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Here, we describe that microenvironmental IL-1� and, to a lesser
extent, IL-1� are required for in vivo angiogenesis and invasiveness
of different tumor cells. In IL-1� knockout (KO) mice, local tumor or
lung metastases of B16 melanoma cells were not observed com-
pared with WT mice. Angiogenesis was assessed by the recruit-
ment of blood vessel networks into Matrigel plugs containing B16
melanoma cells; vascularization of the plugs was present in WT
mice, but was absent in IL-1� KO mice. The addition of exogenous
IL-1 into B16-containing Matrigel plugs in IL-1� KO mice partially
restored the angiogenic response. Moreover, the incorporation of
IL-1 receptor antagonist to B16-containing plugs in WT mice inhib-
ited the ingrowth of blood vessel networks into Matrigel plugs. In
IL-1� KO mice, local tumor development and induction of an
angiogenic response in Matrigel plugs was less pronounced than in
WT mice, but significantly higher than in IL-1� KO mice. These
effects of host-derived IL-1� and IL-1� were not restricted to the
melanoma model, but were also observed in DA�3 mammary and
prostate cancer cell models. In addition to the in vivo findings, IL-1
contributed to the production of vascular endothelial cell growth
factor and tumor necrosis factor in cocultures of peritoneal mac-
rophages and tumor cells. Host-derived IL-1 seems to control tumor
angiogenesis and invasiveness. Furthermore, the anti-angiogenic
effects of IL-1 receptor antagonist, shown here, suggest a possible
therapeutic role in cancer, in addition to its current use in
rheumatoid arthritis.

The cytokine IL-1 mainly affects inflammatory processes but
also possesses various immune, degradative, and growth-

promoting properties. There are two IL-1 agonistic proteins,
IL-1� and IL-1�, and one antagonistic protein, the IL-1 receptor
antagonist (IL-1Ra, reviewed in ref. 1). IL-1Ra binds to the IL-1
receptor type I without transmitting an activation signal and,
thus, represents a physiological inhibitor of IL-1 activity. IL-1�
and IL-1� bind to the same receptors, and there are no signif-
icant differences in the spectrum of activities induced by recom-
binant IL-1� or IL-1� by using in vitro and in vivo assays,
including injection into humans (1). However, processing of
IL-1� and IL-1� differ: IL-1� is active only as secreted mature
product, whereas IL-1� is active as a precursor or membrane-
associated molecule. IL-1� remains cytosolic but IL-1� is abun-
dantly secreted by activated macrophages and blood monocytes.
Also, IL-1� is present in the circulation of patients undergoing
infectious or inflammatory responses, whereas IL-1� is rarely
found in the circulation (1).

Tumor enlargement requires blood vessel growth that origi-
nates with the sprouting of new capillaries from preexisting
blood vessels; in the absence of access to an adequate vascula-
ture, tumor cells become necrotic and�or apoptotic (reviewed in
refs. 2–8). Tumors may exist as microscopic in situ lesions for
years in the absence of their own microcirculation. For tumor
progression and metastasis, an angiogenic switch permits rapid
growth and invasion (2–8). The angiogenic switch is a discrete
genetic event that results in a change in the local equilibrium
between pro- and anti-angiogenic regulators, which are pro-

duced by tumor cells as well as by the surrounding stromal cells
and infiltrating leukocytes.

In various experimental models, IL-1 increases tumor inva-
siveness and metastasis (1, 9–17). For example, IL-1 expression
at the site of tumor development enhances the expression of
adhesion molecules on endothelial and malignant cells and
facilitates the invasion of malignant cells into the circulation and
their dissemination to remote tissues (11, 13). Although recom-
binant IL-1 stimulates the proliferation of endothelial cells,
adhesion molecule expression and production of cytokines and
small�inflammatory mediator molecules (1, 18, 19), endogenous
IL-1 has not been characterized as major cytokine in mediating
in vivo tumor angiogenesis. In the present studies, we have
assessed the role of IL-1 as a regulator of tumor angiogenesis by
using transplantable tumors in IL-1� and IL-1� knockout (KO)
mice. We also assessed whether inhibition of IL-1 activity
by IL-1Ra can function as an anti-tumor agent by inhibiting
angiogenesis.

Materials and Methods
Reagents. Recombinant human IL-1Ra was obtained from Am-
gen Biologicals; recombinant mouse IL-1� was obtained from
R & D Systems. Matrigel was purchased from Biological Indus-
tries, Beit HaEmek, Israel.

Tumor Cells. B16 melanoma cells (20) and the DA�3 mammary
adenocarcinoma (21) were maintained in DMEM (GIBCO�
Invitrogen) supplemented with 10% (vol�vol) FCS, 100 units�ml
penicillin, 0.1 mg�ml streptomycin, and 2 mM L-glutamine in a
humidified 5% CO2 atmosphere at 37°C. All medium ingredients
were purchased from Biological Industries.

Mice. IL-1� and IL-1� KO mice were described (22–24). WT
C57BL�6 and BALB�c strains were obtained from The Jackson
Laboratory and Harlan, Jerusalem. Animal studies were per-
formed according to the guidelines and approval of the Animal
Care Committee of Ben-Gurion University. Female 8- to 10-
week-old mice were used in all experiments.

Tumorigenicity Assays. WT or IL-1 KO mice were injected in-
trafootpad (i.f.p.) or intravenously (i.v.) with 2 � 105 B16
melanoma cells to assess local tumor growth or metastasis,
respectively. Local tumor development was measured by using a
caliper. The endpoint of such experiments was the time at which
the tumor’s size had reached a diameter of 12 mm. Mice injected
i.v. were observed until the first signs of dyspnea and then killed.
Lung metastases were evaluated histologically in formalin-fixed
paraffin sections stained with hematoxylin�eosin. BALB�c or
IL-1 KO mice from the same background were injected i.f.p. with

Abbreviations: IL-1Ra, IL-1 receptor antagonist; i.f.p., intrafootpad; MVD, mean vessel
density; PEC, peritoneal exudate cells; VEGF, vascular endothelial growth factor; KO,
knockout; TNF�, tumor necrosis factor �.
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5 � 105 DA�3 mammary adenocarcinoma cells, and the devel-
opment of the tumor growth was scored as above.

Angiogenesis in Matrigel Plugs. Angiogenesis was assessed in
Matrigel plugs (25). Mice were inoculated s.c. in the interscap-
ular area with 0.4 ml of Matrigel alone or with Matrigel mixed
with 2 � 105 tumor cells. Matrigel is liquid at 4°C but solid at
room temperature. In some experiments, recombinant IL-1� or
IL-1Ra was added to the mixture of Matrigel and B16 melanoma
cells at 4°C just before injection into mice. Saline was mixed with
Matrigel to compensate for the volume of IL-1Ra or IL-1�.
Matrigel plugs were surgically removed on day 7. Part of each
plug was fixed with 10% (vol�vol) formaldehyde, embedded in
paraffin, sectioned, and either stained with hematoxylin�eosin
or immunostained with antibodies for Von Willebrand’s factor,
a marker for endothelial cells (26).

Quantification of Microvessel Density (MVD). Microvessels in Ma-
trigel plugs were visualized by using rat antibodies to human Von
Willebrand’s factor (DAKO), which crossreact with murine Von
Willebrand’s factor. MVD was determined by first screening
areas of highest vascularity under low magnification (�100; ref.
27). The MVD was calculated by counting six highly vascularized
fields in each section at a magnification of �200. MVD calcu-
lations were performed by the same pathologist in a blinded
manner.

Culture of Peritoneal Macrophages. Peritoneal exudate cells (PEC)
were obtained from mice as described (28). Briefly, mice were
injected i.p. with thioglycollate (Hy-Labs, Kiryat Weizmann,
Rehovot, Israel). After 4 days, PEC were collected from peri-
toneal lavage and plated (5 � 105 cells per ml) in 24-well plates
(Greiner, Frickenhausen, Germany) for 18 h to allow for ad-
herence. Cells were washed, and adherent cell monolayers were
activated with B16 melanoma cells (melanoma�macrophage
ratio, 1:5). Levels of vascular endothelial cell growth factor
(VEGF) and tumor necrosis factor � (TNF�) in 48-h superna-
tants were measured by specific ELISA kits (DuoSet, R & D
Systems).

Results
Tumorigenicity of B16 Melanoma Cells in IL-1� KO Mice. Tumor
growth was assessed in C57BL�6 WT mice and in IL-1� KO mice
from the same background. Because B16 melanoma cells me-
tastasize to the lungs, the development of experimental lung
metastasis after i.v. inoculation of the malignant cells and
mortality was recorded. Consistently, as shown in Fig. 1A, all WT
C57BL�6 mice died within 20 days, whereas all IL-1� KO mice
injected with the B16 cells remained alive throughout the
experiment. Mice died from lung metastasis (Fig. 1B), as evi-
denced in histological sections from moribund mice suffering
from dyspnea. To evaluate the kinetics of local tumor develop-
ment in IL-1� KO, B16 melanoma cells were injected i.f.p., and
the diameter of the tumors was measured every 5 days. As shown
in Fig. 1C, no tumor development was observed when B16
melanoma cells were injected into IL-1� KO mice, whereas
progressive tumor growth was observed in WT mice. In F1 (WT
� IL-1� KO) of C57BL�6 origin tumors developed as in WT
mice (data not shown).

Reduced in Vivo Angiogenesis of B16 Melanoma Tumors in IL-1� KO
Mice. Next, we examined the in vivo recruitment of the angiogenic
network into Matrigel plugs embedded with B16 melanoma cells.
Tumor cells were mixed with Matrigel and injected s.c. into WT
and IL-1� KO mice. As shown in Fig. 2 Upper Inset, active
angiogenesis could be observed macroscopically in plugs recov-
ered from WT mice: the plugs are more red compared with B16
melanoma cell-containing plugs from IL-1� KO mice (Fig. 2

Lower Inset). To directly view angiogenesis in the plugs, histo-
logical sections were stained with antibodies against Von Will-
ebrand’s factor. As shown in Fig. 2, B16 melanoma cells em-
bedded in Matrigel plugs in WT mice induced a potent
angiogenic response (Upper), whereas the angiogenic response

Fig. 1. Increased survival rate and decreased tumor growth in IL-1� KO mice.
(A) Survival after i.v. injection of B16 melanoma into IL-1� KO (n � 10)
compared with WT mice (n � 10). (B) Frequency of lung micrometastases as
detected in histological sections on day 14 after tumor cell injection (n � 10).
(C) Tumor size of B16 melanoma after i.f.p. injection (2 � 105 cells per mouse;
n � 5 per group). Results shown are from one experiment of six performed.
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developing in malignant cells containing plugs from IL-1� KO
mice exhibited a background response.

IL-1 Controls Tumor Angiogenesis. To study whether IL-1 is indeed
the factor responsible for this tumor-induced angiogenic re-
sponse, Matrigel plugs injected into IL-1� KO mice were sup-
plemented with IL-1, in this case, recombinant murine IL-1�. As
depicted in Fig. 3A, recombinant IL-1� embedded into Matrigel
plugs together with B16 melanoma cells before gelation largely
restored the missing angiogenic response observed in IL-1� KO
mice.

Next, increasing concentrations of IL-1Ra were incorporated
into B16 melanoma-containing Matrigel plugs and injected into
WT mice. This procedure resulted in a dose-dependent reduc-
tion in MVD in the plugs (Fig. 3B). Together, these results
demonstrate that microenvironmental IL-1� is required for
tumor invasiveness, possibly through induction of an angiogenic
response.

Because recombinant IL-1� substituted the angiogenic re-
sponse missing in IL-1� KO mice, it was of interest to assess
directly the effects of microenvironmental IL-1� on tumor
invasiveness and blood vessel formation. B16 melanoma cells
were injected i.f.p. into WT, IL-1�, or IL-1� KO C57BL�6 mice,
and the growth of local tumors was determined. Again, in IL-1�
KO mice, no tumor development was observed, whereas in WT
mice, B16 melanoma induced progressive tumors. In IL-1� KO
mice, tumorigenicity patterns of B16 cells were reduced com-
pared with the WT mice, as evidenced by the late appearance
and slower growth rate of the tumors (Fig. 4A). Next, the
angiogenic response in B16 melanoma-containing Matrigel
plugs from WT, IL-1�, and IL-1� KO mice was compared. As
shown by MVD in Fig. 4B, in IL-1� KO mice, the angiogenic

response is nearly absent, whereas in IL-1� KO mice, the
response is reduced by �50%, compared with that in WT mice.

Effects of IL-1 on Tumor Invasiveness and Angiogenesis in DA�3
Mammary Adenocarcinoma Tumors. It was necessary to determine
whether host-derived IL-1 also affects the in vivo growth patterns
of other experimental tumors. The mammary cancer tumor
DA�3 in BALB�c mice was used. As shown in Fig. 5A, in IL-1�
KO mice, no tumor development was observed, whereas in IL-1�
KO mice, tumors developed slower and were smaller compared
with tumors in WT BALB�c mice. This hierarchy was also
observed when MVD was determined on sections from Matrigel
plugs containing embedded DA�3 cells in control, IL-1� KO,
and IL-1� KO BALB�c mice (Fig. 5B). It seems that host-
derived IL-1 is important for the growth of both B16 melanoma
and DA�3 breast cancer cells. For B16 cells, IL-1� plays a
dominant role in tumor development; for the invasiveness of
DA�3 cells, IL-1� plays a more dominant role.

Role of IL-1 in the Production of VEGF and TNF� from PEC. Upon
interaction with malignant cells, macrophages present in the
tumor’s microenvironment likely secrete factors that may

Fig. 2. Blood vessel growth in B16 cells embedded in Matrigel plugs. (Upper)
Section through a B16-embedded Matrigel plug injected s.c. in WT mice and
removed on day 7 (�400). (Inset) Gross morphology of Matrigel plugs. (Lower)
Similarly stained sections through Matrigel plugs injected into IL-1� KO mice.
Results shown are from one of four experiments performed.

Fig. 3. MVD in B16 melanoma embedded in Matrigel plugs. (A) MVD � SEM
in B16 melanoma-embedded Matrigel plugs in WT or IL-1� KO mice on day 7.
IL-1� KO mice were also implanted with Matrigel plugs embedded with a
mixture of B16 cells and 100 ng of murine IL-1� per 0.4 ml of Matrigel (n � 5
in each group). (B) Day 7 MVD of Matrigel plugs embedded into WT mice
containing a mixture of B16 melanoma cells plus saline, 50 or 100 �g of
recombinant human IL-1Ra per 0.4 ml of Matrigel (n � 5 in each group).
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affect the malignant process, including tumor angiogenesis.
Thus, we assessed the production of VEGF in macrophages
from control and IL-1 KO mice that were cocultured with B16
melanoma cells. Adherent PEC were incubated with mela-
noma cells for 48 h, and the supernatants were assessed for
VEGF and TNF�. Cultured alone, PEC did not release VEGF
or TNF�. In contrast, melanoma cells cultured alone released
20 pg�ml VEGF but not TNF� after 48 h (not shown). In
cocultures of peritoneal macrophages from WT mice plus B16
cells (as shown in Fig. 6), a further increase in VEGF secretion
was observed; however, this increase was reduced by �50%
when macrophages were obtained from IL-1� KO or IL-1� KO
mice. In macrophage-B16 cocultures, TNF� (Fig. 7) and IL-6
(not shown), were also induced; their generation was largely
inhibited by IL-1Ra. As can be seen in Fig. 7, less TNF� was
observed in supernatants of cocultures consisting of macro-
phages from IL-1� KO mice, and in both cases TNF� release
was inhibited by IL-1Ra.

Discussion
The present study demonstrates the role of endogenous IL-1 in
promoting the invasiveness of malignant cells and emphasizes
the dependency of tumor angiogenesis on this cytokine. To our

knowledge, this is the first report that shows that mostly IL-1�
accounts for the ability of tumor cells to initiate and complete
the processes of angiogenesis, as manifested by the inability of
tumor cells embedded in Matrigel plugs to recruit a vasculature
network. Mice solely deficient in IL-1� or IL-1� exhibit dra-
matically impaired tumor development and blood vessel growth.
These findings seem to represent a general phenomenon, be-
cause they were observed in different experimental tumor
models: B16 melanoma, DA�3 mammary adenocarcinoma in
BALB�e mice, and prostate cancer cell lines injected i.f.p. into
C57Bl6 mice (data not shown). It seems that for B16 melanoma
and prostate cancer, IL-1� is essential for invasiveness, but for
others (DA�3 mammary cancer), IL-1� plays a greater role than
IL-1�.

B16 melanoma cells injected into the footpad of IL-1�-
deficient mice failed to develop into local tumors, compared with
WT mice. In IL-1�-deficient mice, the reduction was less dra-
matic. This failure to proliferate and progress into an expansive
tumor is likely caused by an inability to initiate angiogenesis. On
histological examination, B16 cells injected into IL-1�-deficient
mice remained pigmented at the site of inoculation, similar to
their appearance in culture, and thus possibly representing
dormant tumor cells. This result was in sharp contrast to control
WT mice, where invading B16 melanoma cells seemed to be

Fig. 4. Growth and MVD of B16 melanoma cells in WT, IL-1�, and IL-1� KO
mice. (A) Tumor growth in mice injected i.f.p. with B16 cells, as indicated in
legend to Fig. 1C. The results represent one of three experiments. Mean � SEM
for each (n � 8 per group) are shown. (B) MVD � SEM in B16 melanoma-
embedded Matrigel plugs (2 � 105) in WT, IL-1�, or IL-1� KO mice (n � 5 in each
group).

Fig. 5. Growth and MVD of DA�3 mammary cancer cells in WT BALB�c, IL-1�,
or IL-1� KO mice. (A) Mice were injected i.f.p. with DA�3 cells (5 � 105 cells per
mouse). The results represent one of three experiments. Mean � SEM from
each group (n � 8 per group) are shown. (B) MVD � SEM in DA�3-embedded
Matrigel plugs (2 � 105) in WT, IL-1�, or IL-1� KO mice (n � 5 in each group).
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de-differentiated and to lose melanin (data not shown). More-
over, when injected i.v., B16 cells produce micrometastases in
the lungs, resulting in death after 14–16 days, whereas in
IL-1�-deficient mice, micrometastases were not observed, and
mice were long survivors, at least 6 months after tumor-cell
injection.

We also examined the effect of specific blockade of IL-1
receptor in WT mice by using the IL-1Ra. IL-1Ra incorporated
into B16 cell-containing Matrigel plugs implanted into WT mice
significantly reduced the outgrowth of tumors and the recruit-
ment of an angiogenic network into the plugs. Furthermore, the
addition of 100 ng of recombinant IL-1 into Matrigel plugs with
B16 cells in IL-1� KO mice resulted in restoration of the
angiogenic response. Thus, the use of IL-1Ra itself, as well as
other methods to reduce IL-1 activity, may have clinical utility
in both inflammatory as well as neoplastic diseases where
angiogenesis is a contributing factor.

Both IL-1� and IL-1� were shown to contribute to tumor
angiogenesis and invasiveness, but the role of IL-1� is more
evident in these processes. This may be due to IL-1� being
secreted into the microenvironment, thus activating cells in the
tumor’s stroma, including the malignant cells. In contrast, the
effects of IL-1� are more limited, as this cytokine is largely
cell-associated. The present findings agree with our previous
observations that tumor cells engineered to secrete IL-1� result
in a more severe and invasive pattern compared with that of
mock-transfected cells (15). In contrast, in that study, IL-1�-
expressing transfectants did not produce tumors, likely because
of IL-1�-induced immune responses, which eradicated the ma-
lignant cells (15, 28–30).

We emphasize the role of host-derived IL-1 as an important
factor for tumor angiogenesis and tumor growth. Previous
studies have focused on the invasion-promoting features of
IL-1 (9–12, 14, 17). IL-1 induces adhesion molecule expression
on both malignant and endothelial cells (11), enabling access
of malignant cells into the circulation and their invasiveness.
Vidal-Vanaclocha and coworkers (10, 13, 14, 17) have dem-
onstrated the role of hepatic sinusoidal endothelial cell-
derived IL-1 in promoting hepatic metastasis of B16 melanoma
cells. In that model, reduction of metastases and increased
survival rates were observed using systemic administration of
IL-1Ra (10). Hepatic metastasis was also significantly reduced
in IL-1�-deficient mice and almost completely absent in mice

deficient in the IL-1�-converting enzyme, which processes the
precursors of IL-1� as well as IL-18 (17). In vitro, increased
binding of the melanoma cells to hepatic sinusoidal endothelial
cells was observed and shown to be caused by the up-regulation
of expression of vascular cell adhesion molecule-1 and possibly
other adhesion molecules on endothelial cells (10, 13, 14).
Supernatants of melanoma cells stimulated endothelial cells to
secrete IL-1�, TNF�, and IL-18, each of which up-regulate
adhesion molecule expression.

Multiple cytokines may affect tumor growth by stimulating
angiogenic factor production (2–8). The role of IL-1 in
inducing VEGF production has been described (31). More-
over, IL-1� selectively induces the expression of hypoxia
inducible factor-1�, a dominant transcription factor for VEGF
(32–35). Here, we show that endogenous IL-1 is involved in the
production of VEGF in cocultures of macrophages and B16
melanoma cells: by using macrophages from IL-1� and IL-1�
KO mice, there was reduced VEGF secretion. Nozaki et al.
(36) have shown that VEGF production by breast cancer cells,
which constitutively secrete IL-1�, is not inhibited by anti-IL-1
antibodies, whereas IL-6 and IL-8 are inhibited by these
antibodies, suggesting that the effects of IL-1 on VEGF
production are indirect. However, IL-1 is directly involved in
production of IL-6 and TNF� in cocultures of macrophages
and B16 melanoma cells where production of TNF� and IL-6
is lower in macrophages from IL-1� KO mice, and, in each
case, inhibited by IL-1Ra.

Intervention in tumor vascularity in experimental tumors
has been reported using inhibitors of the VEGF loop (37–39)
and anti-angiogenic factors, i.e., angiostatin, endostatin (4–6,
40, 41), and IFN-� or -� (42). In addition, antiproteolytic
agents, which target metalloproteinases (43, 44) and hepara-
nase (45), inhibit extra cellular matrix degradation and possess
anti-tumor activity. Anti-inf lammatory agents, such as cyclo-
oxygenase inhibitors (46) and inhibitors of NF-�� (47, 48),
have also been effective in reducing angiogenesis. Because
IL-1 is a major inducer of inf lammation and particularly of
cyclooxygenase-2 (1), other angiogenic and small mediator
molecules may represent a downstream event of an IL-1-
initiated signal. As such, IL-1 may serve as a master cytokine
upon which different angiogenic stimuli converge. Thus, block-
ade of a single molecule, i.e., IL-1, may inhibit the cascade of
downstream (effector) angiogenic factors. In VEGF-
impregnated nylon discs implanted into rat corneal stromata,

Fig. 6. VEGF secretion in cocultures of B16 melanoma cells and macrophages
from WT, IL-1�, or IL-1� KO mice. PEC were obtained and cocultured with B16
melanoma cells, as indicated in Materials and Methods. Mean � SEM VEGF
levels in 48-h supernatants were measured (n � 5 experiments).

Fig. 7. TNF� secretion in cocultures of B16 melanoma cells and macrophages
from WT and IL-1� KO mice. PEC were obtained and stimulated with mela-
noma cells in the presence or absence of IL-1Ra (10 �g�ml). Mean � SEM TNF�

levels in 48-h supernatants are shown (n � 5 experiments).
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systemic treatment with IL-1Ra reduced the numbers of new
blood vessels growing from the corneal limbus toward the
implant by 75% (49). Thus, the use of IL-1Ra, which blocks cell
activation by either IL-1� or IL-1� and is approved for
reducing inf lammation in patients with rheumatoid arthritis,
may be an appropriate therapeutic strategy for inhibiting
tumor angiogenesis. The use of IL-1Ra as an adjunct therapy
in combination with tumor resection and chemotherapy is
supported by our preclinical studies.
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