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Abstract. Genetically modified tumour cells producing
cytokines such as interleukin 12 (IL-12) are potent activa-
tors of the antitumour immune responses and represent a
promising therapeutic modality when combined with chemo-
therapy. The objective of this study was to examine whether
IL-12-producing cellular vaccines can augment chemotherapy
of human papilloma virus (HPV) 16-associated murine
tumours with the cytostatic agent gemcitabine (GEM). We
found that peritumoral administration of IL-12-producing
tumour vaccines enhanced the effect of cytoreductive therapy
with GEM both in non-metastasizing murine carcinoma
TC-1 and in metastasizing murine carcinoma MK16. The
percentage of mice with MK16 metastases and the number
of lung metastatic nodules was substantially decreased. In
another clinically relevant setting, surgical minimal residual
tumour disease, the administration of IL-12-producing
tumour vaccine and GEM after the MK16 tumour surgery
reduced the percentage of mice with tumour recurrences;
similarly, the percentage of metastasis-bearing mice and the
number of metastatic nodules was decreased. Tumour inhibi-
tory effects exerted by GEM plus IL-12 were associated with
high production of interferon-y (IFNy) by splenocytes. Our
results suggest that the IL-12-producing vaccine can enhance
the effect of GEM chemotherapy in some HPV16-associated
murine tumour models.

Introduction

Cancer immunotherapy is an attractive approach to cancer
treatment. It has been suggested that immunotherapy has
the capacity to achieve better effectiveness when used in
combination with chemotherapy. Synergistic effects of combi-
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nations of immunotherapy and chemotherapy have been
shown in a number of pre-clinical and clinical studies (1-8).
Chemotherapeutic drugs affect rapidly growing cells, and as a
consequence cause collateral damage to cells of the immune
system. In this regard they are considered immunosuppres-
sive. However, there is increasing evidence that some cancer
chemotherapies may actually aid the immunotherapy by
activating the immune system rather than suppressing it
(9-11). Chemotherapeutic drugs such as cyclophosphamide,
doxorubicin, and paclitaxel were reported to have immu-
nomodulatory activities and appeared to be suitable for
chemoimmunotherapy (12,13).

Gemcitabine (GEM), a pyrimidine nucleoside anti-metabo-
lite, is a relatively recently developed cytostatic agent with
potent antitumour activity demonstrated in a wide spectrum
of in vitro and in vivo animal tumour models and its efficacy
was confirmed in a variety of clinical settings (14-16). It has
been shown that GEM has also the immunomodulatory prop-
erties. Nowak et al (3,10,11) reported on a series of studies
suggesting that GEM might be particularly useful when
used in combination with immunotherapy because it was
able to induce tumour necrosis/apoptosis while not adversely
affecting T cell function. In addition to its pro-apoptotic
effects, GEM selectively promotes the cell-mediated immune
response over the humoral immune response by selectively
inhibiting B-cell proliferation, decreasing memory T cells,
and promoting the activation of naive T cells and function of
CDS8* T cells (17-19). Pre-treatment with GEM can enhance
the antigenicity and immunogenicity of tumours by promoting
adaptive immune responses (19). GEM was successfully used
to reduce the percentage of myeloid derived suppressor cells
(MDSCs) in the spleen and in the tumour microenvironment,
but did not reduce CD4+ and CD8* T cells, natural killer (NK)
cells, macrophages and B cells (18-21).

IL-12 is a potent immunostimulatory cytokine exerting
antitumour effects in several animal models (22-25) (reviewed
in refs. 4,8,26). The broad antitumour activity of IL-12 is
related to its ability to induce Thl type responses and to acti-
vate NK cells, natural killer T cells, cytotoxic T lymphocytes
(CTLs) and antigen-presenting cells (27-29). Furthermore,
IL-12 is an anti-angiogenic agent which can antagonize pro-
angiogenic signals during the tumour development (28,30).
To achieve significant antitumour effects, high systemic
doses of cytokines are usually required. Serious toxicity
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associated with the systemic administration of the high doses
was observed in humans. Therefore, local peritumoral gene
therapy has been proposed as a suitable strategy to ensure the
required levels of cytokine in the peritumoral milieu and low
levels in the circulation (30).

In our previous studies, the efficacy of the recombinant
IL-12 or cellular vaccines engineered to produce IL-12 in the
treatment of early tumour transplants of HPV16-associated
tumours, as well as in the treatment of tumour recurrences
after surgery or cytoreductive chemotherapy was demon-
strated (5-7,31).

In this report, we have examined the local treatment with
IL-12-producing tumour cellular vaccine and we have shown
that this vaccine augments the antitumour effects of chemo-
therapy with cytostatic agent GEM, using HPV16-associated
murine tumours differing in major histocompatibility complex
(MHC) class I cell-surface expression and ability to metasta-
size.

Materials and methods

Mice. C57BL/6 (B6) male mice, 6-8 weeks old, were obtained
from AnLab Co., Prague, Czech Republic. Experimental
protocols were approved by the Institutional Animal Care
Committee of the Institute of Molecular Genetics, Prague.

Cell lines. For the experiments, two murine models of HPV16-
associated tumours were used. The TC-1 tumour cell line
(MHC class I-positive, non-metastasizing) was established
by transformation of primary B6 mouse lung cells with
HPV16 E6/E7 and activated Ha-ras DNA (32). MK16/1/
IITABC (MK16) tumour cell line (MHC class I-deficient,
spontaneously metastasizing into the lung after s.c. injection)
was developed by co-transfection of murine B6 kidney cells
with a mixture of activated Ha-ras oncogene and HPV16
E6/E7 genes (33). For vaccination, selected cloned IL-12-
producing cell subline TC-1-IL-12 (231/clone 15) obtained
from Dr M. Smahel was used. In vitro production of IL-12
by these cells was 40 ng IL-12/1x10° cells/ml medium/48 h
(5). All tumour cell lines were maintained in RPMI-1640
medium supplemented with 10% FCS, 2 mM L-glutamine,
penicillin, streptomycin, and cultured at 37°C in a humidified
atmosphere with 5% CO,.

GEM treatment. For therapeutic experiments, intraperitoneal
administration of 120 mg/kg of GEM (Gemzar, Eli Lilly,
Indianapolis, IL) was used. The dose was established as suit-
able for combined treatment after performing the experiment
in which B6 mice that were inoculated s.c. with 5x10* TC-1
cells and after approximately 15 days, when the tumours
reached a size of 2-3 mm in diameter, were treated with
different doses of GEM (60, 120 and 240 mg/kg i.p.). The
dose of 120 mg/kg was selected as suboptimal and therefore
suitable for combined chemoimmunotherapy (Fig. 1A). To
analyse the effect of GEM treatment on the percentage of
CD11b*/Gr-1* cells representing MDSC population, mice
(three mice per group) bearing large TC-1 tumours (approxi-
mate size of 1.5 cm in diameter) were i.p. injected with GEM
(120 mg/kg i.p.). Three days later, the percentage of CD11b*/
Gr-1* cells in the spleens of mice with tumour was analysed.
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IL-12 gene therapy of TC-1 and MKI16 minimal residual
disease after chemotherapy with GEM. To obtain the minimal
residual disease after chemotherapy, B6 mice (8 per group) were
inoculated s.c. with 5x10* TC-1 or 1x10° MK16 tumour cells.
After 15 days, when the tumours reached a size of 2-3 mm in
diameter, the mice were randomly divided into 4 experimental
groups. One experimental group was left without treatment
as a control group (untreated mice). Two experimental groups
of mice were injected i.p. with 120 mg/kg of GEM. A week
later, one experimental group of mice treated with GEM was
injected with a single dose of 15x10° IL-12-producing, irradi-
ated (150 Gy), TC-1-IL-12 cells in the vicinity of the s.c. tumours.
One experimental group of mice was left as GEM-only treat-
ment and one experimental group of mice was injected with
TC-1-IL-12 cells only. The growing tumours were checked
twice a week. In case of metastasizing MK 16 tumour, on day
57, when the mice became moribund, mice were sacrificed
and autopsied for the lung metastases. The experiments were
repeated three times and reproducible results are illustrated.
In control experiments, the TC-1 cells without inserted gene
were used without any effect (data not shown).

IL-12 gene therapy of MKI6 residual disease after surgery.
To obtain the minimal residual tumour disease after surgery,
B6 mice were inoculated s.c. with 5x10° MK16 cells on day
0. After 30 days, when the transplanted tumours reached
~8-12 mm in diameter, the tumours were excised under i.p.
anaesthesia, leaving no macroscopically visible tumour
residuum (34). The hypothetical microscopic tumour residua
after surgery were designated as surgical minimal residual
tumour disease. Mice were randomly divided into 4 experi-
mental groups (10 mice per group). One experimental group
was left without treatment as a control group (operated-only
mice). Two groups of experimental mice were treated with
GEM (on day 1 and 7 after the surgery, 120 mg/kg i.p.). One
experimental group previously treated with GEM was injected
3 days after the surgery) into the site of previous surgery with
a single dose of 15x10° IL-12-producing, irradiated (150 Gy),
TC-1-IL-12 cells. One experimental group of mice was left as
GEM-only treated and the other experimental group of mice
was injected with TC-1-IL-12 cells only. Seven days after
the surgery, three mice from each group were sacrificed and
their splenocytes were tested for IFNy production (ELISPOT,
ELISA). The percentage of CD11b*/Gr-1* cells in the spleens
was evaluated by FACS analysis. On day 40 after the
operation, the mice were sacrificed and autopsied for lung
metastases. The experiments were repeated three times and
the representative results are illustrated.

Tumour metastases. Lungs were removed and inspected for
the presence of macroscopically detectable metastases. The
number of metastatic nodules was determined after fixation in
Bouin's solution using a stereoscopic microscope (Stemi 2000,
Carl Zeiss Jena GmbH, Jena, Germany). For histological veri-
fication of the metastases, lungs were fixed with 10% neutral
buffer formalin, embedded in paraffin, and tissue sections
were stained with haematoxylin and eosin (31).

ELISA. For ELISA, the supernatants obtained after 48 h
cultivation of splenocytes (2x10%/ml) were frozen. The ELISA
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Figure 1. The effects of GEM on the growth of TC-1 tumours and on the percentage of MDSC in the spleen of mice bearing TC-1 tumours. (A) The effect
of 60, 120 and 250 mg/kg of GEM on the growth of the TC-1 tumours. Untreated mice vs. GEM 60 mg/kg P>0.05; untreated mice vs. 120 mg/kg P<0.05;
untreated mice vs. GEM 240 mg/kg P<0.01; (ANOVA). (B) The effect of GEM (120 mg/kg i.p.) on the percentage of MDSC in the spleen of mice bearing the
growing TC-1 tumours. GEM decreases percentage of CD11b* (FITC)/Gr-1* (PE) cells (13.5% without GEM treatment vs. 5.9% after GEM treatment).

kit (BD Biosciences, San Diego, CA) was used according to
the manufacturer's instructions.

ELISPOT assay. To determine the portion of IFNy-secreting
spleen cells, an ELISPOT kit for detection of murine IFNy
(BD PharMingen, San Diego, CA) was used. The spleno-
cytes were cultured for 48 h and then placed to the wells of
ELISPOT plates (concentration 5x103 cells/well) for 24 h. The
plates were then processed according to the manufacturer's
instructions (BD PharMingen). Coloured spots were counted
with CTL Analyzer LLC (CTL, Cleveland, OH) and analyzed
using the ImmunoSpot Image Analyzer software.

Flow cytometry (FACS). To determine the percentage of
CD11b*/Gr-1* cells, FITC rat anti-mouse CD11b (M1/70) and
PE rat anti-mouse Ly-6G and Ly-6C (Gr-1) (RB6-8C5) were
used. As isotype controls, FITC and PE-labelled antibody of
irrelevant specificity were used. All products were purchased
from BD PharMingen. Flow cytometry was performed using
LSR II flow cytometer (BD Biosciences, San Jose, CA).

Statistical analyses. For statistical analyses, Student's t-test
and %2 comparison test were used. Analysis of variance
(ANOVA) from the NCSS, Number Cruncher Statistical
System (Kaysville, UT) statistical package was used.

Results

GEM treatment. To select the convenient dose of GEM for
therapeutic experiments, B6 mice were inoculated subcutane-
ously (s.c.) with 5x10* TC-1 cells and after 15 days, when the
tumours reached a size of 2-3 mm in diameter, the mice were
intraperitoneally (i.p.) treated with different doses of GEM:
60, 120 and 240 mg/kg. The dose of 120 mg/kg was selected
as suboptimal and therefore suitable for chemoimmunotherapy
(Fig. 1A).

To analyse the effect of this selected dose of GEM on the
percentage of CD11b*/Gr-1* cells in spleen, the mice (3 mice
per group) bearing large TC-1 tumours (approximate size of
1.5 cm in diameter) were i.p. injected with GEM (120 mg/

kg i.p.). Three days later, the percentage of CD11b*/Gr-1*
cells in the spleen of the mice with tumour was analysed. The
administration of GEM decreased the percentage of CD11b*/
Gr-1* cells in the spleens (13.5% without GEM treatment vs.
5.9% after GEM treatment) (Fig. 1B). The impact of GEM
on the percentage of CD11b*/Gr-1* in spleens was studied in
mice bearing large tumours since its percentage in mice from
all experimental groups three days after TC-1-IL-12 vaccine
administration was not significantly different from the
values observed in the healthy mice (data not shown).

IL-12 gene therapy of TC-1 and MKI16 minimal residual
disease after chemotherapy with GEM. Mice were inoculated
s.c. with 5x10* TC-1 cells or 1x10° MK16 cells. On day 15,
when the tumours reached a palpable size of 2-3 mm in dia-
meter, the tumour-bearing mice were randomly divided into
three experimental groups and one control group (untreated
mice). Two experimental groups were injected i.p. with the
dose of 120 mg/kg GEM. Seven days after chemotherapy, the
first experimental group was left as mice treated with GEM
only and the second experimental group previously treated
with GEM was injected peritumorally with a single dose of
the IL-12-producing vaccine. The third experimental group
was treated with the IL-12-producing vaccine only. As can
be seen in Fig. 2A, the treatment of TC-1 tumours with GEM
resulted in a substantial tumour inhibition in comparison with
the untreated controls. This effect was further significantly
potentiated by the therapy with the IL-12-producing cells. The
treatment of the MK 16 tumours with GEM resulted also in the
substantial tumour growth inhibition in comparison with the
untreated controls. The treatment with the TC-1-IL-12 vaccine
alone led to non-significant increase of tumour volumes. The
therapeutic effect of GEM was potentiated after combination
with IL-12-producing cells, however, the difference between
GEM-treated only mice and combination of GEM plus
TC-1-IL-12 was not significant (Fig. 2B). In autopsy, 75%
of the untreated mice exhibited lung metastases. Combined
treatment of the MK16 residual disease with GEM plus
IL-12-producing vaccine substantially reduced the percentage
of mice with lung metastases up to 29% and also significantly
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Figure 2. Treatment of the residual tumour disease after chemotherapy of TC-1 and MK 16 tumours. (A) The effect of peritumoral administration of the IL-12-
producing vaccine on TC-1 tumour residua after GEM treatment. Untreated mice vs. GEM P<0.05; untreated mice vs. GEM + TC-1-IL-12 P<0.01; GEM vs.
GEM + TC-1-IL-12 P<0.05; TC-1-IL-12 vs. GEM + TC-1-IL-12 P<0.05 (ANOVA). Numbers in parentheses represent numbers of mice with tumour/number
of mice in experimental group. (B) The effect of peritumoral administration of IL-12-producing vaccines on growing MK16 tumour residua after GEM treat-
ment. Untreated mice vs. GEM, GEM + TC-1-IL-12 P<0.05; TC-1-IL-12 vs. GEM, GEM + TC-1-IL-12 P<0.05 (ANOVA). Numbers in parentheses represent
number of mice with tumour/numbers of mice in the experimental group. (C) The effect of peritumoral administration of IL-12-producing vaccines after
GEM treatment on MK 16 lung metastases. Number of mice with lung metastases: untreated mice, TC-1-IL-12 vs. GEM + TC-1-IL-12 P<0.05 (%?). Number of
metastatic nodules per mouse: “denotes P<0.05 compared to untreated mice, GEM, TC-1-IL-12 (Student's t-test). Numbers in parentheses represent number of

mice with lung metastases/numbers of mice in the experimental group.

reduced the number of the metastatic nodules per mouse
(Fig. 20).

IL-12 gene therapy of MK16 residual disease after surgery.
Mice were inoculated s.c. with 5x10° MK16 cells and when
their tumours reached 8-12 mm in diameter, the tumours were
excised and mice were divided into 4 groups. One group was
left as a control group (operated-only mice). Two groups of
mice were treated i.p. with GEM 120 mg/kg on days 1 and
7 after the surgery. Three days after surgery, one group of
experimental mice treated with GEM was left as mice treated
with GEM only and the second group previously treated with
GEM was injected into the site of previous surgery with a
single dose of IL-12-producing vaccine. One experimental
group was similarly treated with the IL-12-producing vaccine
only. As can be seen in Fig. 3A, the tumour recurrence rate
of the MK16 carcinoma on day 40 after the surgery in the
operated-only group and in the group treated with the IL-12-
producing vaccine only was 60% and in the group treated
with GEM it was 40%. The combined treatment of the MK 16
residual tumour disease with GEM and IL-12-producing
vaccine completely inhibited the growth of recurrent tumours.

In autopsy, 50% of the operated-only mice and mice treated
with the IL-12-producing vaccine only exhibited lung metas-
tases. The combined treatment of MK16 residual disease with
GEM plus IL-12-producing vaccine significantly reduced the
percentage of mice with lung metastases to 10%. The number
of the metastatic nodules per mouse was also significantly
reduced (Fig. 3B.)

Analysis of immune responses. Seven days after surgery, the
spleens from three mice of each experimental group were
tested for the amount of IFNy-secreting cells (ELISPOT)),
IFNy production (ELISA) and also for the percentage of
CD11b*/Gr-1* cells. The percentage of the IFNy-producing
cells after the treatment with GEM, IL-12-producing vaccine
and their combination was significantly increased as compared
to the operated-only group. The highest percentage was found
in the group treated with GEM plus IL-12-producing cells
(Fig. 3C). In accordance with the results of the ELISPOT
assay, the treatment with GEM and subsequent immuno-
therapy with the IL-12-producing cells led to a significant
increase of the IFNy production by splenocytes detected by
ELISA in supernatants of cultured splenocytes (Fig. 3D).
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Figure 3. Treatment of residual tumour disease after surgery of MK16 tumours. (A) The effect of combined treatment with GEM plus IL-12-producing
vaccine on MK16 tumour residua after surgery. Number of mice with tumour recurrences: operated-only, TC-1-IL-12 vs. TC-1-IL-12 + GEM P<0.01; GEM
vs.TC-1-IL-12 + GEM P<0.05 (%?). Growth curves: operated-only, GEM, TC-1-IL-12 vs. TC-1-IL-12 + GEM P<0.05 (ANOVA). Numbers in parentheses
represent numbers of mice with tumour recurrences/number of mice in the experimental group. (B) The effect of combined treatment with GEM plus IL-12-
producing vaccine on MK16 lung metastases. Number of mice with lung metastases: operated-only, TC-1-IL-12 vs. GEM + TC-1-IL-12 P<0.05 (x?). Number
of metastatic nodules per mouse: “denotes P<0.05 compared to operated-only, TC-1-IL-12 (Student's t-test). Numbers in parentheses represent numbers of
mice with lung metastases/number of mice in the experimental group. (C and D) Analysis of the IFNYy production by splenocytes: ELISPOT assay (C) and
ELISA (D). The highest IFNy production was found in the spleens of mice treated with GEM plus IL-12-producing vaccine. ‘Denotes P<0.05 compared to
operated-only; “denotes P<0.05 compared to GEM; ““denotes P<0.05 compared to operated-only, TC-1-IL-12, GEM (Student's t-test).

Discussion

In this study we have demonstrated that local administration
of the genetically modified, IL-12-producing tumour vaccine
can augment the chemotherapy of HPV 16-associated murine
tumours with cytostatic agent GEM when GEM was used in
suboptimal therapeutic doses. The objective was to suggest
a therapeutic setting of combined chemoimmunotherapy,
utilizing the GEM immunomodulatory capacity, that can
be based on lower doses of the chemotherapeutic agent and
thus induce less serious adverse effects as compared to the
monotherapy.

Residual tumour disease after chemotherapy or surgery
represents one of the most favourable targets for adjuvant
vaccination and immunotherapy because of the low tumour
burden at the time of the immunotherapy and because of
pre-sensitization of the host by the relevant tumour antigens
during the temporary tumour growth prior to the chemo-
therapy and surgery.

Local peritumoral gene therapy with IL-12-producing
tumour cellular vaccine has been selected for the combined
chemoimmunotherapy with GEM since IL-12 is one of the
most effective immunostimulatory cytokine with antitumor

effects and its systemic administration is associated with
serious systemic toxicity. In our previous experiments, the
efficacy of the cellular vaccines producing IL-12 in the treat-
ment of residual disease after cytoreductive chemotherapy
with another immunomodulatory cytostatic agent cyclophos-
phamide was demonstrated (5-7,31).

In the TC-1 tumour model, local administration of irra-
diated tumour vaccine carrying an inserted IL-12 gene
and constitutively producing IL-12 enhanced the effect of
intraperitoneal cytoreductive therapy with GEM. Unlike for
the TC-1 tumours, the beneficial effects of the combination
of GEM and IL-12-producing vaccine were not significant
in the MK16 model. These results could be explained by our
previous finding that the MK16 tumour is only moderately
immunogenic and less sensitive to the immunotherapy than
immunogenic TC-1 tumour (35), e.g. due to the MHC class I
downregulation on the surface of the MK16 cells. However,
significant improvement of the therapeutic efficacy was
demonstrated when the anti-metastatic effects of this combi-
national treatment were evaluated in MK 16 model.

Further, minimal residual disease of MK16 tumour after
surgery, which was shown to be sensitive to immunotherapy
in our previous study (31), was chosen. In minimal residual
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disease of MK16 tumour after surgery, a significant anti-
tumour and anti-metastatic effect of the combination of
GEM plus IL-12-producing cellular vaccine combination was
demonstrated. As compared to the therapy of growing MK16
tumours, the synergistic effects of the combined treatment of
the minimal residual tumour disease after surgery were more
pronounced and no recurrent tumours after the combined
treatment were observed.

The therapeutic efficacy of particular treatments in general
correlated with the level of immune response. Indeed, the
highest percentage of IFNy-producing cells (ELISPOT) and
the highest IFNy production by splenocytes (ELISA) was
found in the group treated with GEM plus IL-12-producing
cells, although both monoterapies with GEM or IL-12-
producing cells also resulted in significant increase of the
IFNy production. The percentage of the CD11b*/Gr-1* cells
three days after the TC-1-IL-12 vaccine administration
was examined and it was not significantly different in all
experimental and control groups from the values observed in
healthy mice. As it was shown in mice bearing large tumours,
selected GEM concentration (120 mg/kg) was proved to
reduce MDSC cells, so it is plausible that its anti-suppressive
effects contributed to increased immune response.

The experiments were performed on two HPV16-associated
tumour models (on TC-1 tumour cells that are MHC class
I-positive, and on MK16 tumour cells that are MHC class
I-deficient) with similar therapeutic results. It has been
demonstrated previously that the MK16 cells, when cultivated
in vitro in the presence of IFNy, can acquire, together with
the expression of MHC class I molecules, the sensitivity to
the cytolytic effect of splenocytes from the MK16 tumour-
immunized mice (35). The up-regulation was also observed
in vivo in the recurrences after surgery and it has reached
the level required for in vitro cytolysis of the tumour cells by
CTLs (35). Co-operation of the MHC-restricted and MHC
non-restricted immune mechanisms thus could contribute to
the therapeutic effects of IL-12 both in the TC-1 and MK16
model.

In this communication we have demonstrated for the first
time that the local administration of irradiated tumour vaccine
constitutively producing IL-12 enhanced the effect of intra-
peritoneal cytoreductive therapy with the immunomodulatory
cytostatic agent GEM in two experimental tumour models
with distinct MHC class I cell surface expression levels. Our
results have shown that the combination of immunotherapy
with IL-12 and chemotherapy with GEM could be a prom-
ising strategy. If these findings can be confirmed in additional
experimental and human tumours, they may have important
implications for the development of immunotherapeutic
strategies.
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