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We report here that a cancer gene therapy protocol using a
combination of IL-12, pro-IL-18, and IL-1b converting enzyme (ICE)
cDNA expression vectors simultaneously delivered via gene gun
can significantly augment antitumor effects, evidently by gener-
ating increased levels of bioactive IL-18 and consequently IFN-g.
First, we compared the levels of IFN-g secreted by mouse spleno-
cytes stimulated with tumor cells transfected with various test
genes, including IL-12 alone; pro-IL-18 alone; pro-IL-18 and ICE;
IL-12 and pro-IL-18; and IL-12, pro-IL-18, and ICE. Among these
treatments, the combination of IL-12, pro-IL-18, and ICE cDNA
resulted in the highest level of IFN-g production from splenocytes
in vitro, and similar results were obtained when these same
treatments were delivered to the skin of a mouse by gene gun and
IFN-g levels were measured at the skin transfection site in vivo.
Furthermore, the triple gene combinatorial gene therapy protocol
was the most effective among all tested groups at suppressing the
growth of TSyA (murine mammary adenocarcinoma) tumors pre-
viously implanted intradermally at the skin site receiving DNA
transfer by gene gun on days 6, 8, 10, and 12 after tumor
implantation. Fifty percent of mice treated with the combined
three-gene protocol underwent complete tumor regression. In vivo
depletion experiments showed that this antitumor effect was
CD81 T cell-mediated and partially IFN-g-dependent. These results
suggest that a combinatorial gene therapy protocol using a mix-
ture of IL-12, pro-IL-18, and ICE cDNAs can confer potent antitumor
activities against established TSyA tumors via cytotoxic CD81 T
cells and IFN-g-dependent pathways.

Recent advances in our understanding of cytokine biology and
tumor immunology have made it possible to evaluate new

cytokine based anticancer therapies (1–3). Among many cyto-
kines evaluated as anticancer agents, interleukin-12 (IL-12)
confers potent antitumor activity in murine tumor models (4–8).
IL-12 is a heterodimeric protein consisting of two subunits (p35
and p40) that facilitates the Th1-type immune responses (9, 10).
The antitumor effects of IL-12 are mediated by activation of
cytotoxic T lymphocytes (CTL) as well as NK cells (11–13), and
by the induction of IFN-g production by T cells and NK cells (6,
14). IFN-g alone, however, is not sufficient to induce tumor
regression, and antibodies to IFN-g do not completely block the
antitumor effect of IL-12 (6, 14). Nevertheless, IFN-g is involved
in a spectrum of the antitumor effects of IL-12 (14). For instance,
IFN-g induced by IL-12 was shown to up-regulate MHC class I
and II expression on tumor cells, to activate NK cells and
macrophages, to help generate CD81 cytotoxic T cells, and to
induce the production of interferon-inducible protein 10 (IP-10)
and monokine induced by IFN-g (7, 15, 16).

Interleukin-18 (IL-18), originally termed IFN-g-inducing fac-
tor, is also a costimulatory factor in the activation of Th1 cells.
IL-18 induces IFN-g production in both T cells and NK cells (17,
18, 19). In addition, IL-18 induces T cells to produce granulo-
cyte-macrophage colony-stimulating factor, augments IL-2 pro-

duction by antigen- or anti-CD3-stimulated murine Th1 clones,
induces IL-2-dependent proliferation of these stimulated cells,
and enhances the cytolytic activity of T cells and NK cells
(19–24). IL-18 is synthesized as a biologically inactive precursor
molecule (pro-IL-18). To generate the active form of IL-18,
pro-IL-18 needs to be cleaved by the intracellular cysteine
protease, IL-1b converting enzyme (ICE), at the Asp-X pro-
cessing site (25, 26). Cleavage of pro-IL-18 by ICE facilitates
secretion of the active form of IL-18 (26). IL-18 can inhibit tumor
growth in some murine tumor systems, but regression of estab-
lished tumor by IL-18 gene therapy alone has not been demon-
strated (27–31). Moreover, in these studies, only the pro-IL-18
gene was administered, and the ICE gene was not taken into
consideration. Thus, in the present study, dual transfection of
pro-IL-18 and ICE cDNA was performed from the more phys-
iological viewpoint, instead of transfection of genetically engi-
neered mature form of IL-18 cDNA.

Based on the findings that both IL-12 and IL-18 can augment
cytotoxic activities of CTL and NK cells, and can synergize in the
production of IFN-g (21, 32), a combination of IL-12 and IL-18
was demonstrated to confer a superior antitumor activity over
either IL-12 or IL-18 treatment alone (30, 31). However, the
systemic administration of recombinant IL-12 and IL-18 pro-
teins, though effective in tumor growth inhibition, resulted in
death of all animals because of toxicity (30). Systemic adminis-
tration of IL-12 also was associated with severe dose-dependent
toxicity in patients during the first human trial (33). The
localized transfer of cytokine genes may circumvent some of the
toxicity of systemic IL-12 delivery and provide adequate local
cytokine levels for immune cell activation (5, 6, 8). It also has
been documented that a number of individual cytokine genes are
effective in gene therapy studies in specific mouse tumor systems.
However, it is not clear whether a combinatorial approach of
using multiple cytokine genes may offer improved efficiency in
antitumor activity.

Particle-mediated gene transfer was used to deliver cytokine
genes to the tumor microenvironment. It has been shown that
gene gun-mediated transfection of tumor cells ex vivo or the skin
overlying tumor in vivo with several cytokine genes resulted in
tumor regression (8, 34, 35). This technique allows the delivery
of multiple genes. In this study, we evaluated and characterized
the combination of IL-12, pro-IL-18 and ICE cDNA expression
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vectors for cancer gene therapy using particle-mediated gene
transfer.

Materials and Methods
Mice and Cell Lines. BALByc female mice between 6 and 8 weeks
of age were purchased from Harlan–Sprague–Dawley and were
housed in an American Association for the Accreditation of
Laboratory Animal Care-accredited facility under isothermal
conditions and allowed access to food and water ad libitum. Five
cell lines were used in this study: TSyA (murine mammary
adenocarcinoma), Lewis lung carcinoma (LLC), B16 (murine
melanoma), RAW 264.7 (murine macrophage), and COS-7 cells.
TSyA is a moderately immunogenic tumor and is MHC class I
positive (H-2Dd, H-2Kd). This cell line was originally obtained
from G. Forni (University of Turin, Milan). The cell cultures
were maintained in RPMI medium 1640 (BioWhittaker) sup-
plemented with 10% heat-inactivated fetal bovine serum (Sig-
ma), 2 mM L-glutamine, 1 mM sodium pyruvate, 1% minimal
Eagle’s medium nonessential amino acid, 100 unityml penicillin,
and 100 mgyml streptomycin (BioWhittaker) in a humidified
atmosphere of 5% CO2 at 37°C.

cDNA Expression Plasmid Construction. The murine IL-12 expres-
sion plasmid, pNGVL3-mIL-12, was constructed in a backbone
plasmid containing a cytomegalovirus immediateyearly en-
hancer promoter, intron A, and a kanamycin selection gene. The
p35 and p40 subunits, separated by an internal ribosomal entry
site, were subcloned into the multiple cloning site of pNGVL-3
(National Gene Vector Laboratory, University of Michigan,
Ann Arbor, MI). The backbone plasmid, pNGVL-3, was used as
a control vector. To construct a plasmid expressing pro-IL-18 or
ICE cDNA, the full length of murine pro-IL-18 or ICE cDNA
was obtained from total RNA of C57BLy6 mouse spleen cells by
reverse transcription–(RT) PCR using a RT-PCR kit (Takara,
Tsukuba, Japan). The primers for RT-PCR were designed as
follows: pro-IL-18, (sense) 59-ACCTTCCAAATCACTTC-
CTC-39 and (antisense) 59-CAGGCGAGGTC ATCACAAGG-
39; mICE, (sense) 59-CTGCGGTGTAGAAAAGAAACG-39
and (antisense) 59-GGCACGATTCTCAGCATAGG-39. The
PCR product of pro-IL-18 was subcloned into pNGVL-3
(pNGVL-3-mIL-18), and that of ICE was directly subcloned into
the expression vector pCR3.1 (Invirogen, Carlsbad, CA) by TA
cloning (pCR3.1-ICE).

DNA-Gold Particle Preparation. We used a helium-pulse Powder-
Ject VC-1 gene gun device that was designed by D. McCabe
(Agracetus, Middleton, WI). Plasmid DNA was precipitated
onto 1.5–2.0 mm gold particles as described (8). In this experi-
ment, 28 mg of gold particles and 105 mg of plasmid DNA were
used. Each pulse of helium expels the DNA-coated gold beads
from a single 0.5-inch segment of gold bead-coated tubing and
results in a delivery of 0.5 mg of gold and 1.875 mg of plasmid
DNA per transfection.

In Vitro Gene Transfer and IL-18 Bioassay. For in vitro transfection,
2.5 3 106 COS-7 or TSyA cells were suspended in 30 ml of RPMI
medium 1640 and were spread into the target size in a 35-mm
dish. Transfections with cytokine cDNA were performed by
using a gene gun with a 250-psi helium pulse (1 psi 5 6.89 kPa).
Cells then were recounted by using the trypan blue dye exclusion
assay, and 1 3 106 viable cells were placed in 2.0 ml of culture
medium. Culture supernatants were harvested at 24 hr post-
transfection for use in the IL-18 bioassay. The relative bioactivity
of IL-18 was determined by the ability of cell supernatants to
augment IFN-g production in vitro (18). In brief, mouse spleno-
cytes (2 3 106) were cocultured with Con A (1.25 mgyml) in
24-well plates for 48 hr. Supernatants obtained from transfected
cells were added to cell suspensions of Con A-primed spleno-

cytes (1 3 106) in 96-well plates for 24 hr. The supernatants were
collected and assayed by ELISA to detect IFN-g production.

Murine Tumor Model and in Vivo Treatment Protocol. Mice were
shaved in the abdominal area and were injected intradermally
with 1 3 105 tumor cells in 50 ml of PBS. Mouse skin overlying
and surrounding the target tumor was transfected in vivo by using
a 400-psi blast with cytokine cDNA expression vectors and
control plasmid (pNGVL-3) on days 6, 8, 10, and 12 after tumor
implantation. There were six groups of gene gun treatments,
which included: (i) mIL-12 cDNA alone; (ii) murine pro-IL-18
cDNA alone; (iii) murine pro-IL-18 and ICE cDNA (pro-IL-
18yICE); (iv) mIL-12 and pro-IL-18 cDNA (IL-12ypro-IL-18);
(v) mIL-12, pro-IL-18 and ICE cDNA (IL-12ypro-IL-18yICE);
and (vi) control vector (pNGVL-3). Each treatment consisted of
four transfections. One transfection was directly over the tumor
site, and three additional treatments were evenly spaced around
the circumference of the tumor in a triangle pattern as described
(8). Tumor growth was monitored two to three times per week
by caliper measurement of two perpendicular tumor diameters.
Tumor size was presented as the product of the perpendicular
tumor diameters. Mice were killed when the diameter of the
tumor reached 10 mm or greater. Mice that had been tumor free
for more than 50 days after tumor implantation were challenged
with an intradermal injection of 1 3 105 of the parental tumor
cells (TSyA) or CT26 tumor cells (murine colon adenocarcino-
ma), which is also syngeneic to BALByc mice.

Analysis of ICE mRNA Expression in Tumors by RT-PCR. Total cellular
RNA was extracted from the ICE cDNA-transfected and non-
transfected TSyA, LLC, or B16 cells by using a RNeasy Mini Kit
(Qiagen, Chatsworth, CA). As a positive control or negative
control, expression of mRNA extracted from RAW 264.7 cells
or COS-7 cells, respectively, also was tested (25, 26, 36, 37).
Three micrograms of total RNA were digested by RQ1 RNase-
free DNase (Promega) and were reverse transcribed by using a
Moloney murine leukemia virus (MMLV) reverse transcriptase
(Promega). Five hundred nanograms of RNA-equivalent cDNA
were amplified by PCR under the following conditions: 94°C, 2
min; 57°C, 1 min; and 72°C, 1 min for 35 cycles. The following
sequences were used as primers: ICE, (sense) 59-GTCTTGC-
CCTCATTATCTGC-39 and (antisense) 59-GGTG TTGAA-
GAGCAGAAAGC-39; b-actin, (sense) 59-TGTCCCTGTAT-
GCCTCTGGT-39 and (antisense) 59-ACTGTGTTGGCATA-
GAGGTC-39. The PCR products of ICE and b-actin are
fragments of 516 and 482 bp in length, respectively. The ampli-
fied products were electrophoresed on 2.0% agarose gel, and the
intensity of DNA bands was quantified by densitometry (Na-
tional Institutes of Health IMAGE 1.61).

mIFN-g Expression in Vivo. To analyze IFN-g production after in
vivo gene transfer, blood, gene-gun-treated skin tissue, and
splenocytes were obtained 24 hr after the second gene gun
treatment. The serum was frozen at 280°C until assayed. Tissue
samples were homogenized in an extraction buffer containing
0.1% Triton X-100 and 1 mM Pefabloc, a protease inhibitor
(Boehringer Mannheim) and were sonicated and centrifuged.
The supernatants also were frozen at 280°C until assayed.
Splenocytes freshly isolated from test mice were cultured for 24
hr in the absence of Con A, and the supernatants also were
frozen at 280°C until assayed. The quantification of mIFN-g
production in the gene gun-treated skin tissues and serum of test
mice and in conditioned medium of cultured splenocytes was
performed by ELISA using commercially available purified and
biotinylated antibody pairs (PharMingen), streptavidin-
horseradish peroxidase conjugate (Zymed), and tetramethylben-
zidine substrate (Dako). The lower limit of detection sensitivity
was 78 pgyml. All samples were assayed in duplicates.
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In Vivo Depletion of CD41 and CD81 T cells and Neutralization of IFN-g.
The relative contribution of T cell subsets and IFN-g was
evaluated by in vivo antibody inhibition. Anti-CD4 mAb (clone
GK1.5) and anti-CD8 mAb (clone 2.43) were administered
intraperitoneally at 0.3 mg per injection per mouse on days 5, 9,
and 13 after tumor implantation (8). Anti-IFN-g mAb (clone
R4–6A2) was injected intraperitoneally at 0.5 mg per mouse on
days 5, 7, 9, 11, and 13. As an isotype antibody, rat IgG (Sigma)
was injected at 0.5 mg per mouse with the same schedule as for
the anti-IFN-g mAb.

Cytotoxic Assay. Spleen cells (8 3 106), derived from BALByc
mice that rejected TSyA tumors after gene therapy and remained
tumor-free for at least 50 days, or obtained from TSyA tumor
bearing mice 2 weeks after tumor implantation, were co-cultured
with irradiated TSyA cells (4 3 105) for 5 days in vitro. TSyA cells
labeled with Na2

51CrO4 (5 3 103ywell) were cultured in a total
volume of 200 ml with effector cells in 96 round-bottomed well
plate. After 4 hr of incubation, the supernatant was harvested
and counted in a gamma counter, and specific lysis was calcu-
lated (8).

Results and Discussion
ICE mRNA Expression in Tumor Cells. The coexpression of murine
pro-IL-18 with murine ICE, but not pro-IL-18 alone, in COS
cells results in the secretion of bioactive IL-18 protein (25).
Cleavage of pro-IL-18 by ICE results in secretion of the active
form of IL-18 from the cells (26). We postulated that the
expression of ICE is essential to generate transgenic IL-18 from
the test cells and analyzed the expression of ICE mRNA of tumor
cells. Several tumor cell lines, including TSyA, LLC, and B16,
had basal levels of ICE mRNA expression (Fig. 1A). In com-
parison, the transfection of these cells with ICE cDNA resulted
in a 3- to 4-fold increase in ICE mRNA expression (Fig. 1B). As

a positive control, RAW264.7 cells were used in these assays (36,
37), and COS-7 cells were used as a negative control (25, 26).

Induction of IFN-g by Gene Transfer of IL-12, pro-IL-18, andyor ICE. We
hypothesized that expression of endogenous ICE in tumor cells
may result in cleavage of the transgenic pro-IL-18. To evaluate
this hypothesis, we transfected COS-7 cells (ICE-negative) and
TSyA (ICE-positive) cells with pro-IL-18 cDNA alone or in
combination with an ICE cDNA expression vectors. The ability
of these cells to stimulate IFN-g production in Con A-primed
murine splenocytes was used as a bioassay to measure the
relative levels of functional IL-18 protein (18, 25, 26). Fig. 2
shows that IFN-g level induced by transfection with pro-IL-18
and ICE was considerably higher than that by pro-IL-18 alone in
both COS-7 and TSyA cells. Specifically, IFN-g production for
pro-IL-18yICE versus pro-IL-18 alone was 977 6 135 versus
247 6 57 pgyml, P , 0.05, for COS-7 cells, and was 1,007 6 214
versus 537 6 129 pgyml, P , 0.05, for TSyA cells. As expected,
the cotransfection of ICE and pro-IL-18 cDNA was superior to
pro-IL-18 cDNA alone and resulted in enhanced bioactivity of
IL-18 in the ICE negative cell line COS-7 (25). Both the low level
of endogenous ICE in TSyA cells and subsequent low level of
IFN-g production, however, were significantly enhanced by ICE
cDNA cotransfection. Thus, dual transfection of pro-IL-18 and
ICE cDNA results in secretion of more bioactive IL-18 protein
than that of pro-IL-18 cDNA alone.

We also evaluated whether the addition of an expression
vector encoding mIL-12 could further enhance IFN-g produc-
tion in vitro. The combination of IL-12, pro-IL-18, and ICE
resulted in the highest level of IFN-g release from Con A-primed
splenocytes among all groups in COS-7 and TSyA cells (Fig. 2).
IFN-g levels induced by IL-12, pro-IL-18, and ICE in combina-
tion were 6,070 6 713 pgyml and 2,113 6 508 pgyml in COS-7
and TSyA cultures, respectively. In contrast, the IFN-g level
induced by pro-IL-18 and IL-12 together was not statistically
different from that of treatment with IL-12 alone. Taken to-
gether, in terms of IFN-g induction, IL-12 was synergistic with
the IL-18 produced from ICE-cleaved pro-IL-18 but not with
pro-IL-18 alone. Similar results were obtained in transfection
studies performed with LLC and B16 cells (data not shown).

To investigate whether IFN-g levels could be augmented in
vivo after the transfer of IL-12, pro-IL-18, and ICE cDNA, IFN-g
production in the gene gun-treated skin tissues and serum of test

Fig. 1. (A) ICE mRNA expression of the tumor cell lines by RT-PCR. (B)
Densitometric analysis of ICE mRNA expression. (A) The cDNA samples ob-
tained by RT-PCR for mICE and b-actin were loaded on the 2% agarose gel. (B)
Relative expression level means the ratio obtained from the density of band
of ICE mRNA expression standardized by that of b-actin mRNA expression. The
representative data of three separate experiments are shown. a, TSyA; b, TSyA
transfected with ICE cDNA; c, LLC; d, LLC transfected with ICE cDNA; e, B16; f,
B16 transfected with ICE cDNA; g, RAW 264.7; h, COS-7 cells.

Fig. 2. Induction of IFN-g in splenocytes in vitro by cytokine protein secreted
from transfected COS-7 (A) and TSyA (B) cells. IL-18 bioassay (stimulation of
IFN-g release) was carried out as described in Materials and Methods. Means 6
SD were calculated from triplicates. *, P , 0.05 versus pro-IL-18 alone in both
cells; †, P , 0.0001 versus the other groups in COS-7 cells; ‡, P , 0.005 versus
the other groups in TSyA cells. A, IL-12 cDNA; B, pro-IL-18 cDNA; C, pro-IL-18y
ICE cDNA; D, IL-12ypro-IL-18 cDNA; E, IL-12ypro-IL-18yICE cDNA; F, control
plasmid (pNGVL-3).
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mice and in conditioned medium of cultured splenocytes were
compared among various treatment groups. The IFN-g level
produced from the skin in the group of IL-12ypro-IL-18yICE
was 1,949 6 332 pg per tissue site, which was the highest among
all tested groups (Fig. 3A). The level of IFN-g in the serum of
test mice for all groups was not detectable within the sensitivity
limit of our ELISA assay (578 pgyml). When splenocytes freshly
isolated from test mice were cultured for 24 hr in the absence of
Con A, the level of IFN-g secretion was greatest in the group that
was treated with the set of IL-12, pro-IL-18, and ICE cDNA in
combination (781 pgy106 splenocytesy24 hr; Fig. 3B). This result
suggests that splenocytes can be significantly activated after in
vivo gene delivery of IL-12, pro-IL-18, and ICE and that gene
gun-mediated skin transfection with IL-12, pro-IL-18, and ICE
cDNA may be capable of stimulating immune cells systemically
as well as locally.

It is also noteworthy that we show that the triple gene set of
IL-12, pro-IL-18, and ICE in combination can be successfully
delivered in vitro and in vivo by particle-mediated gene transfer
with a gene gun device. In addition, in terms of induction of
IFN-g, the finding that transfection of pro-IL-18 and ICE cDNA
is superior to that of pro-IL-18 cDNA alone suggests that the two
testing genes were concomitantly expressed in the same cell
because cleavage of pro-IL-18 by ICE requires the expression of
both transgenes within the same cell (25, 26). Thus, particle-
mediated gene transfer effectively results in the expression of at
least two or perhaps three transgenes in the same cells both in
vitro and in vivo. Theoretically, this technique enables multiple
gene transfer and expression in the same cells by coprecipitation
of multiple species of DNA molecules onto the same gold beads
(34, 38).

Antitumor Effect of Gene Gun Treatment with IL-12, pro-IL-18, and ICE
cDNA. The highest level of IFN-g induction via the combination
of IL-12, IL-18, and ICE treatment among all tested sets, in vitro
and in vivo, led us to test whether this combination also could
result in regression of established TSyA tumors. The combina-
tion gene therapy of IL-12, pro-IL-18, and ICE elicited the most
marked suppression of tumor growth among all groups (Fig. 4).
Even more important, a complete regression was observed on
day 50 in 11 of 22 tested mice (50.0%) in the IL-12ypro-IL-18y
ICE combinatorial gene therapy group, and this rate was 2- to

3-fold higher than that obtained from treatment with IL-12 alone
or IL-12ypro-IL-18 (Table 1). These results further confirm that
the combination of IL-12ypro-IL-18yICE in this gene therapy
strategy can confer a much more efficacious antitumor activity
than that from either the IL-12 gene alone or IL-12ypro-IL-18
genes. This is the first evidence that a combinatorial direct
treatment with IL-12 and IL-18 cDNA can result in complete
eradication of established and relatively large tumors. Previous
reports demonstrated efficacy of this combination of genes in a
vaccination model (31). The combination of IL-18 and IL-12
protein therapy in a murine model also has been reported.
Although tumor regression was noted, the treatment-related
toxicity was very high (30). In contrast, no adverse effect was
observed in treated mice in our experiments using the combi-
nation gene therapy protocol with a gene gun. This suggests that
gene gun-mediated local delivery of IL-12ypro-IL-18yICE genes
may be clinically desirable and safe as a strategy for local cancer
therapy.

Fig. 3. IFN-g production in the treated skin tissue (A) and from splenocytes (B)
after gene gun treatment. (A) Skin overlying TSyA tumor was excised after the
second gene gun treatment, and IFN-g in the skin tissue lysate was measured
by ELISA. *, P , 0.05 versus all other treatment groups. Mean 6 SD are shown
for four mice per group. (B) Splenocytes (2 3 106) were isolated after the
second gene gun treatment and were cultured in 2 ml of RPMI medium 1640
for 24 hr. †, P , 0.05 versus pro-IL-18 alone; ‡, P , 0.05 versus all other groups.
Mean 6 SD are shown for four mice per group. A, IL-12 cDNA; B, pro-IL-18
cDNA; C, pro-IL-18yICE cDNA; D, IL-12ypro-IL-18 cDNA; E, IL-12ypro-IL-18yICE
cDNA; F, control plasmid (pNGVL-3).

Fig. 4. TSyA growth after in vivo gene gun treatment. The protocol of gene
gun treatment is described in Materials and Methods. Arrows indicate the
days when gene gun treatments were performed. Mean tumor size 6 SEM are
shown for 15 mice per each group. A statistically significant difference in
suppression of the tumor growth was observed in the group treated with
IL-12ypro-IL-18yICE, compared with that from pro-IL-18 alone (P , 0.05 on day
12 and P , 0.0001 on days 14–24), from pro-IL-18yICE (P , 0.001 on day 14 and
P , 0.0001 on days 16–24), from IL-12 alone (P , 0.05 on day 22 and P , 0.01
on day 24), and from the control plasmid (P , 0.0001 on days 12–24). h, IL-12
cDNA; L, pro-IL-18 cDNA; ‚, pro-IL-18yICE cDNA; ƒ, IL-12ypro-IL-18 cDNA; F,
IL-12ypro-IL-18yICE cDNA; E, control plasmid (pNGVL-3).

Table 1. Complete regression of TSyA tumor after gene
gun treatment

Treatment Mice with complete regression*ytotal Percent

IL-12 4y23 17.4†

pro-IL-18 0y15 0‡

pro-IL-18yICE 0y15 0‡

IL-12ypro-IL-18 6y23 26.1§

IL-12ypro-IL-18yICE 11y22 50.0
Control (pNGVL-3) 0y23 0‡

Treatment protocol was same as that of Fig. 5 (in IL-12, IL-12ypro-IL-18,
IL-12ypro-IL-18yICE, and control, seven to eight additional mice were evalu-
ated).
*The number of mice in which complete regression of established TSyA tumor
was observed.

†P , 0.05 vs. IL-12ypro-IL-18yICE.
‡P , 0.0001 vs. IL-12ypro-IL-18yICE.
§P 5 0.089 vs. IL-12ypro-IL-18yICE.
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Results from our present study also demonstrate that IL-12
gene therapy can induce substantially more potent antitumor
effects on the established tumor than the IL-18 gene therapy
(Fig. 4, IL-12 alone versus pro-IL-18 alone: P , 0.005 on day 14
to 22, and P , 0.05 on day 24; IL-12 versus pro-IL-18yICE: P ,
0.05 on day 14 to 22). In TSyA tumor-bearing mice receiving
gene gun treatment of IL-12 cDNA, 17.4% of mice showed a
complete regression of the established tumors. In contrast, IL-18
gene therapy as administered here has failed to eradicate tumors
completely, and all IL-18 cDNA treated mice eventually died
from progression of testing tumors (Table 1). Others also have
reported that the antitumor effects of SCK cells (murine mam-
mary adenocarcinoma) expressing IL-12 were more striking than
those of SCK cells expressing IL-18 in tumor protection model
(31).

Importantly, we also showed in this study that the potent
antitumor effects induced by IL-12ypro-IL-18yICE cDNA were
in fact reflected by the prolongation of survival time in treated
animals. When mice whose tumor did not exceed 100 mm2 in size
were defined as survivors, in the groups of mice receiving gene
therapy with IL-12ypro-IL-18yICE, pro-IL-18yIL-12, and IL-12
alone, 59.1, 30.4, and 17.4% of mice, respectively, were found to
survive on day 50. There was a statistically significant difference
between the combination of IL-12ypro-IL-18yICE and the rest
of the treatment groups (e.g., IL-12ypro-IL-18yICE versus IL-12
alone, x2 5 7.98, P 5 0.0047). The P value of the IL-12ypro-IL-18
versus the IL-12ypro-IL-18yICE group was 0.0739 (x2 5 3.194),
which was close to the P , 0.05 significance level (data not
shown).

Involvement of CD81 T Cells and IFN-g in Tumor Regression After the
Combinatorial Gene Therapy of IL-12, pro-IL-18, and ICE. To deter-
mine the mechanism of cytokine-mediated tumor regression, in
vivo depletion experiments were performed by injecting TSyA
tumor-bearing mice with anti-CD41, anti-CD81, or anti-IFN-g
mAb (Fig. 5). Mice treated with IL-12ypro-IL-18yICE and both
anti-CD41 and CD81 mAbs were found to develop tumors with
kinetics similar to that of the control plasmid group (Fig. 5A). In
vivo depletion of CD81 T cells, but not of CD41 T cells,
completely abrogated the antitumor effect of combination ther-

apy (Fig. 5B). These results suggest that tumor regression
induced by this combinatorial therapy requires CD81 T cells.
This finding is similar to the results of antibody depletion
experiments for animals receiving IL-12 gene therapy alone (4,
8). Micallef et al. demonstrated that the effector cells responsible
for antitumor effects of pretreatment with rIL-18 were NK cells
in the initial phase, both CD41 and CD81 T cells in the second
phase (between day 9 and 15), and CD41 T cells for the long
term immunological memory (27, 28). Our results indicate that
the combination therapy of IL-12 and IL-18 can cause antitumor
effects primarily via activation of CD81 T cells.

In vivo neutralization of IFN-g proteins with anti-IFN-g mAb
also inhibited the antitumor activity against the TSyA tumor
induced by IL-12ypro-IL-18yICE cDNA, although this inhibi-
tory effect was not complete (Fig. 5A). This result suggests that
IFN-g is, in part, responsible for the antitumor efficacy of the
combination gene therapy of IL-12ypro-IL-18yICE. The lack of
complete abrogation of antitumor efficacy in animals treated
with anti-IFN-g Ab may be explained by persistent local IFN-g,
even in the mice treated with anti-IFN-g Ab. Moreover, it is
likely that IFN-g may be an important but not necessarily an
essential intermediate in this antitumor cascade. This is sup-
ported by studies that show that the use of the IFN-g gene in
similar tumor treatment models has not resulted in tumor
regression (39), implying that IL-12 and this combination gene
therapy can have immunologically mediated antitumor effects
other than IFN-g release. In contrast, Coughlin et al. have
demonstrated that the synergistic antitumor effect of IL-12 and
IL-18 require the endogenous production of IFN-g in the
vaccination model (31). Others also have reported that IFN-g is
one of the critical factors needed to mediate the antitumor
efficacy of IL-18 (29). The observed differences in the role of
IFN-g in IL-12 or in combination with IL-18 gene-mediated
antitumor activity might be attributable to the different tumor
models applied.

CTL Activity Induced by Gene Gun Delivery of Cytokine cDNAs. To
further evaluate whether the mice that showed complete regres-
sion of tumor after in vivo gene transfer were able to develop
antitumor immunity, splenocytes collected from mice with com-
plete regression in each treatment group were assayed for CTL
activity. Splenocytes from IL-12 alone, IL-12ypro-IL-18, and
IL-12ypro-IL-18yICE gene-treated mice generated similar lev-
els of CTL activity, which were 4- to 6-fold higher than those
from control tumor-bearing mice (P , 0.01, Fig. 6).

Fig. 5. Effects of in vivo depletion of CD41 and CD81 subsets of T cells and
neutralization of IFN-g on the antitumor response induced by combinatorial
gene therapy with IL-12, pro-IL-18, and ICE. (A) Mixture of anti-CD4 and
anti-CD8 mAb, or anti-IFN-g mAb were injected intraperitoneally. Mean tu-
mor size 6 SEM are shown for five mice per group. ƒ, anti-CD4 and anti-CD8
mAb; ‚, anti-IFN-g mAb; F, no mAb; h, rat IgG. All above groups (ƒ, ‚, F, and
h) received IL-12ypro-IL-18yICE cDNA treatment. E, control plasmid
(pNGVL-3) and no mAb. (B) Anti-CD4 and anti-CD8 mAb were administered
separately. Mean tumor size 6 SEM are shown for six mice per group. ƒ,
anti-CD4 mAb; ‚, anti-CD8 mAb; F, no mAb; h, rat IgG. All above groups (ƒ,
‚, F, and h) received IL-12ypro-IL-18yICE cDNA treatment. E, control plasmid
(pNGVL-3) and no mAb.

Fig. 6. Induction of CTL activities in mice with complete regression was
observed after gene therapy with IL-12, IL-12ypro-IL-18, or IL-12ypro-IL-18y
ICE. The representative data of two independent experiments are shown. h,
IL-12 cDNA; ‚, IL-12ypro-IL-18 cDNA; F, IL-12ypro-IL-18yICE cDNA; E, control
plasmid (pNGVL-3).
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Immunological Memory in Mice After Gene Therapy of IL-12, pro-IL-18,
and ICE. We evaluated whether the mice that showed complete
regression of TSyA tumors after gene therapy of IL-12ypro-IL-
18yICE could develop tumor-specific immunity. Six BALByc
mice with complete regression of TSyA tumor after in vivo gene
gun treatment with IL-12ypro-IL-18yICE cDNA were rechal-
lenged on day 50 with 1 3 105 TSyA cells. All mice rejected TSyA
tumors and were tumor-free for an additional 1 month. Then,
these mice were rechallenged again with 1 3 105 of both TSyA
cells and CT26 cells (syngeneic to BALByc mice) on the right
and the left side of abdomen, respectively. All mice rejected a
second challenge with TSyA tumor cells but developed CT26
tumors (data not shown). Taken together with the data of the
cytotoxic assay (Fig. 6), our results suggest that gene gun
treatment with combination of IL-12, pro-IL-18, and ICE in
tumor-bearing mice can effectively result in the CTL activation
and the development of tumor-specific immunological memory.

In summary, gene gun-mediated transfer of expression vectors
for IL-12, pro-IL-18, and ICE cDNA can confer a synergistic

induction of IFN-g in vitro and in vivo. Combination of these
three genes can effectively result in complete regression of TSyA
tumors, the effect of which is superior to either IL-12 or
pro-IL-18 cDNA alone. This antitumor response can be com-
pletely blocked by CD81 T cell depletion and can be partially
abrogated by antibodies to IFN-g. In addition, this combination
gene therapy can induce tumor-specific immunological memory.
This is a pilot study on the successful use of a triple gene
combination for cancer therapy using nonviral vectors. These
findings suggest that combination gene therapy of IL-12, IL-18,
and ICE cDNA may provide a potential application for cancer
gene immunotherapy, and the current gene gun delivery ap-
proach may provide a new methodology for effective and
functional delivery of multiple, candidate therapeutic genes for
experimental and potential clinical applications.
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