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The regulation of tumor growth by cytokine-in-
duced alterations in host effector ceU recruit-
ment and activation is intimately associated with
leukocyte adhesion and angiogenic modulation.
In the present study, we have developed a novel
tumor model to investigate this complex series of
events in response to cytokine administration.
Gelatin sponges containing recombinant human
basic fibroblast growth factor (rhFGFb) and
B16F1O melanoma ceUs were implanted onto the
serosal surface ofthe left lateral hepatic lobe in
syngeneic C57BL/6 mice. The tumor model was
characterized by progressive tumor growth ini-
tialy localized within the sponge and the subse-
quent development ofperitoneal carcinomatosis.
Microscopic examination of the sponge matrix
revealed weU developed tumor-associated vascu-
lar structures and areas of endothelial ceU acti-
vation as evidenced by leukocyte margination.
Treatment ofmice 3 days after sponge implanta-
tion with a therapeutic regimen consisting of
pulse recombinant human interleukin-2 (rhIL-2)
combined with recombinant murine interleu-

kin-12 (rmIL-12) resulted in a marked hepatic
mononuclear infiltrate and inhibition of tumor
growth. In contrast to the controlgroup, sponges
from mice treated with rhIL-2/rmIL-12 demon-
strated an overaU lack ofcelularity and vascular
structure. The regimen of rhIL-2 in combination
with rmIL-12 was equaly effective against gela-
tin sponge implants of rhFGFb/B16F1O mela-
noma in SCID mice treated with anti-asialo-GM1
in the absence ofa mononuclear infiltration, sug-
gesting that T, B, and/or NK ceUs were not the
principal mediators of the anti-tumor response
in this tumor model. The absence of vascularity
within the sponge after treatment suggests that a
potential mechanism of rhIL-2/rmIL-12 anti-tu-
mor activity is the inhibition of neovascular
growth associated with the establishment of tu-
mor lesions. This potential mechanism could be
dissociated from the known activities of these
two cytokines to induce the recruitment and ac-
tivation of host effector ceUs. Moreover, this
model provides a unique opportunity to study
the celular and molecular mechanism(s) under-
lying both tumor angiogenesis and leukocyte re-
cruitment to metastatic lesions. (Am J Pathol
1997, 150:1869-1880)
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The progressive growth of primary neoplasms and
metastatic lesions is dependent on angiogenesis1
and is often associated with inflammatory processes
resulting in the recruitment and subsequent infiltra-
tion of the tumor by host leukocytes.2 A principal
pathway of leukocyte infiltration of metastatic lesions
is thought to involve a sequential series of events
whereby leukocytes initially adhere to the tumor vas-
culature with subsequent transmigration in response
to specific cytokines and/or chemokines.3-7 The re-
lationship between the neovascular network of the
tumor microenvironment and leukocyte recruitment
has formed the basis of many therapeutic strategies
using systemically administered recombinant cyto-
kines and/or adoptively transferred, ex vivo activated
effector cells (reviewed in Ref. 8). These therapeutic
strategies have attempted to facilitate leukocyte re-
cruitment from the vascular compartment to tumor-
involved organ parenchyma and metastatic lesions
through the induction or augmentation of specific
physiological signals. Inherent in these strategies
has been the tenet that leukocyte/endothelial adhe-
sion and transmigration are requisite events for suc-
cessful biological therapy of cancer. Relatively little
attention has been given to the relationship and rel-
ative contributions of leukocyte recruitment and neo-
vascularization to anti-tumor responses.
The process of tumor angiogenesis in vivo is

regulated both by angiogenic stimulators such as
fibroblast growth factors (FGFs) and vascular en-
dothelial growth factor (VEGF)9-13 and by angio-
genic inhibitors such as thrombospondin and an-
giostatin.14-16 Several lines of evidence have now
suggested direct links between leukocyte/endo-
thelial interaction and neoplastic vascular devel-
opment. The cytokine-inducible, endothelial adhe-
sion molecules, E-selectin and vascular cell
adhesion molecule-1 (VCAM-1) mediate the rolling
and firm adhesion phase, respectively, of specific
leukocyte subsets.3 6 These adhesion ligands in
soluble form have also been recently reported to
induce chemotaxis of endothelial cells in vitro and
to promote neovessel growth in the rat cornea.17
Moreover, recent in vitro studies have also sug-
gested that the angiogenic stimulators FGF and
VEGF directly regulate VLA-4- and LFA-1/Mac-1-
dependent binding of natural killer (NK) cells to
endothelium.18 In addition, subfamilies of the C-
X-C chemokines that stimulate the chemotactic
transmigration of distinct sets of leukocytes can
also directly regulate the process of angiogene-
sis.19 Studies have shown interleukin-8 (IL-8) to
promote neovessel growth20'21 whereas gro-j3 and
the interferon-inducible protein 10 (IP-10) inhibit

222angiogenesis.2,23 Collectively, these studies sug-
gest that the regulation of tumor growth by cyto-
kine-induced alterations in host effector cell re-
cruitment and activation is intimately associated
with leukocyte adhesion and angiogenic modula-
tion.
A number of experimental models have been de-

veloped to facilitate the in vivo study of leukocyte
recruitment and to elucidate critical determinants
that may impact either directly or indirectly the treat-
ment of metastatic tumor growth.24-28 Although
these models have provided important qualitative
and quantitative information on leukocyte trafficking
to tumors, they have not been well suited for con-
comitant determinations of angiogenic modulation.
Similarly, models of tumor angiogenesis, such as the
corneal micropocket assay21,29 or those incorporat-
ing Matrigel implantation,30,31 have not been ex-
ploited to study the regulation of leukocyte recruit-
ment. With the parallel development of data
implicating complementary interactions between cy-
tokine-induced leukocyte recruitment and the direct
development of tumor neovasculature, the develop-
ment of tumor models capable of simultaneously
addressing both aspects is warranted.

Recently, we have described the use of FGF-ad-
sorbed gelatin sponges affixed to various murine
peritoneal tissues to generate organ-derived vascu-
lar beds.32 This technique allowed a generalized
method for the recovery and culture of tissue-spe-
cific endothelium and permitted the in vitro study of
leukocyte/endothelial cell interactions.32 As origi-
nally reported, the use of implanted FGF-adsorbed
gelatin sponges was developed as a model to permit
the molecular dissection of the in vivo physiological
mechanisms that control neovascularization.33 The
adsorption strategy induced a rapid vascular devel-
opment at the organ-specific site that was accom-
panied by leukocyte infiltration and was able to sus-
tain the survival and proliferative potential of a rat
hepatocyte cell line simultaneously implanted with
the FGF-treated sponges.33 Subsequent studies em-
ploying gelatin sponge implants lacking FGF but
containing irradiated tumor cells have been used to
define factors that govern the recruitment and acti-
vation of tumor-specific lymphocytes during the de-
velopment of an anti-tumor response.34

In the present study, we report on the develop-
ment of a novel tumor model using recombinant
human basic FGF (rhFGFb)-adsorbed gelatin
sponges containing the B16F1O melanoma, which
were affixed to the livers of syngeneic C57BL/6 mice.
Using this model, we have studied the relationship
between the induction of hepatic leukocyte infiltra-
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tion, local angiogenic modulation, and anti-tumor ac-

tivity after treatment of mice with a previously defined
therapeutic regimen consisting of recombinant mu-

rine interleukin-12 (rmlL-12) in combination with
pulse recombinant human interleukin-2 (rhlL-2).35
The results suggest that this model provides a

unique opportunity to study the cellular and molec-
ular mechanism(s) underlying the recruitment of leu-
kocytes to metastatic lesions and tumor angiogene-
sis.

Materials and Methods

Mice

Specific-pathogen-free C57BL/6 and B6 scid/scid
(SCID) mice (8 to 12 weeks of age) were obtained
from the Animal Production Area, NCI-Frederick
Cancer Research and Development Center (Fred-
erick, MD). Mice were kept under specific-pathogen-
free conditions and provided sterilized mouse chow
(Ziegler Bros., Gardner, PA) and water ad libitum.
SCID mice were housed in microisolator cages and
also received 40 mg of trimethoprim and 200 mg of
sulfamethoxazole per 320 ml of drinking water. Ani-
mal care was provided in accordance with the pro-

cedures outlined in the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health
Publication 86-23, 1985).

Reagents
rhlL-2 (Tecin; 3.2 x 107 U/mg) and rmlL-12 (7 x 106
U/mg) were provided by Hoffmann-La Roche (Nut-
ley, NJ). Stock aliquots of rmlL-12 in sterile Ca2+/
Mg2+-free Dulbecco's phosphate-buffered saline
(PBS) were stored at -700C until use. For in vivo
administration, the stock solutions were diluted as

necessary with PBS containing 0.1% sterile-filtered
B6 mouse serum and used within 48 hours. rhFGFb
was obtained from PeproTech (Rocky Hill, NJ) and
stored as aliquots at -700C in 50 mmol/L Tris/HCI,
pH 7.4, until use. Rabbit anti-asialo-GM1 antisera
was purchased from WAKO Chemicals USA (Rich-
mond, VA).

Cell Culture
The murine melanoma cell line B16F1O syngeneic to
C57BL/6N mice was provided by Dr. Isaiah Fidler
(Houston, TX). Cells were grown as monolayer cul-
tures and were maintained in Dulbecco's minimal
essential medium containing 5% heat-inactivated fe-
tal calf serum, 4 mmol/L L-glutamine, and 2 mmol/L

sodium pyruvate. The cells were passaged when the
cultures were approximately 80% confluent and
used between 6 and 18 passages.

Hepatic Implantation of rhFGFb-
Impregnated Sponges Containing B 1 6F1 0
Melanoma
Hepatic implants of vascularized gelatin sponges
containing progressively growing B16F10 melanoma
cells were generated using a modification of previ-
ously published techniques.32'33 Sterile Gelfoam
sponges (Upjohn, Kalamazoo, Ml) were cut into
squares of approximately 5 x 5 x 5 mm (125 mm3),
hydrated, and de-aerated in sterile PBS overnight.
The sponges were then blotted dry and equilibrated
in 50 mmol/L Tris/HCI, pH 7.4, for 60 minutes at 37°C.
After equilibration, the sponges were again blotted
dry and incubated for 60 minutes at 370C with 85 ,tl
of 50 mmol/L Tris/HCI (pH 7.4) containing 1.25 ,ug of
rhFGFb.

Cultures of B16F10 melanoma cells in exponential
growth phase were harvested by a short trypsiniza-
tion (0.25% trypsin and 0.02% EDTA for 1 minute at
370C), washed, and resuspended to 2 x 107 cells/ml
in Ca2+/Mg2+-free Hanks' balanced salt solution
(HBSS). Ten microliters of the cell suspension (2 x
105 cells) were added directly to each individual
sponge containing 125 ,ug of rhFGFb before implan-
tation onto the livers of mice.

Individual B6 or B6 SCID mice were anesthetized
with methoxyflurane (Pitman-Moore, Mundelein, IL),
and the abdomens were washed with 70% ethanol.
An incision was made along the midline of the ab-
domen to expose the abdominal cavity. A sponge,
prepared as described above, was affixed to the
serosal surface of the left lateral hepatic lobe using
cyanoacrylate adhesive. The margins of the surgical
incision were then approximated and closed with
Clay Adams 9-mm autoclips.

Treatment of Hepatic Sponge Implants with
rmIL- 12 in Combination with Pulse rhlL-2
Cohorts of six to eight hepatic sponge-implanted B6
mice were used for all treatment groups and were
administered rmlL-12 in combination with pulse
rhlL-2 as previously described.35 Briefly, mice were
given 300,000 IU of rhlL-2 intraperitoneally twice
daily on days 3 and 10 after sponge implantation.
rmlL-12 (0.5 Ag), or PBS plus mouse serum vehicle
alone, was administered by daily intraperitoneal in-
jection on days 3 to 7 and 10 to 14. The identical
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protocol was used to treat B6 SCID mice that had
also received 0.1 ml of rabbit anti-asialo-GM1 anti-
sera intravenously 3 days before and days 4 and 11
after sponge implantation to deplete NK cells.36 B6
SCID mice were maintained on prophylactic antibi-
otics in their drinking water for the duration of all
experiments.

Pathology
Three days after treatment, mice were necropsied
and liver tissue with attached sponges were fixed in
10% neutral buffered formalin for 24 hours and then
changed to 70% ethanol. Tissues were embedded in
paraffin by routine methods, sectioned at 6 ,um, and
stained with hematoxylin and eosin (H&E) by the
Pathology Histotechnology Laboratory, SAIC Fred-
erick, NCI-FCRDC, Frederick, MD. Selected sections
were stained with Masson's trichrome stain. Photomi-
crographs were obtained using an Olympus BH-2
microscope.

Isolation and Analysis of Hepatic Infiltrative
Mononuclear Cells
Leukocytes were obtained from the livers of control
and rmlL-12/pulse-rhlL-2-treated mice by a modifi-
cation of previously described techniques.37 Livers
were first perfused with 25 ml of HBSS and excised.
Cell suspensions were generated after a 2-minute
disruption in a stomacher (Tekmar Co., Cincinnati,
OH). The resulting cell suspensions were centri-
fuged at 500 x g for 5 minutes, and the pellet was
resuspended and filtered through 100-,um nylon
mesh. The cellular filtrate was centrifuged at 500 x g
for 5 minutes, and the pellet was resuspended to 35
ml in HBSS. The cell suspension was then underlaid
with 13 ml of Lympholyte-M (Cedar Lane Laborato-
ries, Ontario, Canada) and centrifuged at 1400 x g
for 30 minutes at room temperature. After centrifuga-
tion, 10 ml of the interface was aspirated, mixed with
40 ml of HBSS, and centrifuged at 500 x g for 5
minutes. The resulting cell pellet was resuspended in
0.2% bovine serum albumin in HBSS for two-color
flow cytometric analysis (FCA) as described below.

Cells were labeled with optimally titered antibod-
ies, and cellular fluorescence was determined on
1.5 x 104 cells using a FACScan analyzer (Becton
Dickinson, San Jose, CA). All antibodies used for
FCA were obtained from PharMingen (San Diego,
CA). T cells or NK cells were detected using fluores-
cein isothiocyanate (FITC)-labeled anti-CD3 (clone
145-2C1 1) or R-phycoerythrin-labeled anti-NK1 .1

(clone PK136), respectively. CD4+ or CD8+ T cells
were detected by using phycoerythrin-labeled anti-
CD4 (clone H129.19) and FITC-labeled anti-CD8a
(clone 53-6.7). B-lineage cells (mature and imma-
ture) were detected with phycoerythrin-labeled anti-
B220 (clone RA3-6B2) and mature B cells were
detected by using a FITC-labeled affinity-purified
goat anti-mouse IgM (,u-H-chain specific) antibody
(slg-p.-bearing, sIgM+). Macrophage/myeloid cells
were detected using FITC-labeled anti-MAC-1 (clone
Ml /70) and phycoerythrin-labeled anti-Gr-1 /myeloid
differentiation antigen (clone RB6-8C5). The data
were analyzed by the use of FACScan research and
LYSYS software programs written for the Hewlett
Packard Consort 30 microcomputer integral to the
FACScan analyzer (Becton Dickinson). The percent-
age of cells bearing a particular phenotypic marker
was determined on a pool of five livers/group, and
the number of cells bearing a particular marker was
determined by multiplying this percentage by the
mean of the total number of cells of the pooled livers.

Results

Growth of B16F10 in rhFGFb-Adsorbed
Gelatin Sponge Hepatic Implants

Individual gelatin sponges containing an initial con-
centration of 1.25 ,ug of rhFGFb and 2 x 105 B16F10
melanoma cells was implanted onto the serosal sur-
face of the left lateral hepatic lobe in ten B6 mice.
Twenty days after implantation, mice were eutha-
nized and examined for tumor growth. Progressive
hepatic tumor growth was noted in all mice im-
planted with B16F1O cells in rhFGFb-adsorbed gel-
atin sponges. The tumors appeared as a melanotic
lesion ranging in size from 8 to 15 mm in diameter at
the site of implantation. Although the majority of the
hepatic tumor mass was present as a single local-
ized lesion, occasionally smaller tumors were noted
within the same lobe or the left and/or right medial
lobes. There was no evidence of pulmonary metas-
tases, although studding of the peritoneal cavity with
tumor foci was observed in all mice. Histological
examination of the primary hepatic tumor mass
showed well established vascular structures and ev-
idence of endothelial activation as indicated by leu-
kocyte margination and infiltration (Figure 1A). Cel-
lular elaboration of extracellular matrix proteins
circumscribed the vascular components and was
evident throughout the tumor mass (Figure 1 B).
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Figure 1. Vascular development and tumor growth within a rhFGFb-impregnated sponge implanted on the liver of a C57BL16 mouse (day 18).
Original magnification, x 132. A: H&E. B: Masson 's trichrome, samefield as shown in A. Note the deposition ofextracellular matrix components and
leukocyte infiltration (asterisk). Gelatin sponge fibers are also shown in the bottom of thefield (arrow).

Anti-Tumor Activity of rmlL-12 and Pulse
rhIL-2 against Hepatic Sponge Implants of
B16F10 and rhFGFb

To begin to investigate the utility of this tumor model
to study the relationship between the induction of
hepatic leukocyte infiltration by cytokines, local an-

giogenic modulation, and anti-tumor activity, cohorts
of six B6 mice were treated intraperitoneally with
control diluent or two cycles of a previously de-
scribed therapeutic regimen of rmlL-12 in combina-
tion with rhlL-2,35 beginning 3 days after hepatic
implantation of gelatin sponges containing an initial
concentration of 1.25 jig of rhFGFb and 2 x 105
B16F1O melanoma cells. Mice were euthanized 3
days after the final injection and examined for pro-
gressive tumor growth. At this time point, the mean

sponge-associated tumor volume in control-treated
mice was 784 + 101 mm3 (Figure 2). In contrast, a

substantial reduction in tumor volume to below mea-

surable levels was observed in hepatic sponges

from mice treated with rmlL-12 and rhlL-2 (Figure 2).
In addition, although pronounced peritoneal carcino-
matosis was observed in six of six mice treated with
control diluent, four of six mice treated with rmlL-12

and rhIL-2 were macroscopically free of extrahepatic
tumor growth (data not shown).

Microscopic examination of the interface between
the sponge and hepatic parenchyma from control
diluent-treated mice 3 days after the final injection
showed localized tumor growth and hypervascular
deve4lopment within the sponge matrix with minimal
leukocyte infiltration (Figure 3A). In contrast, rela-

CONTROL

i _

IL-2/1L-1.2

Figure 2. Hepatic rhFGFb-impregnated sponges and B16F10 tumor
burden (dav 22)from C57BL/6 mice treated with control diluent(top)
or rmIL-12 and pulse rhIL-2 (bottom). In control-treated mice, a
progressively grouing melanoma is localized within the hepatic
sponge. Little or no tumor growth is observed within the spongesfrom
mice treated with rmIL-12 and pulse rhIL-2.
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Figure 3. Interface between rhFGF sponge/B16 melanoma liver implant and hepatic tissue (day 22) from tumor-bearing mice treated with control
diluent (A) or rmIL-12 and pulse rhIL-2 (B). H&E; original magnification, x 66. Within the gelatin sponge matrix (arrows) of control-treated ntice
are numerouis vascular structures (arrowheads) and tumor cells. In contrast, there is an acellularity within the sponge of mice treated with rmIL-12
and pulse rhIL-2, and a prominent leuikocytic infiltration is observed at the spongelliver interface (asterisks).

tively few tumor cells and no vascular structures
were detected in sponges from mice treated with
rmlL-12 and rhlL-2, and a pronounced leukocyte
infiltrate was apparent at the sponge/liver interface
(Figure 3B). The absence of neovessel formation in
the sponges was confirmed in multiple sections. An
intense leukocyte infiltration was also observed in
proximity to central veins and terminal portal venules
within the hepatic parenchyma of sponge-implanted
mice treated with rmlL-12 and rhlL-2 (Figure 4B) that
was not apparent in mice treated with control diluent
(Figure 4A).

Characterization of the Hepatic Leukocyte
Infiltration Induced by rmlL- 12 and rhIL-2
To determine the cellular composition and kinetics of
this pronounced cytokine-induced infiltrate, cohorts
of five B6 mice were injected intraperitoneally with
control diluent or rmlL-12 in combination with rhlL-2
and livers were processed on days 1, 3, and 5 of
treatment for the ex vivo determination of leukocyte

infiltration by FCA. Under these experimental condi-
tions, rmIL-12 and rhlL-2 induced a significant time-
dependent increase in hepatic leukocyte infiltration
(ninefold; P < 0.01; Table 1). FCA demonstrated
both cytokine-dependent (NK1.1+, CD3+, 8C5+, or
MAC-1 +) and -independent (B220+ or slgm') alter-
ations in the percentage of liver-infiltrating leuko-
cytes. Overall, the infiltrate was characterized by an
initial rapid influx and then loss of NK1.1 + leukocytes
and a concomitant increase of all other mature leu-
kocyte populations by 10- to 35-fold depending on
the subset (Table 1).

Anti-Tumor Activity of rmlL- 12 and Pulse
rhIL-2 against Hepatic Sponge Implants of
B 1 6F10 and rhFGFb in B6 SCID Mice
Given the marked alterations of hepatic leukocyte
infiltration by rmlL-12 and rhlL-2, we hypothesized
that these potential anti-tumor effector cells were
either directly or indirectly involved in the inhibition of
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Figure 4. Liverparenchymafrom rhFGFb sponge/B16 melanoma liver-implanted mice (day 22) treated with control diluent (A) or rmIL-12 andpulse
rhIL-2 (B). H&E; original magnification, x 66. Leukocyte infiltration is evident within the hepatic tissue ofmice treated with rmIL-12 andpulse rhIL-2
(asterisk).

B16F10 tumor growth in the rhFGFb-treated sponge.
To test this hypothesis, the therapy experiment was
repeated in immune-competent B6 mice and in T-
and B-cell-deficient B6 SCID mice treated with anti-
asialo-GM1 to deplete NK cells.36 Mice were eutha-
nized 1 week after the final injection and examined
for progressive tumor growth. No B6 SCID mice were
lost to experimental techniques, and progressive he-
patic tumor growth was noted in all mice implanted
with B16F10 cells (Figure 5). Surprisingly, in compar-
ison with B6 SCID mice treated with anti-asialo-GM1
and control diluent, a substantial reduction in tumor
volume was observed in hepatic sponges from im-
mune-compromised mice treated with rmlL-12 and

rhlL-2 (Figure 5). The reduction in tumor volume was
equivalent to that observed in immune-competent
mice identically treated (data not shown).

In agreement with the micropathology results
shown in Figure 3B, relatively few tumor cells and no
vascular structures were detected in sponges from
immune-competent B6 mice treated with rmlL-12
and rhlL-2, and a pronounced leukocyte infiltrate
was apparent at the sponge/liver interface (Figure
6A). In contrast, although there was a comparable
absence of melanoma cells and endothelium in cy-
tokine-treated, immune-compromised B6 SCID
mice, this was associated with a minimal and dis-
continuous cellular infiltrate (Figure 6B). This his-

Table 1. Characterization of Hepatic Leukocyte Infiltrate Induced by rmIL-12 and rhIL-2

Treatment group

Control diluent
rhlL-2/rmlL-12 x 1
rhlL-2/rmlL-12 x 3
rhlL-2/rmlL-12 x 5

Total leukocytes/
liver (x10)*

2.6
6.1

12.1
23.4

Percentage of total leukocytes positive for:t
NK1.1 CD3 B220 sIg, 8C5

13
31
5
1

45
22
48
51

18
20
20
22

20
19
24
25

3
5
12
12

*Results are expressed as the mean determination from five livers/treatment group. Variation from the mean did not exceed 15%.
tFCA was performed on pooled samples from each indicated group.

MAC-1

15
39
20
20
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CONTROL
B6 scid/scid + a-asialoGMNf I

IL-2 + IL-12
B6 scid/scid + a-asialoGMl

Figure 5. Hepatic rhFGFb-impregjnated sponges and B16FJO tumor
burden (dday 19) from B6 SCID mice treated uith a-asialo-GM1 and
control diluent (top or rmIL-12 andpulse rhIL-2 (bottom) Little or no
tumor growth is observed within the sponges from mice treated with
rmIL-12 and ptulse rhIL-2.

topathological profile was confirmed in multiple sec-
tions. Masson trichrome analysis of the sponge from
rmlL-12- and rhlL-2-treated, NK-cell-depleted, B6
SCID mice showed, in addition to an overall acellu-
larity, the absence of extracellular matrix protein
deposition (Figure 7). These results suggested that a

potential mechanism of the anti-tumor activity ob-
served with rmlL-12 and rhlL-2 treatment in this
model may have resulted from the inhibition of
sponge neovascularization leading to tumor cell
death, which can be dissociated from the known
activities of these two cytokines to induce the recruit-
ment and activation of host effector cells. Moreover,
in general, this model provides a unique opportunity
to study the cellular and molecular mechanisms un-
derlying both tumor angiogenesis and the recruit-
ment of leukocytes to malignant lesions and the rel-
ative contributions of each to anti-tumor effects
induced by various types of biological therapy.

Discussion
In the present study, we have developed a novel
hepatic tumor model to investigate cytokine-induced
alterations in host effector cell recruitment and tumor
angiogenesis. The model is predicated on the ability
of gelatin to bind the angiogenic stimulus FGF and,
after implantation into mice, to induce the rapid for-

Figure 6. Interface between rhFGFb spongelB16 melanoma liwer implanit and bepatic tissue (daY 19) from rmIL-12- and pulse-rhIL-2-treated
tumor-bearing B6 mice (A) or tumor-bearinlg B6 SCID mice depleted ofNK cells (B). H&E, or-iginal magniification, X 66. Sponges in both A anid B
are acellular. Note the miniimal leutkocvte in?filtration at the spongelliver interface in B6 SCID mice depleted ofNK cells (B, arrowheads) as compared
wvith immune-comnpetent mice (A, asterisks).
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Figure 7. rhFGFb sponge/B16 melanoma hepatic implant (day 19) from a B6 SCID mnouse depleted ofNK cells anid treated u'ith rmIL-12 anid pulse
rhIL-2. Masson 's tricbrome; original magnificatiotn, x 165.

mation of blood vessels at organ-specific sites.33
Hepatic implantation of gelatin sponges containing
rhFGFb resulted in a marked fibroblastic infiltrate 4
days after surgery, and in agreement with previous
reports,32'33 blood vessels that had migrated away
from the tissue site of implantation could be ob-
served macroscopically within the gelatin sponge 2
weeks after implantation (Watanabe and Fogler, un-
published observation). In the absence of FGF, vas-
cularization into the sponge does not occur.32'33 Al-
though not investigated in the present study, the
gelatin fibers of the sponge may also facilitate adhe-
sion-mediated signals important for angiogenesis
through newly recruited endothelial av integrins.
The sponge also served to provide a matrix to sup-
port the initial attachment and progressive growth of
the B16F10 melanoma cell line. Occurring with
growth of the tumor was a concomitant loss in the
density of the gelatin fibers, presumably as a result
of tumor-cell-elaborated protease digestion (Wa-
tanabe and Fogler, unpublished observation). The
resulting pattern of tumor growth after sponge im-
plantation onto the serosal surface of the left lateral
hepatic lobe was a highly reproducible, localized
lesion with hypervascular development, which even-
tually gave rise to peritoneal carcinomatosis.

To begin to investigate the utility of hepatic gelatin
sponge implants containing FGF and tumor cells to

study the in vivo relationship between cytokine-in-
duced leukocyte recruitment, angiogenic modula-
tion, and anti-tumor activity, mice were treated with
rmIL-12 and rhlL-2. Recent studies from our labora-
tory have shown that the combination regimen of
rmIL-12 and rhIL-2 used in the current investigation
induced a rapid and complete regression of primary
and metastatic murine renal cell carcinoma (Renca)
and displayed greater anti-tumor activity than that
observed with either cytokine alone.35 Results of that
study suggested that both leukocyte-dependent and
-independent mechanisms might play an important
role in the anti-tumor activity of the rmIL-12 and
rhIL-2 combination.35 The parenteral injection of ei-
ther IL-12 or IL-2 can induce profound effects on
leukocyte recruitment and activation. In particular,
either cytokine may enhance the proliferation, cyto-
kine production, and cytotoxic activity of T lympho-
cytes and NK cells, and IL-12 or IL-2 can influence
the development of a T-helper type 1 versus a T-
helper type 2 pattern of cytokine production during
the induction of an immune response.39-41 Impor-
tantly, in addition to the immune-stimulating effects
of IL-12, this cytokine has been shown to indirectly
function as an antiangiogenic agent.42'43 The mech-
anism whereby IL-12 exerts its antiangiogenic effect
is incompletely understood. However, it has been
suggested that the process involves IL-12 induction
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of interferon-y with subsequent elaboration of IP-10,
a member of the C-X-C chemokine family.42'43 This
suggestion has been strengthened by the demon-
stration in vivo that IP-10 is a potent inhibitor of an-
giogenesis.23

Our results in the current study show that the
regimen of rmlL-12 in combination with rhIL-2 was
effective against gelatin sponge implants of rhFGFb/
B16F10 melanoma in SCID mice treated with anti-
asialo-GM1 in the absence of a mononuclear infil-
trate, suggesting that T and/or NK cells were not the
principal mediators of the anti-tumor response in this
tumor model. The absence of vascularity within the
sponge after treatment with this specific cytokine
combination suggested that a potential mechanism
of action was the inhibition of neovascular growth
associated with the establishment of tumor lesions.
Preliminary experiments to further support this con-
clusion have shown that 1) treatment of B6 mice
bearing 3-day hepatic implants of FGF-containing
gelatin sponges (with no tumor cells) with pulse IL-2
in combination with IL-12 inhibits neovessel forma-
tion into the sponge and 2) IL-12 alone is sufficient to
abrogate the vascular response and tumor growth
when treatment is initiated 3 days after implantation
of hepatic FGF sponges containing B16F10 mela-
noma into B6 scid/scid mice (data not shown). How-
ever, the relationship of these results to those re-
ported by Wigginton et al,35 where the combination
regimen of IL-12 and IL-2 used in the current inves-
tigation induced a rapid and complete regression of
primary and metastatic murine Renca and displayed
greater anti-tumor activity than that observed with
either cytokine alone, is not completely understood.
Experiments are currently underway in our laboratory
to further understand the relationship between the
induction of leukocyte recruitment, angiogenic mod-
ulation, and anti-tumor activity after treatment of mice
with pulse IL-2 and IL-12.
A number of salient features of this model deserve

further comment. First, it is well recognized that or-
gan-specific endothelium can express unique char-
acteristics and either constitutive or cytokine-induc-
ible ligands that are important for leukocyte adhesion
and recruitment.44-46 It is also known that the neo-
vasculature of progressively growing tumors and
metastatic lesions can express traits associated with
the pathological process that are distinct from the
surrounding tissue.47-9 Gelatin sponge implants
containing FGF have been used in our laboratory to
generate cultures of organ-derived endothelial cells
for in vitro investigations of leukocyte adhesion.32
The ability to implant sponges containing both tumor
cells and an angiogenic stimulus to various organs

within the peritoneal cavity or subcutaneously offers
the opportunity to investigate site-specific influences
on in vivo tumor vasculature development50'51 and
cytokine-induced leukocyte recruitment. This latter
event can be studied by in situ immunohistochemis-
try or by FCA after disaggregation of the sponge.
Second, gelatin sponge implants containing FGF
should be amenable to study the in vivo pathological
mechanisms that might control neovascularization
by progressively growing tumors at a distant site. In
this regard, this model would be analogous to the
recently described mouse corneal pocket neovascu-
larization assay used to discover circulating angio-
genesis inhibitors generated by human tumors.29
Moreover, we believe that the ability to implant these
sponges onto target organs of metastatic disease,
such as the liver, in a tumor-bearing host will allow
the opportunity to also identify potential organ-de-
rived effects on neovessel growth.50'51 Third, in con-
trast to the FGF-induced hypervascular response
into gelatin sponges, the development and growth of
hepatic sponge implants of B16F10 melanoma was
not dependent on the presence of exogenous FGF.
Both the B16F10 melanoma and the murine renal cell
carcinoma line Renca form vascular tumors within
the gelatin sponge matrix in the absence of FGF
when implanted onto the liver or kidney, respectively,
of syngeneic hosts (Watanabe and Fogler, unpub-
lished observation). This finding would suggest that
a tumor cell line expressing a transfected gene prod-
uct thought to be involved in angiogenic modulation
and/or leukocyte recruitment could be implanted
within a sponge into various normal or genetically
modified mouse recipient strains for the subsequent
in vivo analyses of these processes. Finally, in the
current studies, the incorporation of exogenous FGF
into the sponge was used to induce a rapid, acute
angiogenic response independent of tumor growth
and to create a hypervascular tumor nodule to facil-
itate studies of leukocyte infiltration and angiogenic
modulation. However, the autonomous growth and
vascular development of hepatic sponge implants of
B16F10 suggests that this model may also be useful
to directly assess the influence of exogenous FGF
and other proangiogenic growth factors on the in situ
tumor-associated vascular expression of adhesion
molecules believed important for leukocyte infiltra-
tion 18,47,49

In summary, the model developed in the present
study affords the opportunity to investigate the cel-
lular and molecular mechanism(s) underlying both
tumor angiogenesis and leukocyte recruitment. Ulti-
mately, the experimental or clinical understanding of
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this relationship should directly impact the treatment
of metastatic tumor growth.
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