
(CANCER RESEARCH 58. 2426-2432. June I. 1998]

Multiple Roles of Interferon-y in the Mediation of Interleukin 12-induced
Tumor Regression1

Makoto Ogawa, Wen-Gong Yu, Kazunari l'induira, Masayuki Iwasaki, Rishani Wijesuriya, Takahiro Tsujimura,

Takeshi Kubo, Iliroini Fujiwara,2 and Toshiyuki Hamaoka

BiomÃ©dicalResearch Center Â¡M.O., W-G. Y., K. U., M. /.. R. W., H. F., T. H.I and Deparlmenl of Oltirhimilaryngology Â¡T.K.I. Osaka University Medical School. Suila. Osaka
565: unti Department of Paihott>R\, Sumitomo Hospital. Kila-ku, Osaka 535 Â¡T.T.], Japan

ABSTRACT

Administration of recombinant interleukin 12 (IL-12) induces tumor
regression that is associated with T-cell infiltration in the OV-HM ovarian

carcinoma and CSA1M fibrosarcoma models. After confirming the block
ing of regression by injection of anti-IFN-y monoclonal antibody iniAhi.
we investigated the mechanisms underlying the requirement of IFN-y in
T-cell migration and tumor regression. T-cell migration was inhibited by
injection of anti-IFN-y mAb to OV-HM tumor-bearing mice prior to
11-12 treatment. We examined, using the lymphoid cell migration assay,
whether IFN-y is required for enhancing the migratory capacity of T cells
or the T cell-accepting potential of tumor masses during 11-12 treatment.
Spleen cells from IL-12-treated or untreated OV-HM-bearing mice were

stained in vitro with a fluorescein chemical and transferred i.v. into
OV-HM-bearing mice that were not treated with IL-12. Migration of

donor cells was quantitated by counting the number of fluorescent cells on
cryostat sections of tumor masses from recipient mice. Compared to
spleen cells from OV-HM-bearing mice that were not treated with 11-12.
enhanced migration was observed for cells from IL-12-treated OV-HM-
bearing mice. Anti-IFN-y pretreatment of donor mice before IL-12 treat

ment did not reduce the migratory capacity of T cells, whereas migration
was markedly inhibited in recipient mice injected with anti-IFN-y. Anti-
IFN-y pretreatment decreased vascular cell adhesion molecule-1 (VCAM-
1(-/intercellular adhesion molecule-1 (ICAM-1 (-positive blood vessels at

tumor sites. Consistent with this, migration was also inhibited by treat
ment of recipient mice with either anti-VCAM-1 or anti-ICAM-1 mAb. In
contrast to the OV-HM model, T-cell migration was not affected in the
CSA1M model following preinjection of anti-IFN-y mAb. In this model,
VCAM-l-/ICAM-l-positive blood vessels existed even after anti-IFN-y

treatment, although tumor regression was completely inhibited. These
results indicate that IFN-y plays two distinct roles in expressing the
antitumor efficacy of IL-12: one is to support the T-cell acceptability of

tumor masses, and the other is to mediate the antitumor effects of mi
grated T cells.

INTRODUCTION

IL-123 has been shown to induce a number of biological effects ( 1,

2), including enhancing NK (3) and CTL (4) activities; acting as an
NK and T-cell growth factor (5-7); stimulating secretion of various
cytokines, particularly IFN-y, by NK and T cells (3, 8): and promoting
maturation of the Thl helper cell subset (1, 9). In addition, IL-12

induces lymphoid cells to express a number of surface molecules,
including adhesion molecules (10, 11). Each of these biological prop
erties has been considered to contribute to controlling tumor growth.

The critical requirement of IFN-y for the IL-12-mediated antitumor
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effect has been recognized. This is based on the fact that the treatment
of anti-IFN-y mAb prior to IL-12 administration abrogates the anti-
tumor efficacy (12, 13), although IFN-y production alone is not

sufficient to induce significant therapeutic effects (14). We have also
observed that tumor regression is associated with a massive T-cell
infiltration into tumor masses and in situ IFN-y production (13, 15,
16). Thus, both IFN-y production and T-cell migration appear to be
crucial in the process of IL-12-induced tumor regression. However, it

remains to be investigated whether these two requirements are mutu
ally related, i.e., whether IFN-y is required for (a) enhancing the

migratory capacity of T cells; (b) generating the acceptability of tumor
masses for migrating T cells; or (c) inducing antitumor responses at
tumor sites. In this context, we recently developed a lymphoid cell
migration assay (17) in which spleen cells from IL-12-treated donor

mice, after in vitro fluorescence labeling, are transferred into recipient
mice that are not treated with IL-12 and fluorescence-positive cells are
evaluated on cryostat sections of recipient's tumor masses. This model

permitted us to separately examine the roles of IFN-y on the gener

ation of the migratory capacity in donor T cells and on the preparation
of the acceptability in recipient's tumor masses.

These results show that, in the OV-HM and CSA1M tumor models,
in which tumor regression is induced by IL-12 treatment, IFN-y is not

necessarily required for generating the migratory capacity in T cells.
In the OV-HM model, the migration of donor T cells was almost
completely inhibited when OV-HM-bearing recipient mice were pre-
treated with anti-IFN-y. T-cell migration was dependent on the inter
actions between VLA-4/LFA-1 (T cells) and VCAM-l/ICAM-1 (en-
dothelial cells). Anti-IFN-y pretreatment was found to largely delete
VCAM-1 -/ICAM-1 -positive blood vessels, which were otherwise ob
served at the peritumoral sites, indicating the role of IFN-y in pre

paring the acceptability of tumor masses for migrating T cells. In
contrast, a similar protocol of anti-IFN-y pretreatment did not de
crease VCAM-1 -/ICAM-1 -positive blood vessels at the peritumoral
sites in the CSA1M model. Consistent with this, T-cell migration was
not inhibited in the IFN-y-pretreated CSA1M recipient mice. How
ever, anti-IFN-y blocked regression of growing CSA1M tumors by
IL-12 treatment, suggesting the role of IFN-y in mediating antitumor
events at tumor sites. Together, the results indicate that IFN-y acts as
an antitumor cytokine at various steps, from T-cell migration to

intratumoral implementation of antitumor responses.

MATERIALS AND METHODS

Mice. Male BALB/c and female (C57BL/6 x C3H/He)F, (B6C3F1) mice

were obtained from Shizuoka Experimental Animal Center (Hamamatsu.
Japan) and used at 6-9 weeks of age.

Tumor Cell Lines. The following two tumor cell lines were used: CSA1M
fibrosarcoma (18) and OV-HM ovarian carcinoma (19) were kindly provided

by Dr. Takato O. Yoshida (Hamamatsu University School of Medicine.
Hamamatsu. Japan) and Dr. Ohtsura Niwa (Kyoto University. Kyoto, Japan).
These cloned tumor cell lines were maintained in RPM1 1640 supplemented
with 10% PCS at 37Â°Cin a humidified atmosphere with 5% CO2.

Preparation of Tumor-bearing Mice. Mice were inoculated s.c. with
CSAIM <5x 10-Vmouse) or OV-HM (5x lOVmouse) tumor cells.
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Reagents. Murine rIL-12 was kindly provided by Genetics Institute Inc.
(Cambridge. MA). It was purified from the supernatants of CHO cells trans-
fected with the p35 and p40 cDNA plasmids. A fluorescent dye, PKH-26-GL.

was purchased from Sigma Chemical Co. (St. Louis, MO).
II,-12 Treatment. Mice were injected i.p. with rIL-12 in a dose of 0.5

/xg/mouse three times every day.
mAbs. Antimouse IFN-y (R4-6A2) mAb. antimouse LFA-1 (M17/5.27),

and antimouse ICAM-1 (YN/1.7.4) hybridomas were obtained from American
Type Culture Collection (Manassas, VA). Antimouse VCAM-1 (MK/1: Ref.
20) and antimouse VLA-4 (PS/2; Ref. 21) hybridomas were kindly provided

Dr. K. Miyake (Saga Medical College, Saga, Japan). mAbs were prepared from
ascitic fluids of hybridoma cells. The purification was performed by precipi
tation with ammonium sulfate followed by YFLC gel filtration (Yamazen
Corporation, Osaka. Japan). Control rat IgG was obtained from BioMeda
(Foster City. CA).

Depletion of CD4/CD8 T Cells from a Spleen Cell Suspension. Spleen
cells were depleted of CD4/CD8 T cells by immunomagnetic negative selec
tion, as described (22). Briefly, CD4* and CD8+ T cells were eliminated by

incubation with anti-CD4 and anti-CD8 mAbs. followed by magnetic particles

conjugated to goat antirat IgG (Advanced Magnetic, Cambridge. MA).
Labeling of Cells with a Fluorescent Dye. Staining was performed ac

cording to the manufacturer's recommended procedure. Briefly, spleen cells

suspended to a concentration of 5 X 107/ml in 1 ml of diluent were allowed to
react with 5 X 10~6 M PKH-26-GL. solved in 1 ml of diluent for 5 min at

37Â°C.Labeling was stopped by the addition of 2 ml of PCS, and cells were

washed five times with RPMI 1640 containing 10% FCS.
Lymphoid Cell Migration Assay. The assay system was essentially the

same as that described previously (17). Mice with similar tumor sizes (~7 mm

in diameter) were used as recipients for this assay. PKH-26-GL-labeled lymph-
oid cells (2 x IO7 cells in 1 ml of RPMI 1640) were injected i.v. into

homologous tumor-bearing mice that were not treated with IL-12. Twenty-four

h after injection, tumor masses were removed, and cryostat sections were
prepared. The entry of fluorescence-labeled donor cells was quantitated under a

fluorescence microscopy and expressed as the mean cell number Â±SE per section.
HistolÃ³gica! Examination. Tumor masses were fixed in 10% formalin,

embedded in paraffin, sectioned, and stained with H&E for histolÃ³gica! ex
amination.

Staining Procedure of Immunohistochemical Examination. The follow
ing reagents were purchased to perform immunohistochemical examination:
biotinylated rat antimouse VCAM-1 and antimouse ICAM-1 (CALTAG Lab

oratories, San Francisco. CA); biotinylated antimouse CD4. CDS. and CD31
mAbs (PharMingen. San Diego, CA); biotinylated rat IgG (Jackson Immu-
noResearch. West Grove, PA); Histofme SA-PO kit and Histofine DAB kit
(Nichirei Co. Ltd., Tokyo. Japan). Cryostat sections (5 /Â¿m)were cut. air-dried,

fixed in 1% paraformaldehyde for 30 min at room temperature, and then
washed three times with PBS. The sections were incubated in PBS containing
0.6% hydrogen peroxide at room temperature for 15 min to block endogenous
peroxidase activity before a biotinylated mAb was added. After preincubation
with 4% BSA solution, the tissues were overlaid with various biotinylated
antibodies and incubated in a humidified chamber at room temperature for an
h. After washing 3 times, the sections were incubated with peroxidase-conju-

gated streptavidin solution for 5 min. After additional three washes, the
labeling was visualized with 0.03% DAB solution containing 0.1% hydrogen

peroxide for several minutes.

RESULTS

Effect of Anti-IFN-y Pretreatment on IL-12-induced T-Cell

Migration and Tumor Regression. Our earlier studies (13, 15, 23)
showed that systemic administration of rIL-12 to tumor-bearing mice

induces complete regression of growing tumors that is associated with
a massive T-cell infiltration to tumor masses in the CSA1M fibrosar
coma and OV-HM ovarian carcinoma models. We have further found
that injections of anti-IFN-y mAb starting just before ( 1 day before)
IL-12 treatment result in almost complete prevention of tumor regres

sion in both tumor models (13, 15). In this study, we examined the
effect of anti-IFN-y pretreatment on IL-12-induced T-cell migration

and tumor regression.

Fig. 1. shows that pretreatment of anti-IFN-y mAb prevents IL-12-
induced tumor regression in the OV-HM tumor model, which con

firms the previous results (15). In this tumor model, a significant
albeit slight level of cellular infiltration was observed before IL-12
treatment, and three IL-12 injections induced a striking enhancement
of cellular infiltration. Anti-IFN-y mAb injected 3 days before IL-12

treatment inhibited infiltration of mononuclear cells to tumor sites
(Fig. 2). Fig. 3 confirms that both CD4+ and CD8+ subsets of T cells

infiltrate tumor masses following IL-12 treatment but such infiltra
tions are inhibited by pretreatment with anti-IFN-y mAb. This con
trasted with our previous finding that pretreatment with anti-IFN-y

mAb did not affect the infiltration of T cells into tumor masses
following IL-12 treatment in the CSA1M model, although tumor
regression was prevented by anti-IFN-y treatment (24). Taken to
gether, the results indicate that neutralization of IFN-y results in
differential effects on T-cell migration to tumor sites, depending on

the tumor model, even when tumor regression is similarly induced.
Anti-IFN-y Treatment Inhibits T-Cell Infiltration through

Down-Regulation of the Acceptability of Tumor Masses for Mi
grating T Cells. For comparison with the CSA1M model, we inves
tigated, in the OV-HM model, how anti-IFN-y treatment inhibits
T-cell migration: it was determined whether anti-IFN-y treatment
down-regulates the capacity of T cells to infiltrate tumor masses or the

acceptability of tumor masses for migrating T cells. This analysis was
done in an in vivo lymphoid cell migration assay that was developed
in our recent study (17). Spleen cells from IL-I2-treated tumor-

bearing mice were stained in vitro with a fluorescein chemical and
transferred i.v. into homologous tumor-bearing mice that were not
treated with IL-12. Migration of donor cells was quantitated by

counting the number of fluorescent cells on cryostat sections of tumor
masses from recipient mice. Fig. 4 shows that, compared to donor
cells from tumor-bearing mice not treated with IL-12, enhanced
migration was observed for cells from IL-12-treated tumor-bearing

mice, which confirms the previous results (17). The results also show
that donor cells prepared from mice treated with IL-12 after anti-
IFN-y pretreatment did not reduce their migratory capacity but, rather,

exhibited somewhat slightly enhanced migration. This was observed
in both OV-HM and CSA1M models. In the lymphoid cell migration

assay used here, almost all migrating cells were found to be CD4/CD8
T cells because depletion of CD4/CD8 T cells from donor cell

IS H

0 5 10
Days after start of IL-12 treatment

Fig. I. Effect of administration of anti-IFN--y mAb on tumor growth in mice receiving

IL-12 therapy in the OV-HM tumor model. B6C3F1 mice were inoculated s.c. with
syngeneic OV-HM (5 x 10s) tumor cells. Mice were injected i.p. wilh rIL-12 in a dose
of 0.5 /Â¿g/mouse three limes every day. Anti-IFN-'y mAb or control rat IgO was
administrated in a dose of I mg/mouse 3 days before the first IL-12 injection. O. no
treatment; â€¢¿�,ral IgG and IL-12, i.p.; A. a-IFN-y and IL-12 i.p. Dala /minis. Iunior growth

expressed as the mean diameter (in mm) of five mice/group; bars. SE.
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Fig. 2. Pretreatment with anti-IFN-y mAb inhibits IL-12-

induced infiltration of lymphoid cells to tumor sites. Tumor cell
inoculation, anti-lFN-y treatment, and 1L-I2 injections were

performed in the same protocol as described in Fig. 1. Tumor
masses were removed from OV-HM tumor-bearing mice 2 days
alter the final (thirdl IL-12 injection. H&E staining. Original
magnification. X500.
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inoculum abolished enhanced migration (17). The results of Fig. 5
confirm this and, furthermore, demonstrate that most of migrating
cells were also CD4/CD8 T cells when donor cells were prepared
from mice treated with IL-12 after anti-IFN-y injection.

We next examined the effect of anti-IFN-y injection in recipient
mice. Recipient tumor-bearing mice were untreated or were treated
with anti-IFN-y mAb or control rat IgG. Three days later, donor cells
prepared from IL-12-treated tumor-bearing mice were transferred into
anti-IFN-7-untreated or -treated recipient mice (Fig. 6). Migration
was not inhibited by treatment of recipients with anti-IFN-y mAb in
the CSA1M model, whereas anti-IFN-y treatment of recipients strik
ingly reduced the enhanced migration in the OV-HM model. Thus,
these differential effects of anti-IFN-y treatment of recipient mice in

the migration assay correlated with the difference in the effects of
anti-IFN-y treatment on the migration induced after IL-12 treatment
between OV-HM (Fig. 2) and CSA1M (24) models.

Effect of Anti-IFN-y Treatment on the Induction of VCAM-1-/
ICAM-1-positive Blood Vessels. We previously demonstrated that
IL-12 can confer T cells with a capacity to migrate to tumor sites
through VLA-4/LFA-1 adhesion pathways (17). Fig. 7 confirms this

by demonstrating that treatment of recipient mice with mAbs against
ligands for VLA-4 and LFA-1 inhibits the migration of donor cells
from IL-12-treated tumor-bearing mice. These observations, showing
the crucial roles of VCAM-l/ICAM-1, probably on intratumoral
blood vessels in T-cell migration in both OV-HM and CSA1M mod
els, raise the question of why the effect of anti-IFN-y treatment on
T-cell migration differs in these two tumor models.

We, therefore, investigated whether anti-IFN-y treatment influ
ences the expression of VCAM-l/ICAM-1 on blood vessels or the
induction of VCAM-1-/ICAM-1-positive vessels at tumor sites. This

was done by immunohistochemical examination. Cryostat sections of
tumor masses from OV-HM or CSA1M tumor-bearing mice 3 days

Co. Ab Q-CD4 Q-CD8

Fig. 3. Migration of CD4+ and CD8+ T cells

following IL-12 treatment and its inhibition by
anti-IFN-y pretreatment. Fro/.cn sections of
OV-HM tumor masses removed from mice 2 days
after the third IL-12 injection (the same tumor
masses as those used in Fig. 2) were stained with
biotinylaled control ral IgG. anti-CD4, or anti-CD8
mAb followed by peroxidase-conjugated streptavi-
din and DAB. Original magnification, X800.
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Fig. 4. Effect of anti-IFN-y treatment on the induction of Ihe tumor-inhltraling
capacity in the T cell. OV-HM (left) or CSAIM (right) tumor-hearing mice were treated
with IL-12 (three injections) 3 days after pretreatment with I mg anti-IFN-y mAb or
control rat IgG. Donor spleen cells were prepared from mice 2 days after the final IL-12
injection, labeled with a fluorescent dye. and transferred into homologous tumor-bearing
recipient mice not treated with IL-12. The entry of fluorescence-labeled donor cells was

quantified on cryostat sections of tumor masses from three groups of recipient mice.
Columns, numbers of migrating cells expressed as the mean of three sections per tumor
mass: bars. SE. The results are representative of three similar experiments.

Donor cells from mice treated vtith :

uCD8 uCD8

Fig. 5. Migrating cells are mostly CD4/CD8 T cells. Donor spleen cells prepared from
IL-12-treated mice with or without anti-IFN-y pretreatment were depleted of CD4/CD8 T
cells by immunomagnetic negative selection as described in "Materials and Methods."

The results are representative of two similar experiments.

after anti-IFN-y treatment were stained for CD31 (as a marker for
endothelial cells), VCAM-1, or ICAM-1 (Figs. 8 and 9). Fig. 8
illustrates that the control OV-HM tumor masses have many CD31+

vessels (especially at the outer area of the mass) expressing high
levels of VCAM-1 and 1CAM-1, but the mass from anti-IFN-y-treated
mice have fewer CD31 + vessels, expressing strikingly and apprecia

bly reduced levels of VCAM-1 and ICAM-1, respectively.
In contrast to the OV-HM model, the incidence of CD31"1"

vessels did not differ between untreated and anti-IFN-y-treated

groups in the CSAIM model (Fig. 9). Moreover, the vessels
expressed VCAM-1 and ICAM-1, irrespective of whether anti-

IFN-y treatment was performed (Fig. 9). Taken together (Figs.
6-9), the results indicate that anti-IFN-y treatment inhibits VLA-
4-/LFA-1-dependent T-cell migration by down-regulating the in
duction VCAM- 1-/1CAM-1 -positive blood vessels at tumor sites
only in the OV-HM tumor model.

Anti-IFN-y Treatment Inhibits the Induction of VCAM-1-/
ICAM-1-positive Blood Vessels in Tumor Masses, even from IL-
12-treated OV-HM-bearing Mice. T-cell migration was inhibited
not only in recipient mice treated with anti-IFN-y but not treated with
IL-12 in the migration assay (Fig. 6, top) but also in mice receiving
IL-12 therapy following anti-IFN-y pretreatment (Figs. 2 and 3). We
finally examined whether anti-IFN-y treatment also down-regulates
the induction of VCAM-1-/ICAM-1-positive blood vessels in tumor
masses of mice during IL-12 treatment. Tumor masses were harvested
from IL-12-treated tumor-bearing mice with or without anti-IFN-y
pretreatment and stained for CD31, VCAM-1, and ICAM-1 (Fig. 10).
The results show that CD31+ blood vessels from IL-12-treated mice

not receiving anti-IFN-y pretreatmcnt expressed high levels of
VCAM-1 and ICAM-1 and that ICAM-1 positivity was additionally
detected on cells other than CD31 ' endothelial cells. In contrast,

pretreatment with anti-IFN-y before IL-12 treatment resulted in a
striking down-regression of VCAM-l/ICAM-1 expression. Slight lev
els of ICAM-1 expression were constitutively detected but VCAM-1
expression was hardly observed in normal s.c. tissue before IL-12
treatment. After IL-12 treatment, up-regulation of VCAM-l/ICAM-1

was observed at tumor sites especially in the peritumoral regions
(stroma) but was not seen in s.c. tissue not associated with tumors
(data not shown). Thus, anti-IFN-y treatment inhibits the expression of
intratumoral vascular adhesion molecules required for T-cell migration.

DISCUSSION

The results obtained here demonstrate that IL-12 treatment induces
a massive infiltration of CD44 and CD8+ T cells into tumor masses

Rat. IgG u-IKN-Y
Day -3 Day -3 Â¡

Treatment of recipients with :
. IL-12 IL-12 IL-12 .

Donor cells from mice treated with:

Fig. 6. Effect of anti-IFN-y treatment on the acceptability of tumor masses for T cells.
Spleen cells from tumor-bearing mice treated or not treated with IL-12 were transferred
into IL-12-untrealed homologous tumor-bearing mice that had been untreated or pre-
treated with anti-IFN-y mAb or control rat IgG 3 days before. The results are represent

ative of three similar experiments.
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to.
Rat IgG Â«-VCAM-1 u-ICAM-l

Fig. 7. Inhibition of T-cell migration by treatment of recipient miee with anti-VCAM-I
or anti-ICAM-l mAb before donor cell transfer. Donor spleen cells from lL-12-treated
luinor-hearing mice were transferred into recipient mice that had been injected with I
mg/mouse anti-VCAM-1 or anti-ICAM-l mAb 12 h before. The results are representative

of two similar experiments.

in the OV-HM model and that this T cell migration is dependent on
IFN-y activity because the migration is largely inhibited by anti-
IFN-y pretreatment. The lymphoid cell migration assay revealed that
IFN-y is required not for the acquisition of the tumor-infiltrating
capacity by T cells but for the induction of VCAM-1-/ICAM-1-

positive intratumoral vasculature in the above tumor model. In con
trast, neither the expression of VCAM-1/ICAM-1 on intratumoral
vessels nor T-cell migration is inhibited by anti-IFN-y pretreatment in
the CSA1M tumor model. Our previous study showed that anti-IFN-y

treatment prevents the regression of CSA l M tumors by blocking the
activity of IFN-y produced by tumor-infiltrating T cells (24). Taken
together, the results indicate multiple roles of IFN-y produced by
IL-12-stimulated T cells in the scenario of IL-12-induced tumor

regression.
Here, we show a major role for IFN-y in the induction of tumor

regression in the OV-HM tumor model. The results indicate that this

role is associated with the regulation of vascular adhesion molecules
on intratumoral vasculature responsible for T-cell migration. The

interaction of T cells with endothelial cells is principally mediated by
two integrin molecular pathways: the binding of LFA-1 to ICAM-1
and the binding of VLA-4 to VCAM-1 (25 ). The involvement of these

two interactive units in the recruitment of T cells to inflamed sites has
been well established by the blocking experiments using mAbs
against these adhesion molecules (26-31). It is well known that the
expression of VCAM-1/ICAM-1 is up-regulated at the inflamed sites
by inflammatory cytokines such as IFN-y (31). Our results illustrated
that detectable levels of cellular infiltration and VCAM-l/ICAM-1
expression are already observed within tumor masses before IL-12
treatment in the OV-HM tumor model. In the migration assay, donor
T cells prepared from IL-12-treated tumor-bearing mice migrated to
tumor masses of recipient mice not exposed to IL-12 in a VCAM-1-/
ICAM-1-dependent manner. Treatment of recipients with anti-IFN-y
mAb prior to donor cell transfer inhibited T-cell migration along with
down-regulation of intratumoral VCAM-l/ICAM-1 expression. Thus,
it is reasonable to assume that IFN-y produced by a few tumor-
infiltrating cells contributed to inducing the expression of VCAM-1/
ICAM-1 before IL-12 treatment.

The expression of VCAM-l/ICAM-1 is strikingly up-regulated in
tumor masses from IL-12-treated OV-HM-bcaring mice. This was

no treatment Rat IgG a-IFN-Y

Fig. 8. Down-regulation of VCAM-l/ICAM-1

expression on blood vessels in tumor masses from
anli-IFN--y-treated OV-HM-hcaring mice. OV-HM

tumor masses were harvested from mice 3 days
after treatment with anti-IFN--y mAb or control ral

IgG. Sections of tumor masses were stained for
CD31, VCAM-Land ICAM-1.
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no treatment RatlgG a-IFN-Y

Fig. 9. The expression of VCAM-I/ICAM-1 on
intratumoral vessels is not inhibited by anti-IFN-y
mAb pretreatment in the CSA1M model. CSA1M
tumor masses were harvested from mice 3 days
after treatment with anti-IFN-y mAb or control rat
IgG.

â€¢¿�*

also observed in another IL-12-curable model, GSA1M, but not in
IL-12-noncurable tumor models, in which only marginal levels of
cellular infiltration were observed, even after IL-12 treatment.4 The
enhanced VCAM-l/ICAM-1 expression in tumor masses from IL-12-
treated OV-HM-bearing mice was almost completely inhibited by
anti-IFN-y pretreatment. Consequently, T-cell migration and tumor
regression were prevented. Thus, IFN-y is required for inducing the
T-cell acceptability of tumor masses, as exemplified by the expression
of VCAM-l/ICAM-1 in the OV-HM model.

In contrast to the OV-HM model, the expression of VCAM-1/
ICAM-1 was not largely affected by anti-IFN-y treatment in the
CSA1M model. This was, indeed, the case for CSA1M tumor
masses from mice not treated with IL-12 (Fig. 9) and even from
IL-12-treated mice.4 In this tumor model, the up-regulation of

VCAM-l/ICAM-1 may be assumed to be efficiently achieved by
inflammatory cytokines (31) other than IFN-y when IFN-y is
neutralized. Because the expression of these adhesion molecules
was not largely inhibited in CSA1M tumor masses, T-cell migra
tion was observed in anti-IFN-y-pretreated recipient mice in the
present migration assay and in mice receiving IL-12 therapy fol
lowing anti-IFN-y injections (24). Despite positive T-cell migra
tion, regression of CSA1M tumors was inhibited. This was shown
to be associated with the neutralization of intratumoral IFN-y
activity responsible for the manifestation of IFN-y-mediated anti-
tumor effects (24). Namely, anti-IFN-y mAb injection prior to
IL-12 treatment almost completely abrogated the in situ expression
of inducible nitric oxide synthase and IFN-y-inducible protein-10,
as examples of IFN-y-inducible genes (24). This also shows the
efficacy of IFN-y neutralization in the CSA l M tumor model. Thus,
differential effects of anti-IFN-y treatment on the expression of

Rat IgG + IL-12 a-IFN-Y + IL-12

4 M. Ogawa, H. Fujiwara. and T. Hamaoka. unpublished observations.

Fig. 10. Anti-IFN-y mAb treatment inhibits the expression of VCAM-l/ICAM-1 on
intratumoral vessels in IL-12-treated mice. OV-HM tumor-bearing mice were pretreated
with anti-IFN-y mAb or control IgG and, 3 days laler, received IL-12 therapy (3
injections). Tumor masses were harvested 2 days after the final IL-12 injection.
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MULTIPLE ROLES FOR IFN--y IN IL-12 TUMOR THERAPY

VCAM-1/ICAM-l permitted the evaluation of two distinct roles of
IFN-y in tumor regression in two IL-12-curable tumor models.

It would also be of importance to consider the effect of IL-12 on
the acquisition of tumor-infiltrating capacity by T cells. In the
migration assay, T cells from tumor-bearing mice not treated with
IL-12 failed to migrate to tumor sites, and T cells exhibited the
tumor-infiltrating capacity only after IL-12 treatment (Ref. 24 and
this study). Thus, it is obvious that IL-12 confers T cells with the
tumor-infiltrating capacity and that enhanced T cell migration is

induced by the acquisition of such a capacity by T cells, as well as
by the up-regulation of T-cell acceptability by tumor masses.
These results showed that the latter requirement is IFN-y depend
ent in the OV-HM model, whereas the former is IFN-y independent
in both OV-HM and CSA1M models. Therefore, it appears that the
tumor-infiltrating capacity could be acquired as a result of the
direct action of IL-12 on T cells. Further studies will be required
to investigate how IL-12 enhances the capacity of T cells to

migrate to tumor sites, including the quantitative and qualitative
up-regulation of adhesion molecules on T cells such as selectin
receptors (32) and LFA-l/VLA-4 (33, 34).

Our present results indicate that IFN-y is required for up-regulating
the expression of adhesion molecules responsible for enhanced T-cell
migration. IFN-y also functions as a key cytokine in the mediation of

the activation of various antitumor mechanisms at tumor sites (re
viewed in Ref. 35). In addition to the IL-12 function that is necessary
for up-regulating the tumor-infiltrating capacity of T cells, there are

multiple mechanisms for the manifestation of antitumor effects of
IL-12. It is also true that IL-12 is unable to exhibit antitumor effects

in some tumor models. Recognizing each of the above mechanisms
and examining the operation of these mechanisms could contribute to
the designing of ways to correct the defects of antitumor pathways in
tumor models in which tumor regression is not induced by IL-12

treatment.

ACKNOWLEDGMENTS

We are grateful to Mari Yoneyama and Tomoko Katsuta for secretarial
assistance.

REFERENCES

1. Trinchicri. G. Interleukin-12: a cytokine produced by antigen-presenting cells with
immunoregulatory functions in the generation of T-helper cells type 1 and cyloloxic
lymphocytes. Blood. N4: 4(X)8-4027. 1994.

2. Brunda. M. J. lnterleukin-12. J. Leukocyte Biol.. 55: 280-288. 1994.
3. Kobayashi. M.. Fitz, L.. Ryan. M.. Hewick. R. M.. Clark. S. C. Chan. S.. Loudon, R..

Sherman. F.. Perussia, B.. and Trinchieri. G. Identification and purification of natural
killer cell stimulatory factor (NKSF). a cytokine with multiple biologic effects on
human lymphocytes. J. Exp. Med.. 170: 827-845. 1989.

4. Stern, A. S.. Podlaski. F. J.. Hulmes, J. D.. Pan. Y. C.. Quinn. P. M., Wolitzky, A. G.,
Familletti, P. C., Slremlo. D. L.. Truitt. T.. Chizonnite. R.. and Gately. M. K.
Purification to homogeneity and partial characterization of cytotoxic lymphocyte
maturation factor from human B-lymphohlastoid cells. Proc. Nati. Acad. Sci. USA.
87: 6808-6812. 1990.

5. Robertson. M. J.. Soiffer. R. J., Wolf. S. F.. Manley. T. J.. Donahue. C.. Young. D..
Herrmann. S. H.. and Rit/.. J. Response of human natural killer (NK) cells to NK cell
stimulatory factor (NKSF): cytolytic activity and proliferation of NK cells are
differentially regulated by NKSF. J. Exp. Med.. 775: 779-788, 1992.

6. Gately. M. K.. Desai. B. B.. Wolitzky. A. G.. Quinn. P. M.. Dwyer. C. M.. Podlaski.
F. J., Familletti. P. C.. Sinigaglia. F.. Chizonnite. R.. Gubler. U.. and Stern. A. S.
Regulation of human lymphocyte proliferation by a heterodimeric cytokine, IL-12
(cytotoxic lymphocyte maturation factor). J. Immunol.. 147: 874-882. 1991.

7. Perussia. B.. Chan. S. H.. D'AndrÃ©a,A.. Tsuji. K.. Santoli. D.. Pospisil. M.. Young.

D.. Wolf. S. F.. and Trinchieri, G. Natural killer (NKl cell stimulatory factor or IL-12
has differential effects on the proliferation of TCR-a ÃŸ'.TCR-y 5+ T lymphocytes,

and NK cells. J. Immunol.. 14V: 3495-3502, 1992.
8. Chan. S. H.. Perussia. B., Gupta. J. W.. Kobayashi. M.. Pospisil. M.. Young. H. A..

Wolf, S. F.. Young. D.. Clark, S. C., and Trinchieri. G. Induction of interferon y
production by natural killer cell stimulatory factor: characterization of the responder
cells and synergy with other inducers. J. Exp. Med. 173: 869-879. 1991.

9. Manelli. R.. Parronchi. P.. Giudizi. M. G.. Piccinni, M. P.. Maggi, E.. Trinchieri, G..
and Romagnani. S. Natural killer cell stimulatory factor (interleukin 12 (IL-12])

10.

13.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

induces T helper type 1 (Th I (-specific immune responses and inhibits the develop
ment of IL-4-producing Th cells. J. Exp. Med.. Â¡77: 1199-1204, 1993.
(Â¡ermann.T.. Gately. M. K., Schoenhaut. D. S.. Lohoff, M.. Mattner. F., Fischer. S..
Jin. S. C.. Schmitt, E., and RÃ¼de.E. Interleukin-12/T cell stimulating factor, a
cytokine with multiple effects on T helper type 1 (Thl) but not on Th2 cells. Eur.
J. Immunol.. 23: 1762-1770. 1993.
Allavena, P.. Paganin, C., Zhou. D., Bianchi, G., Sozzani, S., and Mantovani, A.
Interleukin-12 is chemotactic for natural killer cells and stimulates their interaction
with vascular endothelium. Blood. 84: 2261-2268, 1994.
Nastala. C. L.. Edington. H. D.. McKinney. T. G.. TaÃ±ara. H.. Nalesnik, M. A.,
Brunda, M. J.. Gately, M. K.. Wolf, S. F.. Schreiber, R. D., Storkus. W. J., and Lotze.
M. T. Recombinant IL-12 administration induces tumor regression in association with
IFN-y production. J. Immunol.. 153: 1697-1706, 1994.
Zou. J. P.. Yamamoto. N., Fujii, T., Takenaka, H.. Kobayashi, M.. Herrmann. S. H..
Wolf. S. F.. Fujiwara, H., and Hamaoka, T. Systemic administration of rIL-12 induces
complete tumor regression and protective immunity: response is correlated with a
striking reversal of suppressed IFN-y production by anti-tumor T cells. Int. Immunol..
7: 1135-1145, 1995.

Brunda. M. J.. Luistro. L., Handrzak. J. A.. Fountoulakis. M.. Carotta. G.. and Gately,
M. K. Role of interferon-y in mediating the antilumor efficacy of interleukin-12.
J. Immunother.. 17: 71-77. 1995.
Yu. W-G.. Yamamoto. N.. Takenaka, H., Mu. J., Tai. X-G., Zou, J-P., Ogawa, M.,
Tsutsui, T., Wijesuriya, R.. Yoshida. R.. Herrmann, S., Fujiwara. H.. and Hamaoka,
T. Molecular mechanism underlying IFN-y-mediated tumor growth inhibition
induced during tumor immunotherapy with rIL-12. Int. Immunol.. 8: 855-865.
1996.
Fujiwara. H.. Zou, J. P., Herrmann, S., and Hamaoka, T. A sequence of cellular and
molecular events involved in IL12-induced tumour regression. Res. Immunol., 146:
638-644, 1995.
Ogawa, M.. Tsutsui, T., Zou. J-P.. Mu. J.. Wijesuriya, R., Yu, W-G.. Herrmann. S..
Kubo. T.. Fujiwara, H.. and Hamaoka. T. Enhanced induction of VLA-4/LFA-1-
dependent T cell migration to tumor sites following administration of IL-12. Cancer
Res., 57: 2216-2222, 1997.
Yoshida. T. O-, Haraguchi. S., Miyamoto, H., and Matsuo, T. Recognition of
RSV-induced tumor cells in syngeneic mice and semisyngeneic reciprocal hybrid
mice. Gann Monogr. Cancer Res.. 23: 201-212. 1979.
Hashimoto, M., Niwa, O., Nitta, Y., Takeichi. M., and Yokoro, K. Unstable expres
sion of E-cadherin adhesion molecules in metastatic ovarian tumor cells. Jpn. J.
Cancer Res.. 80: 459-463. 1989.
Miyake, K.. Medina, K.. Ishihara. K.. Kimoto. M.. Auerbach, R., and Kincade. P. W.
A VCAM-like adhesion molecule on murine bone marrow stromal cells mediates
binding of lymphocyte precursors in culture. J. Cell Biol., 114: 557-565. 1991.
Miyake, K.. Weissman. I. L.. Greenberger. J. S.. and Kincade. P. W. Evidence for a
role of the integrin VLA-4 in lympho-hemopoiesis. J. Exp. Med., 173: 599-607.
1991.
Horgan, K. J.. Van-Seventer. G. A.. Shimizu, Y., and Shaw, S. Hyporesponsive-
ness of "naive" (CD45RA + ) human T cells to multiple receptor-mediated stimuli

but augmentation of responses by co-stimuli. Eur. J. Immunol.. 20: 1111-1118,
1990.
Mu, J.. Zou, J. P.. Yamamoto. N.. Tsutsui, T., Tai. X. G.. Kobayashi, M.. Herrmann.
S., Fujiwara. H.. and Hamaoka. T. Administration of recombinant Â¡nterleukin 12
prevents outgrowth of tumor cells metastasizing spontaneously to lung and lymph
nodes. Cancer Res.. 55: 4404-4408. 1995.
Yu, W-G., Ogawa, M., Mu. J., Umehara, K.. Tsujimura, T.. Fujiwara, H., and
Hamaoka, T. IL-12-induced tumor regression correlates with in situ activity of IFN-y
produced by tumor-infiltrating cells and its secondary induction of anti-tumor path
ways. J. Leukocyte Biol., 62: 450-457. 1997.
Springer, T. A. Traffic signals for lymphocyte recirculation and leukocyte emigration:
the multistep paradigm. Cell, 76: 301-314, 1994.
Scheynius, A.. Camp. R. L., and Pure, E. Reduced contact sensitivity reactions in
mice treated with monoclonal antibodies to leukocyte function-associated molecule-1
and intercellular adhesion molecule-1. J. Immunol.. 150: 655-663. 1993.
Kawasaki, K.. Yaoita, E., Yamamolo, T.. Tamatani. T., Miyasaka, M.. and Kihara. I.
Antibodies against intercellular adhesion molecule-1 and lymphocyte function-asso
ciated antigen-1 prevent glomerular injury in rat experimental crescentic glomerulo-
nephritis. J. Immunol., 150: 1074-1083. 1993.
Yednock. T. A.. Cannon, C., Fritz, L. C.. Sanchez-Madrid. F.. Steinmun, L., and
Karin. N. Prevention of experimental autoimmune encephalomyelitis by antibodies
against a4ÃŸl integrin. Nature (Lond.), 356: 63-66. 1992.
Christensen. J. P.. Andersson. E. C.. Scheynius, A.. Marker. O., and Thomsen, A. R.
Â«4integrin directs virus-activated CD8* T cells to sites of infection. J. Immunol..
154: 5293-5301. 1995.
Yang, X. D., Michie, S. A., Tisch, R.. Karin. N., Steinman, L.. and McDevitt. H. O. A
predominant role of Â¡ntegrina4 in the spontaneous development of autoimmune diabetes
in nonobese diabetic mice. Proc. Nati. Acad. Sci. USA, 91: 12604-12608. 1994.
Shimizu, Y.. Newman. W.. Tanaka. Y.. and Shaw, S. Lymphocyte interactions with
endothelial cells. Immunol. Today. 13: 106-112. 1992.
Leung. D. Y., Gately. M., Trumble, A.. Ferguson-Darnell. B.. Schlievert. P. M., and
Picker. L. J. Bacterial superantigens induce T cell expression of the skin-selective
homing receptor, the cutaneous lymphocyte-associated antigen, via stimulation of
interleukin 12 production. J. Exp. Med., 181: 747-753. 1995.
Robertson. M. J.. Soiffer. R. J., Wolf, S. F., Manley. T. J., Donahue, C.. Young, D..
Herrmann, S. H.. and Ritz. J. Response of human natural killer (NK) cells to NK cell
stimulatory factor (NKSF): cytolytic activity and proliferation of NK cells are
differentially regulated by NKSF. J. Exp. Med.. /75: 779-788. 1992.
Rabinowich, H.. Herberman, R. B.. and Whiteside, T. L. Differential effects of IL12
and IL2 on expression and function of cellular adhesion molecules on purified human
natural killer cells. Cell Immunol.. 152: 481-498. 1993.
Fujiwara. H.. Clark. S. C.. and Hamaoka. T. Cellular and molecular mechanisms under
lying IL-12-induced tumor regression. Ann. N. Y. Acad. Sci., 795: 294-309. 19%.

2432

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2426/2466584/cr0580112426.pdf by guest on 19 M

ay 2023




