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Application of interleukin 12 to antitumor cytokine and gene therapy

AbstractmIn vivo administration of interleukin 12 (IL-12)
at 2000 U/mouse induced IL-12-activated killer (IL-12AK)
cells in parallel with an elevation in serum interferon-γ
(IFN-γ) activity. Although NK1.1+CD3– natural killer cells
are the major precursor of IL-12AK cells, asialoGM1+CD8+

T-cells were also demonstrated to be novel precursors. Such
anomalous killer cells may play an important role in the
early stages of the host defense mechanisms against tumors.
It was also shown that IL-12 is effective in inducing tumor-
specific cytotoxic T-lymphocytes. Consistent with these
data, IL-12 had marked activity against various kinds of
established tumors when given systemically. Mice cured of
tumors by IL-12 treatment acquired tumor-specific T-cell
immunity. Moreover, we initially demonstrated that IL-12
was effective in preventing and inhibiting the growth of
primary tumors induced by the chemical carcinogen
methylnitrosourea using c-Ha-ras transgeneic mice. Finally,
we investigated the application of IL-12 to antitumor gene
therapy. Transfer of the IL-12 gene into A20 B-lymphoma

cells resulted in the continuous production of IL-12 and
caused abrogation of in vivo tumorigenicity. Tumor cells
transfected with the IL-12 gene are potentially a good tool
as a tumor vaccine, as they effectively induced IL-12AK
cells, IFN-γ production, and tumor-specific protective im-
munity. Although B16–BL-6 melanoma cells, which are a
highly metastatic subclone of B16 melanoma cells, showed
resistance to IL-12 gene therapy, combination therapy with
the B7-1 gene and systemic IL-12 administration almost
completely inhibited tumor metastasis. Similar results were
obtained using B16–BL-6 melanoma cells transfected with
both B7-1 and IL-12 genes. These results suggest that IL-12
is a promising cytokine for antitumor cytokine and gene
therapy.
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Introduction

Evidence that cytotoxic T-lymphocytes (CTLs) recognize
tumor-rejection antigen peptide bound to the major histo-
compatibility complex (MHC) and lyse autologous tumor
cells encouraged us to develop new strategies for tumor-
specific immunotherapy [23]. However, it has been consid-
ered difficult to induce tumor-specific immunity in vivo due
to low tumorigenicity and strong immunosuppression [20].

Recent experiments have demonstrated that activation of
the T-helper function at tumor sites (local help) is essential
for induction of in vivo antitumor immunity [3, 4, 15].
Many investigators initially tried to induce local help using
interleukin 2 (IL-2), but this was unsuccessful due to the
short half-life of IL-2 in vivo. To overcome this problem we
have tried several strategies to introduce local help in vivo
[13]: targeting of both CD4+ T-cells and CD8+ T-cells using
an antitumor× anti-CD3 bispecific antibody (helper/killer
therapy) [16, 17], delivery of MHC-binding antigen using
an antitumor monoclonal antibody (MAb) [7], and applica-
tion of IL-12 in tumor immunotherapy [8].
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The recently identified cytokine IL-12 has a longer half-
life in vivo and has multiple immunoregulatory functions,
including activation of natural killer (NK) cells, CTLs, and
Th1 cells [22]. Therefore, use of IL-12 to induce local help
in a tumor-bearing host appeared to be a rational strategy. In
this paper we describe the characteristics of in vivo-induced
IL-12-activated killer (IL-12AK) cells and the therapeutic
effect of IL-12 on both transplantable and primary tumor
cells. We also discuss the application of IL-12 to antitumor
gene therapy.

Materials and methods

Mice

C57BL/6 mice and BALB/c mice were purchased from Charles River
Japan (Yokohama, Japan) and used at 5–6 weeks of age.

Induction of IL-12AK cells in vivo

Normal C57BL/6 mice received an intraperitoneal injection of recom-
binant IL-12 (2000 U/mouse; kindly donated by Genetics Institute,
Cambridge, Mass., USA) 1 day before the experiments. As a control,
saline or IL-2 (2000 U/mouse; kindly supplied by Shionogi Pharma-
ceutical, Osaka, Japan) was used. Spleen cells from the treated mice
were harvested and passed through a nylon-wool column. The nylon-
passed spleen cells (NPSPL) from IL-12-injected mice were used as
IL-12AK cells. Pooled NPSPL from three mice per group were used in
all experiments. To define the characteristics of IL-12AK cells, spleen
cells obtained from IL-12-injected mice were sorted into NK1.1+CD3–

NK cells, NK1.1–CD3+ T-cells, asialoGM1 (ASGM1)+CD8+ T-cells,
and ASGM1–CD8+ T-cells. In some experiments, IL-12 was injected
into tumor-immunized mice. The cytotoxicity of CTLs or IL-12AK
cells was determined by 4-h [51Cr]-release assay as described pre-
viously [14].

Tumor immunotherapy by systemic administration of IL-12

Mice were intradermally inoculated with tumor cells (2× 106 cells) on
day 0. When the inoculated tumor cells were readily palpable
(6–8 mm), tumor-bearing mice received an intraperitoneal injection
of saline, IL-2 at 2000 U/mouse per day (107 U/mg; kindly supplied by
Shionogi Pharmaceutical), or IL-12 at 2000 U/mouse per day
(5.6 × 106 U/mg; kindly donated by Genetics Institute) for 4 days.
Each group consisted of ten mice. The antitumor activity of IL-12 was
determined by monitoring of tumor growth by measuring the change
over time in the mean of two perpendicular diameters. The survival
rate was also determined. Mice that lived for more than 3 months after
tumor regression were regarded as completely cured. Generation of
systemic protective immunity was determined by rechallenge with the
same tumor or by Winn’s assay as described previously [13].

Inhibition of methylnitrosourea-induced primary tumor growth by
IL-12

The therapeutic effect of IL-12 against primary tumor growth was
investigated using c-Ha-ras transgeneic mice [1], in which forestomach
papillomas are induced at an incidence of 100% after 2 months by a
single intraperitoneal injection of methylnitrosourea (MNU) at 50 mg/
kg. Our previous data also demonstrated that at least one papilloma can
be detected at 1 month after MNU treatment [1].

IL-12 administration was initiated 30 days after MNU treatment.
IL-12 at 2000 U/mouse suspended in 100 ml of saline was injected

intraperitoneally into MNU-treated transgeneic mice four times a week
for 4 weeks. As a control, saline was injected intraperitoneally into
transgeneic mice. The therapeutic effect of IL-12 was determined by
counting of the numbers of MNU-induced forestomach papillomas
using a stereoscopic microscope. Seven mice per group were used for
this experiment.

Establishment of tumor cells transfected with IL-12 genes or the B7-1
gene

Murine IL-12 genes and IL-12 p35 and p40 subunit genes were kindly
donated by Genetics Institute. p40 cDNA was subcloned into the
BCMGSNeo plasmid (generous gift from Dr. H. Karasuyama, Depart-
ment of Immunology, Tokyo Metropolitan Cancer Institute, Japan) [6],
which carries the neomycin phosphotransferase gene driven by a
cytomegalovirus (CMV) promoter; the resulting plasmid was termed
BCMGSNeo-p40. p35 cDNA was subcloned into the CEP4 plasmid
(Invitrogen, San Diego, Calif., USA), which carries the hygromycin B
phosphotransferase gene driven by a CMV promoter; the resulting
plasmid was termed CEP4-p35. Tumor cells were transfected with
BCMGSNeo-p40 by electroporation (Genepulser; Japan Bio-Rad Lab-
oratory, Tokyo, Japan). Stable transfectants were selected by culture in
RPMI 1640 medium containing G418 (0.5 mg/ml), 10% fetal calf
serum, penicillin (100 U/ml), and streptomycin (10 mg/ml). After
cloning of p40-transfected cells, the cells were further transfected
with the CEP4-p35 plasmid by electroporation. Tumor cells cotrans-
fected with the p40 and p35 genes were selected by culture in medium
containing G418 (0.5 mg/ml) and hygromycin B (0.5 mg/ml). After
cloning, the expression of both genes was confirmed using a reverse
transcription-polymerase chain reaction.

The B7-1 gene was transfected into B16–BL-6 melanoma cells
using recombinant adenoviruses, Adex1CAwtB7-1, which encode the
murine B7-1 gene. Detailed methods for the construction of Adex1-
CAwtB7-1 have been described elsewhere [11, 19].

Results

Effect of IL-12 on generation of antitumor effector cells

C57BL/6 mice treated with IL-12 at 2000 U/mouse gener-
ated killer cells at 24 h after treatment; this occurred
concomitantly with an elevation in serum IFN-γ levels
(Fig. 1A). Killer-cell generation and IFN-γ production
were not induced in control or IL-2-treated mice.
The cytotoxic IL-12AK cells were enriched in
NK1.1+CD3– NK cells but not in NK1.1–CD3+ T-cells
(Fig. 1B). However, when ASGM1+CD8+ T-cells were
isolated from NPSPL, they showed higher cytotoxicity
than ASGM1–CD8+ T-cells (Fig. 1C). These results demon-
strated that NK cells are the major IL-12AK precursor cell
and that ASGM1+CD8+ T-cells are a novel second-precur-
sor cell type for IL-12AK cells.

Although IL-12AK cells were shown to be anomalous
killer cells, which can lyse a variety of tumor cells (data not
shown), IL-12 also induced ASGM1+CD8+ tumor-specific
CTLs when injected into tumor-immunized mice. This
result is not inconsistent with our previous finding that
culture of human tumor-infiltrating lymphocytes with IL-2
plus IL-12 caused enhanced generation of autologous
tumor-specific CTLs [8].
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Tumor immunotherapy by systemic in vivo administration
of IL-12

Systemic administration of IL-12 to mice with lymphomas
caused by intradermal injection of MBL-2 lymphoma cells
inhibited tumor growth, whereas IL-2 administration
showed no significant in vivo antitumor activity (Fig. 2A).
The effect of systemic administration of IL-12 on the
survival rate of tumor-bearing mice was also examined
(Fig. 2B). Mice treated with saline or IL-2 showed mean
survival times of 18.5+2.8 and 19.2+1.2 days, respec-
tively. However, intraperitoneal injection of IL-12 signifi-
cantly prolonged the mean survival time to 24.4+5 days
for mice that were not cured; five of ten treated mice were
completely cured.

To determine whether the disappearance of tumors
following IL-12 treatment correlated with tumor-specific
immunity, mice cured of MBL-2 lymphomas were rechal-
lenged with an intradermal injection of MBL-2 cells or of

unrelated B16 melanoma cells. As shown in Fig. 3A and
3B, mice cured of MBL-2 lymphomas by IL-12 treatment
totally rejected the rechallenge with MBL-2 cells but not
that with B16 melanoma cells. Moreover, nylon-passed
splenic T-cells isolated from MBL-2 lymphoma-cured
mice possessed potent tumor neutralization activity in an
in vivo Winn assay (Fig. 3C).
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Fig. 1mA C57BL/6 mice re-
ceived saline, IL-2, or IL-12 by
intraperitoneal injection. After
24 h, serum IFN-γ activity was
determined by ELISA (Endogen).
B C57BL/6 mice were treated
with IL-12 intraperitoneally.
After 24 h, NK1.1+CD3– NK
cells and NK1.1–CD3+ T-cells
were sorted by FACStar. Their
cytotoxicity against an NK cell-
resistant tumor, MBL-2, was then
measured.C C57BL/6 mice were
treated with IL-12 intraperitone-
ally. After 24 h, CD8+ cells were
separated into ASGM1+CD8+

T-cells and ASGM1–CD8+

T-cells. Their cytotoxicity against
MBL-2 tumors was then deter-
mined.D C57BL/6 mice that had
received 2 injections of MBL-2
cells were treated with 2 intra-
peritoneal injections of IL-12. At
1 day after the last IL-12 treat-
ment, spleen cells were separated
into ASGM1+CD8+ T-cells and
ASGM1–CD8+ T-cells by FAC-
Star and their cytotoxicity against
MBL-2 tumors was determined

Fig. 2A,BmTumor immunotherapy by systemic in vivo administration
of IL-12. A C57BL/6 mice were inoculated intradermally with MBL-2
T-lymphoma cells (2×106 cells). When the inoculated tumor cells
became palpable (day 4), the mice were treated with saline (black
circles), IL-2 at 2000 U/mouse (white circles), or IL-12 at 2000 U/
mouse (black triangles). In vivo tumor growth was then determined as
described in Materials and methods. Tumor size was monitored by
measuring the changes in the mean of 2 perpendicular diameters over
time. B Survival curves generated for groups of 10 mice treated as
described above. Mice cured of tumors within 90 days were regarded
as completely cured. Data represent mean values+SE



We next investigated mechanisms of in vivo induction of
tumor-specific immunity following IL-12 treatment using
various antibodies. As summarized in Table 1, in vivo
administration of either anti-ASGM1 antibody, anti-CD4
MAb, or anti-CD8 MAb caused inhibition of IL-12-
mediated antitumor activity. Such inhibition was not ob-
served after administration of normal rabbit serum or rat Ig
(data not shown). These results indicate that IL-12-
mediated antitumor immunity is associated with the induc-
tion of both tumor-specific CD8+ CTLs and a CD4+ T-
helper cell response. It was also suggested that IL-12-
responsive ASGM1+ cells (ASGM1+ NK cells and
ASGM1+CD8+ T-cells) may play an important role in the
induction of tumor-specific immunity.

IL-12 inhibits the growth of both transplantable and
primary tumor cells

In addition to MBL-2 T-lymphoma cells, we confirmed the
systemic antitumor activity of IL-12 against Meth A sarco-
ma cells and B16 melanoma cells (Fig. 4A, B). Moreover,
we also investigated the therapeutic effect of IL-12 against

chemically induced primary tumors using c-Ha-ras trans-
geneic mice. As previously demonstrated [1], the majority
of c-Ha-ras transgeneic mice form forestomach papillomas
at 1 month after MNU treatment. In this experiment,
transgeneic mice were treated with either saline or IL-12
starting at 30 days and ending at 60 days following MNU
treatment. IL-12 at 2000 U/mouse was injected intraper-
itoneally four times a week. As shown in Fig. 4C, it was
demonstrated that IL-12 inhibited the growth of primary
tumor cells.
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Fig. 3A–CmAcquisition of systemic tumor-specific protective immu-
nity by immunotherapy with IL-12.A MBL-2 T-lymphoma cells orB
B16 melanoma cells were used to challenge untreated C57BL/6 mice
(white circles) or C57BL/6 mice cured of MBL-2 tumors using IL-12
(black circles). Tumor growth was monitored as described in the
legend to Fig. 1. Data represent mean values+SE for 5 mice.C In
vivo tumor-neutralization activity of nylon-passed spleen T-cells ob-
tained from normal mice (white circles) or mice cured of MBL-2
tumors using IL-12 (black circles) was determined using the Winn
assay as described in Materials and methods. As a control, tumor cells
alone were injected into mice (black triangles). Data represent mean
values+SE for 5 mice

Table 1mInhibition of IL-12-mediated in vivo antitumor activity by administration of antibodies against ASGM1, CD4, or CD8 antigena

Time after tumor Tumor size (mm)
inoculation (days)b

IL-12 + antibody againstd:

None IL-12c ASGM1 CD8 CD4

4 6.6+1.4 7.4+0.7 7.1+1.4 6.2+0.8 7.5+1.1
6 9.6+0.4 7.6+0.5 9.1+2.3 9.2+2.8 7.7+0.8
8 10.8+1.8 9.6+1.1 11.5+2.4 11.7+1.7 10.1+0.5

10 12.2+1.9 9.5+0.8 14.0+3.7 15.0+5.5 11.5+1.6
12 15.7+4.4 7.6+1.3 16.0+3.6 17.2+4.7 13.7+2.5
14 19.2+4.7 5.5+2.2 17.2+4.4 18.0+4.5 16.2+3.4
16 21.5+5.0 3.0+0.0 Died 20.5+5.5 19.0+3.9

a Data represent mean values+SE of the measurements of 2
perpendicular diameters in 5 mice/group
b MBL-2 (2 × 106) cells were inoculated intradermally into the
abdominal skin of C57BL/6 mice
c IL-12 at 2000 U/mouse was injected intraperitoneally into tumor-

bearing mice on days 4, 5, 6, and 7 after tumor inoculation
d Anti-ASGM1 antibody, anti-CD4 MAb, or anti-CD8 MAb (500 mg/

mouse) was injected intraperitoneally into tumor-bearing mice on
days 0 and 1 before in vivo IL-12 administration



Application of IL-12 to antitumor gene therapy

A20 B-lymphoma cells genetically engineered to secrete
IL-12 were shown to lose their tumorigenicity and induce
tumor-specific antitumor immunity in vivo (Fig. 5A, B).
Mitomycin C-treated tumor cells transfected with the IL-12
gene and injected intraperitoneally into mice induced in
vivo IFN-γ and IL-12AK cell production (Fig. 5C). More-
over, intradermal injection of IL-12 gene-carrying A20
cells into the skin of the left flank caused complete
regression of parental A20 cells injected into the right
flank of mice (Fig. 5D). These data suggest that tumor
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Fig. 4A–CmSystemic antitumor activity of IL-12 against both trans-
plantable and primary tumors.A BALB/c mice or B C57BL/6 mice
were inoculated with 2×106 A Meth A fibrosarcoma cells orB B16
melanoma cells. After the tumor mass had become palpable, IL-12 at
2000 U/mouse (black circles) or saline (white circles) was injected
intraperitoneally daily for 4 days.C c-Ha-ras transgeneic mice were
treated intraperitoneally with MNU at 50 mg. At 1 month after MNU
treatment, mice were treated with saline or IL-12 at 2000 U/mouse for
4 times a week for 4 weeks. At 2 months after MNU treatment, all the
mice were killed and the numbers of forestomach papillomas were
counted under stereoscopic microscopy. Average numbers of papillo-
mas per mouse (7 mice/group) are indicated

Fig. 5A–DmApplication of IL-12 to antitumor gene therapy.A BALB/
c mice were inoculated with 2×106 A20 B-lymphoma cells transfected
with both IL-12 p40 and p35 genes (IL-12-A20C1 cells,black circles)
or with control A20 cells transfected with the IL-12 p40 gene (white
circles). B BALB/c mice that had rejected IL-12-A20C1 cells were
rechallenged with parental A20 cells (black circles). As a control, A20
cells were injected intradermally into untreated BALB/c mice (white
circles). Thereafter, tumor growth was measured.C BALB/c mice were
treated intraperitoneally with mitomycin C-treated parental A20 or IL-
12-A20C1 cells or with saline. At 1 day after treatment, serum IFN-γ

activity (hatched bars) and the cytotoxicity of NPSPLs against YAC-1
cells (solid bars) were measured.D To investigate the possibility that
IL-12 transfectants could be used as a tumor vaccine, BALB/c mice
were treated by intradermal injection of 2×106 parental A20 cells into
the right-flank skin and were simultaneously treated by intradermal
injection of 2×106 IL-12-A20C1 cells in the left-flank skin (black
circles). As a control, BALB/c mice were inoculated intradermally
with 2×106 A20 B lymphoma cells alone (white circles). The growth of
parental A20 cells was monitored



cells transfected with IL-12 genes have potential as a tumor
vaccine in vivo.

It was also demonstrated that IL-12 gene therapy is
effective for the inhibition of tumor metastasis. As shown in
Fig. 6A, mice injected with B16–BL-6 melanoma cells
transfected with IL-12 genes developed fewer lung metas-
tases than those injected with parental B16–BL-6 cells.
The transfer of the B7-1 gene into tumors was also effective
in inhibiting lung metastasis. Cotransfection of the B7-1
and IL-12 genes was most effective in inhibiting tumor
metastasis. Such synergistic therapeutic effects against lung
metastasis were also observed after combination therapy
consisting of systemic IL-12 administration and B7-1 gene
transfer into tumors (Fig. 6B).

Discussion

The present data show that IL-12 has significant antitumor
effects in vivo against both transplantable and primary
tumors. It is noteworthy that mice cured of tumors by IL-
12 treatment can reject rechallenge with the same tumor
cells and acquire tumor-specific protective immunity.

One of the most important issues in tumor immunology
is how to overcome immunological suppression in the
tumor-bearing host [20] and induce tumor-specific immu-
nity, which inhibits tumor recurrence or metastasis. Con-
sistent with other reports [2, 12, 21], we have demonstrated
that IL-12 overcomes immunosuppression and induces
tumor-specific immunity in vivo. Although the detailed
mechanisms underlying IL-12-induced antitumor activity
remain unclear, the activation of Th1-dominant immunity
by IL-12 appears to be important for the induction of
tumor-specific cellular immunity. As shown in Fig. 1, IL-
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Fig. 6mA C57BL/6 mice were injected intravenously with 5×104

B16–BL-6 cells mock-transfected with adenovirus vector (Mock),
B16–BL-6 cells transfected with IL-12 genes (IL-12), B16–BL-6
cells transfected with the B7-1 gene using an adenovirus vector (B7-
1), or B16–BL-6 cells transfected with IL-12 genes and the B7-1 gene
(IL-12+B7-1). At 3 weeks after tumor inoculation, the numbers of lung
metastases were determined.B B16–BL-6 melanoma cells (BL6) or
B16–BL-6 cells transfected with the B7-1 gene (B7-12-6; 2×104 cells)
were injected intravenously into C57BL/6 mice, which were then
treated with saline (BL6 and B7-12–6) or IL-12 at 1000 U/mouse
(BL6+IL-12 and B7-12-6+IL-12) for 4 days. At 3 weeks after tumor
inoculation, the mice were killed and the numbers of lung metastases
were calculated. All data represent mean values+SE for 5 mice

Fig. 7mPossible mechanisms underlying IL-12-induced antitumor
activity in vivo



12 injection in vivo caused activation of IL-12AK cells,
which consist of ASGM1+NK1.1+CD3– NK cells and
ASGM1+CD3+CD8+ T-cells. Both of these effector cells
produce large amounts of IFN-γ in response to IL-12 [9].
The evidence that in vivo treatment with anti-ASGM1
antibodies caused abrogation of IL-12-induced in vivo
antitumor activity strongly suggests that ASGM1+ NK or
ASGM1+ CD8+ T-cells may play an essential role in the
generation of tumor-specific T-cell-mediated immunity in
vivo. It is hypothesized that IL-12-responding emergency
effector cells, such as NK cells, ASGM1+CD8+ T-cells, or
NKT-cells [5], may produce IFN-γ and destroy tumor cells.
The tumor antigen derived from the killed tumor may then
be processed by antigen-presenting cells and stimulate Th1-
dominant immunity, which facilitates the generation of
tumor-specific CTLs (Fig. 7) [22, 23].

The overall goal of IL-12 therapy would be to reduce
primary tumor growth or tumor metastasis. For antigenic
tumors, IL-12 may show potent antitumor activity and
induce a tumor-specific response. However, for nonimmu-
nogenic or weakly immunogenic tumor cells, combination
therapy with tumor antigen peptide [18, 23] or costimula-
tory molecules [10] may be required. As shown in Figs. 5
and 6, IL-12 gene transfer into tumors induced tumor-
specific protective immunity in vivo. Moreover, combina-
tion therapy consisting of the IL-12 gene and the B7-1 gene
has been demonstrated to be the most effective regimen for
inhibition of lung metastasis by weakly immunogenic
B16–BL-6 melanoma cells. The synergistic effect of the
IL-12 gene and B7-1 gene appears to be derived from
augmented induction of IFN-γ and enhanced generation of
tumor-specific CTLs (data not shown).

These results suggest that IL-12 is a promising cytokine
for antitumor cytokine and gene therapy. We are currently
trying to develop an efficient method to induce human
CTLs specific for autologous tumor cells using both the IL-
12 and B7-1 genes.
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