumors is shown (left panel). Matrigel
plugs containing B16-mCherry cells mixed with CT, anti-IL-13, or anti-
VEGF Abs were injected into WT mice. The number of B16-mCherry
cells, calculated as the percentage of the CD45"°¢/PEP®® fraction out of the
total number of cells in the plugs is shown (right panel). The results shown
in this figure represent mean values from five independent experiments
(= SEM; n = 7-10 mice/group in each experiment). (B) Relative quantifi-
cation of transcripts of angiogenic factors and proinflammatory molecules in
VEGFR1*-enriched cells recovered from Matrigel plugs containing B16
cells are shown. (C) Aorta rings incubated for 4 d with VEGFR1*-enriched
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Discussion

In this study, we have demonstrated, for the first time to our
knowledge, cross talk between VEGF and IL-1f in the early an-
giogenic response during tumor development. We also found that
IL-1B plays an essential role in the recruitment and maturation
of myeloid cells. In this study, we show that VEGF and IL-13
have unique, indispensable, yet complementary, functions in the
early angiogenic response. VEGF and IL-1{ are both present in
Matrigel plugs containing tumor cells (Fig. 1) and induce each
other, even though VEGF is mainly produced by ECs, whereas IL-
1B is produced by myeloid infiltrating cells (Fig. 2). Furthermore,
in IL-1B—deficient mice or upon IL-1{ neutralization in WT mice,
the angiogenic potential of VEGF is completely abrogated in
Matrigel plugs containing B16 melanoma cells (Fig. 1) and also in
a nontumor model of angiogenesis induced by rVEGF (Fig. 7). IL-
1B was shown to be essential for in vivo responses of ECs, such as
their recruitment and proliferation. IL-1f acts directly or through
induction of other proinflammatory molecules in the tumor mi-
croenvironment (Fig. 4). Previously, in a transgenic model of
Myc-dependent carcinogenesis, IL-1( has been characterized as
the principal effector molecule in the onset of angiogenesis via
MMP-mediated sequestration of extracellular matrix—associated
VEGEF followed by its ligation to VEGFR2 on ECs (37). In this
study, we have shown that active IL-1f3 secretion by myeloid cells
activates the initial angiogenic response of tumors by inducing
a cascade of proinflammatory mediators.

We found that in tumor cell-supplemented Matrigel plugs, the
myeloid cell infiltrate was primarily of BM origin and consisted
mainly of VEGFR1" iMCs and, to a lesser extent, mature mac-
rophages (Fig. 2). iMCs were shown to be the dominant cells that
secrete IL-1B (Fig. 2) and other proinflammatory molecules, such
as Bv8, CCL2, and CCL3 (Fig. 3), but not direct angiogenic
factors. In contrast, the primary source of VEGF were tissue-
resident VEGFR2" ECs (Fig. 2), which also express other pro-
angiogenic factors, such as PIGF, bFGF, and PDGF (Fig. 3).
Traditionally, ECs were thought to be activated by VEGF in the
angiogenic response, but produce only low levels of VEGF (17).
In this study, we show that in the early angiogenic response, ECs
secrete VEGF, which probably synergizes with proangiogenic
factors of tumor cell origin. In diverse experimental tumor sys-
tems, infiltrating myeloid cells, such as tumor-associated macro-
phages or MDSCs, were shown to be a major source of VEGF and
other proangiogenic mitogens (reviewed in Refs. 1, 7-14, 38). In
these studies, large, established tumors were analyzed, whereas in
our experiments, we assessed the early angiogenic response in-
duced by dispersed malignant cells, which concomitantly recruit
their microenvironment in the Matrigel plugs.

iMCs at tumor sites express both IL-1R1 and VEGFRI at
higher levels than in the peripheral blood, suggesting that their sig-
naling might be essential for the protumorigenic function of iMCs.
Furthermore, iMCs were the dominant cell type in the myeloid cell
infiltrate in B16-supplemented Matrigel plugs in WT mice,
whereas in IL-1R1 KO mice or following IL-18 neutralization,
their number was reduced in parallel to an increase in the number
of mature M1 macrophages. In BM transplantation experiments,

Data represent mean = SEM. The right panel indicates the score of aorta
ring sprouting in arbitrary units. Photomicrographs are from one repre-
sentative experiment out of three performed. (D) Immunohistochemistry
staining for VEGFR1 and HIF-1a (red) in day 9 Matrigel plugs containing
B16 cells in the presence of anti-VEGF or anti-IL-13 Abs (original
magnification X60). Photomicrographs are from one representative ex-
periment out of three performed. *p < 0.01, **p < 0.005.
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we found that a deficiency of IL-1B in the microenvironment
resulted in an increase in maturation of myeloid cells in the
Matrigel model (Fig. 5). These results suggest that IL-1(3 may also
affect the maturation state of iMCs, apart from its ability to affect
recruitment of myeloid cells (22, 25, 39).

Similar interactions between iMCs and ECs, mediated by
VEGEF and IL-1pB in the early angiogenic response of B16 cells,
were observed in Matrigel plugs containing other types of tumor
cells (results not shown) and in other systems of inflammation-
dependent angiogenesis, such as in Matrigel plugs supplemented
with either rIL-18 or rVEGF or in Matrigel plugs supplemented
with supernatants of hypoxic macrophages (35). This may indicate
that the described cross talk between VEGF and IL-1f is char-
acteristic of early inflammation-dependent angiogenic responses.

Based on the interactions between IL-1f3 and VEGF in the
angiogenic switch described in this study, and in light of the
clinical use of anti-VEGF therapy in cancer patients, we compared
the effects of neutralization of either IL-13 or VEGF on the
growth of B16 melanoma cells. VEGF neutralization results in
only an initial tumor inhibition followed by tumor recurrence,
whereas blocking IL-1f decreased tumor growth for extended
periods of time (Fig. 6A). Tumor relapse after anti-VEGF therapy
has been described in multiple experimental tumors and in cancer
patients treated with Avastin (9, 15). Some mechanisms of re-
bound angiogenesis after anti-VEGF therapy, mainly involving
the generation of alternative angiogenic factors by malignant or

microenvironment-derived cells, have been described. These in-
clude increased expression of redundant angiogenic factors, such
as bFGF or PIGF by the tumor cells (40), induced secretion of Bv8
by MDSCs (41), and a subsequent VEGF-independent angiogenic
response or expression of PDGF-C in cancer-associated fibroblasts
(42). In this study, we describe a novel mechanism of rebound an-
giogenesis after VEGF inhibition (i.e., the rapid reprogramming of
VEGFR1" iMCs for expression of direct angiogenic factors, such
as VEGF, bFGF, and PIGF, thus acquiring the ability to directly
stimulate ECs) (Fig. 6B, 6C). In contrast, in uninterrupted an-
giogenesis (without anti-VEGF treatment), ECs, rather than my-
eloid cells, are the major cells that produce VEGF and other direct
angiogenic factors (Fig. 3). Initial characterization of reprog-
rammed VEGFR 1" myeloid cells showed upregulation of HIF-1c,
a key transcription factor regulating angiogenesis, especially in
hypoxic microenvironments (Fig. 6D). In contrast, IL-1$ inhibi-
tion during tumor cell development in Matrigel plugs led to
downregulation of proinflammatory factor expression in myeloid
cells and to some inhibition of production of angiogenic factors by
ECs. The dramatic response of the tumor microenvironment to
VEGEF inhibition is possibly due to the key role VEGF plays in
normal cell viability and tissue homeostasis (15, 18-20, 43).
Furthermore, in Matrigel plugs supplemented with rVEGF and
anti-VEGFR2 Abs, an enhanced angiogenic response was ob-
served, possibly due to imposing a stressful situation on ECs. In
contrast, anti-VEGR1 Abs abrogated angiogenesis (Fig. 7A, 7B).
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IL-1B neutralization is more tolerated possibly because it is not
a survival factor for cells. In addition, IL-1( neutralization creates
the conditions for iMC maturation, thus reducing the invasiveness
potential of tumors.

Finally, the data presented in this study provide new insight
into the rationale for anticancer therapies based on IL-13 neu-
tralization. We and others have demonstrated the value of IL-1Ra
or anti-IL-13 Ab treatment in cancer therapy (24, 28, 44, 45). In
the tumor microenvironment, IL-13 represents a major upstream
cytokine, which controls the local proinflammatory cascade and
thereby also affects the balance between protective immunity and
destructive inflammation. IL-1 affects the activation of diverse
cells in the tumor microenvironment and thus its neutralization
should affect protumorigenic cells. Further characterization of the
optimal conditions for IL-1 neutralization should lead to the ap-
plication of anti—IL-1 approaches in cancer therapy.

Acknowledgments
The authors thank Prof. Y. Iwakura (Tokyo University) for the IL-1 KO
mice.

Disclosures
The authors have no financial conflicts of interest.

References

1. Apte, R. N., and E. Voronov. 2008. Is interleukin-1 a good or bad ‘guy’ in tumor
immunobiology and immunotherapy? Immunol. Rev. 222: 222-241.

2. Balkwill, F,, and A. Mantovani. 2010. Cancer and inflammation: implications for
pharmacology and therapeutics. Clin. Pharmacol. Ther. 87: 401-406.

3. Demaria, S., E. Pikarsky, M. Karin, L. M. Coussens, Y. C. Chen, E. M. El-Omar,
G. Trinchieri, S. M. Dubinett, J. T. Mao, E. Szabo, et al. 2010. Cancer and in-
flammation: promise for biologic therapy. J. Immunother. 33: 335-351.

4. Grivennikov, S. L., F. R. Greten, and M. Karin. 2010. Immunity, inflammation,
and cancer. Cell 140: 883-899.

5. Hanahan, D., and R. A. Weinberg. 2011. Hallmarks of cancer: the next gener-
ation. Cell 144: 646-674.

6. Witz, 1. P. 2009. The tumor microenvironment: the making of a paradigm.
Cancer Microenviron. 2(Suppl 1): 9-17.

7. Allavena, P., and A. Mantovani. 2012. Immunology in the clinic review series;
focus on cancer: tumour-associated macrophages: undisputed stars of the in-
flammatory tumour microenvironment. Clin. Exp. Immunol. 167: 195-205.

8. Coffelt, S. B., C. E. Lewis, L. Naldini, J. M. Brown, N. Ferrara, and M. De
Palma. 2010. Elusive identities and overlapping phenotypes of proangiogenic
myeloid cells in tumors. Am. J. Pathol. 176: 1564-1576.

9. Ferrara, N. 2010. Role of myeloid cells in vascular endothelial growth factor-
independent tumor angiogenesis. Curr. Opin. Hematol. 17: 219-224.

10. Gabrilovich, D. I., S. Ostrand-Rosenberg, and V. Bronte. 2012. Coordinated
regulation of myeloid cells by tumours. Nat. Rev. Immunol. 12: 253-268.

11. Laurent, J., C. Touvrey, F. Botta, F. Kuonen, and C. Ruegg. 2011. Emerging
paradigms and questions on pro-angiogenic bone marrow-derived myelomono-
cytic cells. Int. J. Dev. Biol. 55: 527-534.

12. Murdoch, C., M. Muthana, S. B. Coffelt, and C. E. Lewis. 2008. The role of myeloid
cells in the promotion of tumour angiogenesis. Nat. Rev. Cancer 8: 618-631.

13. Qian, B. Z., and J. W. Pollard. 2010. Macrophage diversity enhances tumor
progression and metastasis. Cell 141: 39-51.

14. Ruffell, B., N. I. Affara, and L. M. Coussens. 2012. Differential macrophage
programming in the tumor microenvironment. Trends Immunol. 33: 119-126.

15. Chung, A. S., and N. Ferrara. 2011. Developmental and pathological angio-
genesis. Annu. Rev. Cell Dev. Biol. 27: 563-584.

16. Folkman, J. 2002. Role of angiogenesis in tumor growth and metastasis. Semin.
Oncol. 29(6, Suppl 16): 15-18.

17. Kerbel, R. S. 2008. Tumor angiogenesis. N. Engl. J. Med. 358: 2039-2049.

18. Potente, M., H. Gerhardt, and P. Carmeliet. 2011. Basic and therapeutic aspects
of angiogenesis. Cell 146: 873-887.

19. Bergers, G., and L. E. Benjamin. 2003. Tumorigenesis and the angiogenic
switch. Nat. Rev. Cancer 3: 401-410.

20. Ellis, L. M., and D. J. Hicklin. 2008. VEGF-targeted therapy: mechanisms of
anti-tumour activity. Nat. Rev. Cancer 8: 579-591.

21. Grunewald, M., I. Avraham, Y. Dor, E. Bachar-Lustig, A. Itin, S. Jung,
S. Chimenti, L. Landsman, R. Abramovitch, and E. Keshet. 2006. VEGF-
induced adult neovascularization: recruitment, retention, and role of accessory
cells. [Published erratum appears in 2006. Cell 126: 811.] Cell 124: 175-189.

22. Song, X., Y. Krelin, T. Dvorkin, O. Bjorkdahl, S. Segal, C. A. Dinarello,
E. Voronov, and R. N. Apte. 2005. CD11b+/Gr-1+ immature myeloid cells

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

3509

mediate suppression of T cells in mice bearing tumors of IL-1beta-secreting
cells. J. Immunol. 175: 8200-8208.

Song, X., E. Voronov, T. Dvorkin, E. Fima, E. Cagnano, D. Benharroch,
Y. Shendler, O. Bjorkdahl, S. Segal, C. A. Dinarello, and R. N. Apte. 2003.
Differential effects of IL-1 alpha and IL-1 beta on tumorigenicity patterns and
invasiveness. J. Immunol. 171: 6448-6456.

Voronov, E., D. S. Shouval, Y. Krelin, E. Cagnano, D. Benharroch, Y. Iwakura,
C. A. Dinarello, and R. N. Apte. 2003. IL-1 is required for tumor invasiveness
and angiogenesis. Proc. Natl. Acad. Sci. USA 100: 2645-2650.

Bunt, S. K., P. Sinha, V. K. Clements, J. Leips, and S. Ostrand-Rosenberg. 2006.
Inflammation induces myeloid-derived suppressor cells that facilitate tumor
progression. J. Immunol. 176: 284-290.

Nakao, S., T. Kuwano, C. Tsutsumi-Miyahara, S. Ueda, Y. N. Kimura,
S. Hamano, K. H. Sonoda, Y. Saijo, T. Nukiwa, R. M. Strieter, et al. 2005. In-
filtration of COX-2-expressing macrophages is a prerequisite for IL-1 beta-
induced neovascularization and tumor growth. J. Clin. Invest. 115: 2979—
2991.

Saijo, Y., M. Tanaka, M. Miki, K. Usui, T. Suzuki, M. Maemondo, X. Hong,
R. Tazawa, T. Kikuchi, K. Matsushima, and T. Nukiwa. 2002. Proinflammatory
cytokine IL-1 beta promotes tumor growth of Lewis lung carcinoma by induction
of angiogenic factors: in vivo analysis of tumor-stromal interaction. J. Immunol.
169: 469-475.

Schmid, M. C., C. J. Avraamides, P. Foubert, Y. Shaked, S. W. Kang,
R. S. Kerbel, and J. A. Varner. 2011. Combined blockade of integrin-a4B1 plus
cytokines SDF-1a or IL-1f potently inhibits tumor inflammation and growth.
Cancer Res. T1: 6965-6975.

Shibuya, M. 2006. Vascular endothelial growth factor receptor-1 (VEGFR-1/Flt-
1): a dual regulator for angiogenesis. Angiogenesis 9: 225-230, discussion 231.
Lohela, M., M. Bry, T. Tammela, and K. Alitalo. 2009. VEGFs and receptors
involved in angiogenesis versus lymphangiogenesis. Curr. Opin. Cell Biol. 21:
154-165.

Kaplan, R. N., R. D. Riba, S. Zacharoulis, A. H. Bramley, L. Vincent, C. Costa,
D. D. MacDonald, D. K. Jin, K. Shido, S. A. Kerns, et al. 2005. VEGFR1-
positive haematopoietic bone marrow progenitors initiate the pre-metastatic
niche. Nature 438: 820-827.

Li, C, B. Liu, Z. Dai, and Y. Tao. 2011. Knockdown of VEGF receptor-1
(VEGFR-1) impairs macrophage infiltration, angiogenesis and growth of clear
cell renal cell carcinoma (CRCC). Cancer Biol. Ther. 12: 872-880.
Muramatsu, M., S. Yamamoto, T. Osawa, and M. Shibuya. 2010. Vascular en-
dothelial growth factor receptor-1 signaling promotes mobilization of macro-
phage lineage cells from bone marrow and stimulates solid tumor growth.
Cancer Res. 70: 8211-8221.

Horai, R., M. Asano, K. Sudo, H. Kanuka, M. Suzuki, M. Nishihara,
M. Takahashi, and Y. Iwakura. 1998. Production of mice deficient in genes for
interleukin (IL)-lalpha, IL-1beta, IL-1alpha/beta, and IL-1 receptor antagonist
shows that IL-1beta is crucial in turpentine-induced fever development and
glucocorticoid secretion. J. Exp. Med. 187: 1463-1475.

Carmi, Y., E. Voronov, S. Dotan, N. Lahat, M. A. Rahat, M. Fogel, M. Huszar,
M. R. White, C. A. Dinarello, and R. N. Apte. 2009. The role of macrophage-
derived IL-1 in induction and maintenance of angiogenesis. J. Immunol. 183:
4705-4714.

Voronov, E., E. Reich, S. Dotan, P. Dransh, I. Cohen, M. Huszar, M. Fogel,
H. K. Kleinman, R. M. White, and R. N. Apte. 2010. Effects of IL-1 molecules
on growth patterns of 3-MCA-induced cell lines: an interplay between immu-
nogenicity and invasive potential. J. Immunotoxicol. 7: 27-38.

Shchors, K., E. Shchors, F. Rostker, E. R. Lawlor, L. Brown-Swigart, and
G. I. Evan. 2006. The Myc-dependent angiogenic switch in tumors is mediated
by interleukin lbeta. Genes Dev. 20: 2527-2538.

Mantovani, A., and A. Sica. 2010. Macrophages, innate immunity and cancer:
balance, tolerance, and diversity. Curr. Opin. Immunol. 22: 231-237.

Tu, S., G. Bhagat, G. Cui, S. Takaishi, E. A. Kurt-Jones, B. Rickman,
K. S. Betz, M. Penz-Oesterreicher, O. Bjorkdahl, J. G. Fox, and T. C. Wang.
2008. Overexpression of interleukin-1beta induces gastric inflammation and
cancer and mobilizes myeloid-derived suppressor cells in mice. Cancer Cell
14: 408-419.

Fischer, C., B. Jonckx, M. Mazzone, S. Zacchigna, S. Loges, L. Pattarini,
E. Chorianopoulos, L. Liesenborghs, M. Koch, M. De Mol, et al. 2007. Anti-
PIGF inhibits growth of VEGF(R)-inhibitor-resistant tumors without affecting
healthy vessels. Cell 131: 463-475.

Shojaei, F., X. Wu, C. Zhong, L. Yu, X. H. Liang, J. Yao, D. Blanchard, C. Bais,
F. V. Peale, N. van Bruggen, et al. 2007. Bv8 regulates myeloid-cell-dependent
tumour angiogenesis. Nature 450: 825-831.

Crawford, Y., I. Kasman, L. Yu, C. Zhong, X. Wu, Z. Modrusan, J. Kaminker,
and N. Ferrara. 2009. PDGF-C mediates the angiogenic and tumorigenic prop-
erties of fibroblasts associated with tumors refractory to anti-VEGF treatment.
Cancer Cell 15: 21-34.

Lazarus, A., and E. Keshet. 2011. Vascular endothelial growth factor and vas-
cular homeostasis. Proc. Am. Thorac. Soc. 8: 508-511.

Bar, D., R. N. Apte, E. Voronov, C. A. Dinarello, and S. Cohen. 2004. A con-
tinuous delivery system of IL-1 receptor antagonist reduces angiogenesis and
inhibits tumor development. FASEB J. 18: 161-163.

Lewis, A. M., S. Varghese, H. Xu, and H. R. Alexander. 2006. Interleukin-1 and
cancer progression: the emerging role of interleukin-1 receptor antagonist as
a novel therapeutic agent in cancer treatment. J. Transl. Med. 4: 48.

20T ‘6 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

