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ABSTRACT

To determine the possibility of gene therapy for renal cell carcinoma (RCC) using interleukin-
12 (IL-12), we prepared genetically engineered murine RCC cells (Renca) which secrete 1L-12
and evaluated the usefulness of these cells as a tumor vaccine. The IL-12 gene was transduced
using MFG retroviral vector. The in vitro characteristics of transfectants—i.e., cell proliferation
and expression of surface antigens—were then examined. In vivo tumorigenicity was assessed
by subcutaneously injecting each type of cell in syngenic BALB/c mice. For the challenge experi-
ments, the mice rejecting previously injected Renca IL-12 cells were rechallenged with parental
cells. To determine the antitumor effect at remote sites, mice were injected with parental cells
into the left flank, and then either Renca IL.-12 or parental cells were inoculated into the oppo-
site site on day 0 or 1. The transfected cells can secrete 146.7ng/ml/10%ells/48 hr of IL-12, as
confirmed here by bioassay. The in vitro characteristics of the transfectants were not altered,
but in vivo tumorigenicity was significantly reduced. Of the 21 mice that rejected Renca IL1.-12
cells, 9 failed to develop tumors after the challenge with parental cells. In the mice treated with
Renca IL.-12 as a vaccine, both number and tumor volume of the mice that developed tumors at
remote sites were reduced. IL-12 secreting Renca cells conferred both protective immunity to
parental cells and delay of tumor growth at remote sites, indicating that IL-12 secreting Renca
cells are a feasible candidate for use in gene therapy of RCC.
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carcinoma (RCC) have metastatic disease at initial
presentation, and nearly 20% of patients who
undergo curative surgery for RCC nonetheless
develop advanced disease. The prognosis of
advanced RCC remains highly wunfavorable
because the traditional therapies, including
surgery, radiation, hormonal therapy, and
chemotherapy, have not altered the natural histo-
ry of this disease'*¥. For this reason, biological
modifier therapy combined with surgical removal
of both the metastases and the primary tumor has
been conducted. While interferons (IFNs) and
interleukine-2 (IL-2) are currently the most
promising agents for such treatment of advanced
RCC, their efficacy remains inadequate,® and there
is thus need of alternative agents or modalities.
IL-12 is an important regulator of cell-mediated
immune responses because of its effects on NK
cells and T lymphocytes. In mouse models, sys-

revealed no serious side effects at doses that led to
significant antitumor responses®>?. However, sys-
temic administration of IL-12 in mice and squirrel
monkeys has been shown to cause significant toxi-
city®"*. In humans, phase I trials of systemic IL-
12 treatment of RCC have been completed*™.
Phase II trials were temporarily suspended due to
apparent toxicity, but this toxicity has since been
reduced due to an improvement of administration
protocol, and the trials have been resumed®. Since
IL-12 is secreted only by “professional” antigen
presenting cells (i.e., macrophages and B-cells), it
is possible that local secretion of IL-12 at the
tumor site might induce an immune response sim-
ilar to that occurring during immune response to
bacterial pathogens. Thus, IL-12 may be a suitable
cytokine for gene therapy as part of a tumor vac-
cine'. To examine the effectiveness of gene thera-
py using IL-12 for treatment of RCC, we prepared
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genetically engineered murine RCC which secrete
11.-12, then characterized these cells and evaluated
their antitumor effect in a murine model of RCC.

MATERIALS AND METHODS
Animals and tumor cells.

Six-week-old female BALB/c mice were pur-
chased from Charles River Japan Inc. (Kanagawa,
Japan). The animals were kept under constant
pathogen-free conditions and fed the commercial
pellet diet CE-2 (CLEA, Tokyo, Japan). All experi-
ments were conducted in accordance with the
University of Hiroshima Animal Care Guidelines.

Renca, a BALB/c mouse renal cell adenocarcino-
ma of spontaneous origin'®, was generously pro-
vided by Dr. Fujicka (Iwate Medical School,
Morioka, Japan) and maintained in Dulbecco’s
Modified Essential Medium (DMEM) (GIBCO
BRL, Life Technologies, Inc., Rockville, MD) sup-
plemented with 15% Fetal Bovine Serum (FBS)
(GIBCO BRL).

Recombinant retroviral vectors and transfec-
tion to tumor cells.

DNA sequences encoding the p35 or p40 of
murine IL-12 were inserted into the retroviral vec-
tor MFG,® and the resulting constructs were intro-
duced into WCRIP cells to generate recombinant
viruses with an amphotropic host range. Renca
cells were sequentially exposed to viral super-
natants, including p35 or p40 of IL-12, and the
transduced cells were characterized by measuring
the efficiency of infection and the secretion of gene
products, as follows:

Briefly, 5x10° Renca cells were inoculated into a
100 mm Petri dish and incubated until the loga-
rithmic phase. These cells were transfected with 5
ml of retroviral supernatants (MFG-p35 of mIL-12
or MFG-lac Z) in the presence of 8 ng/ml of poly-
brene (Sigma Chemical Co., St. Louis, MO) for 24
hr. The transfected cells were incubated in DMEM
supplemented with 15% FBS for another 2 days
(Renca IL.-12 p35 or Renca lacZ).

The efficiency of infection was estimated by the
expression of lac Z as a reporter gene using X-gal
staining®. Virus titer (cfu/ml) was measured by
the formula: (number of infectious cells) x (per-
centage of X-gal staining positive cells)/(volume of
viral supernatant). After confirming that the
infection was sufficiently efficient, Renca IL-12
p35 cells were sequentially transfected with the
mll-12 p40 gene using the same methods as used
for Renca IL-12.

The biological activity of IL-12 produced by
transfectants was estimated by the proliferative
response of 4-day human phytohemagglutinin-
activated lymphocytes (PHA), as described previ-
ously®. Results were extrapolated from a standard
curve using a defined dose of recombinant mouse
IL-12 (Pharmingen, San Diego, CA). Production of
I1.-12 was also confirmed immunologically using

ELISA (Interest-12X™; Genzyme, Cambridge, MA).
Cell proliferation assay.

2x10* parental Renca cells, Renca cells trans-
fected by either lacZ gene or IL-12 gene were inoc-
ulated into a 35 mm Petri dish containing DMEM
supplemented with 15% FBS. On days 1, 2, 3 and
5, the total cells in each dish were enumerated.
Immunofluorescent flow-cytometry analysis.

The alteration of surface antigens, including
major histocompatibility complex (MHC) class I
antigen, class II antigen and B7-1, in Renca cells
after gene transfection was analyzed. FITC-conju-
gated anti-MHC class I (H-2K?) and class II (I-A%)
monoclonal antibody were purchased from Meiji
Nyugyo Co., Ltd. (Tokyo, Japan), and FITC-conju-
gated anti-B7-1 monoclonal antibody was pur-
chased from Sumitomo Denko (Yokohama, Japan).
Each cell type was incubated with the respective
antibody in phosphate-buffered saline (PBS) sup-
plemented with 5% FBS for 45 min at 4°C. After
washing the cells three times with PBS, 10,000
cells of each group were analyzed by flow cytome-
try (EPICS Elite Flow Cytometer; Coulter,
Hialesh, FL).

Animal studies.

A total of 1x10°, 1x10° or 1x10” Renca IL-12
viable cells suspended in 0.1 ml Hanks’ balanced
salt solution (HBSS) (GIBCO BRL) were inoculat-
ed subcutaneously (s.c.) into syngenic 6-week-old
female BALB/c mice, and the perpendicular diam-
eter of each tumor was measured twice a week
using vernier calipers. Renca IL-12 cells were also
inoculated admixed with parental cells in various
ratios (1:0, 1:1, or 1:9).

For the challenge experiments, the mice that
had rejected the previously injected Renca IL-12
cells were injected with 1x10° parental cells in the
opposite flank. Further, to determine the antitu-
mor effects at remote sites, 1x10° parental cells
were injected s.c. into the left flank of mice and
either Renca IL-12 (1x10° or 1x10°%) or parental
cells were inoculated into the opposite flank at the
same time or a day later. Tumor incidence and vol-
ume were monitored twice a week. The tumor vol-
ume was estimated by the formula: 1/4 x (long
diameter) X (short diameter)’.. Mice bearing a
tumor more than 5 mm in short diameter were
considered to be positive.

Statistical analysis

Statistical analysis of the cell proliferation
assay and animal studies was performed using
Fisher’s PLSD-test and Scheffe’s F-test, and
StatView J. 4.11 statistical analysis software was
used for the intergroup comparisons (Abacus
Concepts, Inc., Berkeley, CA). The differences
were considered statistically significant at p<0.05.

RESULTS
Efficiency of infection and secretion of IL-12
by transfectants.
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Fig. 1. X-gal staining of Renca lac Z cells.

The efficiency of infection was estimated by the
expression of lac Z in Renca cells transfected with
MFG-lac Z as a reporter gene (Renca lac Z). Renca
cells expressing lac Z turned blue by X-gal staining.
Eighty-six percent of Renca lac Z cells expressed lac
7, suggesting that the efficiency of infection was ade-
quate in this series. (Original magnification x100.)

The efficiency of infection was estimated by the
expression of lac Z in Renca cells transfected with
MFG-lacZ as a reporter gene (Renca lac 7).
Eighty-six percent of Renca lacZ expressed lac Z
products, as confirmed by X-gal staining, suggest-
ing that the efficiency of infection was adequate in
this series (Fig. 1). The viral titer was 0.86x10°
cfu/ml.

In fact, Renca IL-12 cells, which were transfected
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Fig. 2. In vitro growth of Renca transfectants.

To determine the direct effect of transduction of the
IL-12 gene or secretion of the biologically active form
of m-IL-12 on Renca cell proliferation, 2x10* Renca
cells were inoculated into a 35 mm Petri dish. Total
cells in each dish were enumerated on days 1, 2, 3
and 5. The in vitro growth of each cell was not
altered by gene transduction or secretion of IL-12.

by MFG-mIL-12-p35 and MFG-mIL-12-p40 sequen-
tially, could secrete 146.7ng/10%ell/48hr of biologi-
cally active IL-12, as measured by the proliferative
response of 4 day human PHA-activated lympho-
cytes. In addition, IL-12 secretion was confirmed
immunologically by ELISA (129.33ng/10°cell/48hr).
In vitro characteristics of Renca cells after
gene transduction.

To determine the direct effect on in vitro charac-
teristics by the transfection of IL.-12 gene or the
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Fig. 3. Expression of surface antigens in Renca transfectants.

To ascertain whether gene transfection changes the surface antigens of Renca cells, we analyzed the expression of
MHC class T antigen, class IT antigen and B7-1 by flow cytometry. MHC class T molecules were expressed in

parental cells and transfectants, but MHC class 1T molecules and B7-1 molecules were not detected in Renca

parental cells and transfectants. There was no alteration of surface antigens after gene transfer.
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Fig. 4. In vivo tumorigenicity of Renca transfectants.
To examine the tumorigenicity of Renca cells after
gene transduction, parental Renca cells (10° cells),
Renca lac Z cells (10° cells) and Renca IL-12 cells
(10°, 10° or 107 cells) were injected s.c. into the right
flank of syngenic BALB/c mice. Each group consisted
of 10 mice.

The tumor volume of Renca IL-12 cells was reduced
significantly compared with those of parental cells
and Renca lac Z cells. *, p< 0.01 versus control (A).
All mice injected with parental Renca cells developed
tumors within 65 days, and those injected with
Renca lac Z cells within 37 days. In the mice inocu-
lated with Renca IL-12 cells, however, 6 of 10 mice
injected with 10° Renca IL-12 cells, 6 of 10 mice
injected with 10° cells, and 7 of 10 mice injected with
107 cells escaped tumor formation until day 130,
when these experiments closed (B). Six of 10 mice
injected with 10° Renca IL-12 cells, 6 of 10 mice with
injected 10° cells, and 8 of 10 mice injected with 107
cells were alive until day 130, whereas all mice
injected with parental Renca cells died within 122
days, and those injected with Renca lacZ cells died
within 80 days (C).

secretion of bioactive form of mIL-12, the activity
of cell proliferation and the expression of surface
antigens were examined. As shown in Fig. 2, there
were no significant differences in cell proliferation
among parental Renca cells and Renca cells trans-
duced by the lacZ or the IL-12 gene.

As shown in Fig. 3, a high basal expression of
MHC class I molecules was found in both parental
cells and transfectants, but MHC class II mole-
cules and B7-1 molecules were not detected. There
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Fig. 5. In vivo tumorigenicity of Renca IL-12
admixed with parental cells.

To examine the in vivo tumorigenicity when Renca
IL-12 cells were admixed with parental Renca cells in
the various ratios (1:0, 1:1, or 1:9), a total of 1x10°¢
viable cells were inoculated into mice. The tumor vol-
umes in each group on day 56 were significantly
smaller than those induced by the parental cells
alone.*, p< 0.01 versus control.
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Fig. 6. Acquisition of protective antitumor immunity
to parental cells.

To examine whether the mice acquired protective
immunity to parental cells, those mice that rejected
Renca IL-12 cells were inoculated with 1x10°
parental Renca cells into the opposite flank. One of 4
mice (25%) that had previously rejected 1x10° Renca
1112 cells, 4 of 10 mice (40%) that had rejected 1x10¢
Renca IL-12 cells, and 4 of 7 mice (57.1%) that had
rejected 1x107 Renca IL-12 cells did not develop any
tumors.

was no change of surface antigens after gene
transfer. Therefore, neither transduction of the IL-
12 gene nor secretion of the bioactive form of I1.-12
had any direct effect on the in viiro characteristics
of transfectants, including the activity of cell pro-
liferation and the expression of surface antigens.
In vivo tumorigenicity of Renca cells after
gene transduction.

To examine the tumorigenicity of Renca cells
after gene transfection, parental Renca cells,



Gene Therapy Using I1.-12 for Renal Cell Carcinoma 33

Table 1. Tumor incidence after vaccination

Tumor incidence

Breeding period (day) 7 14 21 28 35 42

vaccination at once
Renca widl (control) 0/5 2/5 5/5
Renca IL-12 (10%cells) 0/5 3/5 4/5 4/5 4/5 4/5
Renca IL-12 (10%ells) 0/5 0/5 2/5 4/5 4/5 4/5
vaccination one day later
Renca IL-12 (10%ells) 0/5 2/5 3/5 5/5
Renca IL-12 (10%cells) 0/5 2/5 4/5 4/5 5/5

40007

Renca (control) (n=5)

Renca IL-12(day0,10%cells) (n=5)
Renca IL-12(day0,10%cells) (n=5)
Renca IL-12(day1,105cells) (n=5)
Renca IL-12(day1,106cells) (n=5)
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Fig. 7. Antitumor effects at distant sites.

To determine the antitumor effects on the parental
Renca cells at a distant site, 1x10° parental cells
were inoculated s.c. into the left flank. At the same
day or the next day, 1x10° or 1x10° Renca IL-12 cells
or 1x10° parental cells were injected into the opposite
flank. On day 42, the volume of tumors observed in
mice treated with parental Renca cells as a control
was significantly larger than that of those treated
with Renca IL-12 as a vaccine.*, p< 0.05 versus con-
trol.

Renca lac Z cells, or Renca IL-12 cells were inocu-
lated s.c. into BALB/c mice. Tumor volumes in
mice injected with Renca IL-12 cells were signifi-
cantly smaller than those observed in mice inject-
ed with parental Renca or Renca lac Z cells (Fig.
4A).

All mice injected with parental Renca cells
developed tumors within 65 days, and those with
Renca lac Z cells did so within 37 days. In the mice
inoculated with Renca I1-12 cells, however, 6 of 10
mice injected with 10° of Renca IL-12 cells, 6 of 10
mice injected with 10° cells, and 7 of 10 mice
injected with 107 cells escaped tumor formation
until day 130, when these experiments closed (Fig.
4B).

The survival of mice inoculated with Renca IL-
12 was also improved. Six of 10 mice injected with
10° Renca IL-12 cells, 6 of 10 mice injected with
10° cells, and 8 of 10 mice injected with 107 cells

were alive until day 130, whereas all mice injected
with parental Renca cells died within 122 days,
and those injected with Renca lacZ cells died with-
in 80 days (Fig. 4C).

Renca IL-12 cells were also inoculated admixed
with parental cells in various ratios. As shown in
Fig. 5, the mean tumor volumes in each group
treated with Renca IL-12 cells were significantly
smaller than those of parental Renca cells alone
on 56 days. Even if a considerable number of cells
were not transfected with the IL-12 gene, ade-
quate secretion of IL-12 could maintain the antitu-
mor effect.

Anti-tumor effect of Renca cells after gene
transduction.

To determine whether Renca IL-12 cells can
confer protective immunity to parental cells, the
mice that had rejected the previously injected
Renca IL-12 cells were inoculated with 1x10°¢
parental cells into the opposite flank. One of 4
mice (25%) that had previously rejected 1x10°
Renca IL-12 cells, 4 of 10 mice (40%) that had
rejected 1x10° Renca IL-12 cells, and 4 of 7 mice
(57.1%) that had rejected 1x10” Renca IL-12 cells
did not develop any tumors (Fig. 6). These mice
were determined to have acquired protective anti-
tumor immunity to Renca parental cells.

To determine the anti-tumor effect at remote
sites, 1x10° parental cells injected s.c. into the left
flank of mice and either Renca IL-12 (1x10° or
1x10%) or parental cells were inoculated into the
opposite flank on day O or day 1. All mice treated
with parental Renca cells as a control developed
tumors within 21 days, whereas 1 out of 5 mice
(20%) treated with 1x10° and 1x10° Renca IL-12
cells on day O rejected tumors in the opposite flank
(Table 1). In addition, in the mice treated with
1x10° and 1x10° Renca IL.-12 cells on day 1, tumor
formation was delayed at the remote sites (Table
1). As shown in Fig. 7, the tumor volume at day 42
in control mice treated with parental Renca cells
was significantly larger than tumor volumes in
mice treated with Renca IL-12 cells on day 0 or in
those treated with Renca IL-12 on day 1.

Although Renca IL-12 cells could not achieve
complete tumor regression as a vaccine, they
induced the delay of both tumor formation and
tumor growth compared with the parental cells as
a control.

DISCUSSION

IL-12, formerly termed natural killer cell stimu-
latory factor (NKSF)” or cytotoxic lymphocyte
maturation factor (CLMF)*®, is a disulfide-linked
heterodimeric cytokine composed of a 35 kDa light
chain (p35) and a 40 kDa heavy chain (p40). To
produce biologically active IL-12, simultaneous
expression of both the p35 and p40 genes within
the same cell is necessary*®. Gubler et al pointed
out a troublesome possibility that the sequential
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transfection by retroviral vector might deteriorate
the efficacy of transduction”. To avoid such
reduced efficacy, Zitvogel et al created a vector
with an internal ribosome entry site (IRES) that
could express more than one gene at a time. They
succeeded in acquiring transfectants that could
produce an adequate amount of bioactive IL-12
(133 ng/10° cells/48 hr)*. Although we transduced
p35 and p40 genes into Renca cells separately in
the present study, we were able to obtain transfec-
tants which, like Zitvogel’s, secreted sufficient
amounts of IL-12. These excellent results might
have been related to the simple structure of the
MFG vector, which could have led to both a high
efficacy of infection and a high expression of each
gene product.

Jaffee et al reported that, in the absence of
selection, they achieved a mean transduction effi-
cacy of 60% in primary human tumor explants
using the retroviral vector MFG in conjunction
with short-time culture techniques, and they
developed a safe autologous tumor vaccine for use
in clinical trials. They also reported that the
immunization potential was markedly more
dependent on the number of vaccinating cells than
on the percentage of purified cells®. Our efficacy of
gene transfer into Renca cells was as high as
Jaffee’s efficacy of gene transfer into primary
human explants. In fact, our admixed experiment
showed no difference when Renca IL-12 was
admixed with parental cells at various ratios. We
therefore used Renca IL-12 as a tumor vaccine
without cell selection, in the same manner as
Jaffee.

The mechanisms underlying the antitumor
activity of IL-12 are likely to be complex and have
not been fully elucidated. In the present study,
Renca IL-12 secreting sufficient IL-12 reduced the
tumorigenicity in syngeneic BALB/c mice without
any significant changes in the characteristics of
Renca IL-12 cells compared with parental cells in
vitro. This reduced tumorigenicity in vivo is proba-
bly mediated through the effects of IL-12 on the
host immune system, because IL.-12 did not direct-
ly inhibit the growth of malignant cells in vitro,
and gene transfer did not induce the alteration of
surface antigens, including MHC class I, MHC
class IT and B7-1 molecules.

In the present study, 9 of 21 animals that were
rechallenged following regression of the initial
tumor demonstrated long-term immunity. The
same antitumor immune response has been
reported in a murine sarcoma cell line, MCA 207,
by Tahara et al®. These authors provided a pre-
cise analysis of the anti-tumor mechanism and
concluded that NK cells and IFN-y play important
roles in the development of early-phase antitumor
responses, but that T cells, especially CD4+ and
CD8+, play the major role in the subsequent
events leading to long-term protective immunity of

parental cells. Because our present animal studies
were conducted in a similar manner and gave sim-
ilar results, we anticipated that a similar mecha-
nism of antitumor immuno-responses would be
operative in our animals.

However, 12 animals succumbed to the rechal-
lenge in the present study. Nastala et al also
found that a fraction of animals cured of tumors
by IL-12 did not possess long-term immunity, sug-
gesting that the antitumoral effect of IL.-12 may
also include non-T-cell-mediated events™. Voest et
al have demonstrated that IL-12 exhibits antian-
giogenic activities that can account for some anti-
tumor activity?®. On the other hand, Bramson et al
considered that this observation indicated a wane
of immunity over the long term because of the
latency of residual tumor cells within the body.
Thus, they considered that one possible way of
maintaining long-term immunity is by boosting
the host with irradiated tumor cells, periodically
providing a regular source of tumor antigen®.

CD4+ T cells, CD8+ T cells, NK cells, macro-
phages or other cell types may participate in
antitumor responses induced by IL-12. This pro-
vides a rationale for gene therapy using tumor
cells genetically engineered to secrete IL-12 so
that a specific T cell response can be obtained
against nontransduced metastatic cells present at
the time of vaccination. Our study demonstrated
that Renca IL-12 could work as a tumor vaccine
that induces eradication of parental Renca cells at
a distant site. This phenomenon was thought to be
led by the cell-mediated immune responses.

These results indicate that our system is very
simple and effective. IL-12 gene therapy using the
MFG vector system is likely to be a feasible strate-
gy for the treatment of advanced cases of RCC in
which other effective modalities are lacking, and
should be further investigated as a novel strategy.
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