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IL-12 and IL-10 Expression Synergize to Induce the
Immune-Mediated Eradication of Established Colon and
Mammary Tumors and Lung Metastasis'

M. Verénica Lopez,* Soraya K. Adris,>* Alicia I. Bravo,” Yuti Chernajovsky," and
Osvaldo L. Podhajcer**

Preclinical studies demonstrated that certain cytokines are potentially useful for the induction of antitumor immune responses.
However, their administration in clinical settings was only marginally useful and evoked serious toxicity. In this study, we
demonstrate that the combination of autologous inactivated tumor cells expressing IL.-12 and IL-10 induced tumor remission in
50-70% of mice harboring large established colon or mammary tumors and spontaneous lung metastases, with the consequent
establishment of an antitumor immune memory. Mice treatment with tumor cells expressing IL-12 was only marginally effective,
while expression of IL-10 was not effective at all. Administration of the combined immunotherapy stimulated the recruitment of
a strong inflammatory infiltrate that correlated with local, increased expression levels of the chemokines MIP-2, MCP-1, IFN-+-
inducible protein-10, and TCA-3 and the overexpression of IFN-vy, but not IL-4. The combined immunotherapy was also thera-
peutically effective on established lung metastases from both colon and mammary tumors. The antitumor effect of the combined
immunotherapy was mainly dependent on CD8™ cells although CD4™ T cells also played a role. The production of IFN-vy and IL-4
by spleen cells and the development of tumor-specific IgG1 and IgG2a Abs indicate that each cytokine stimulated its own Th
pathway and that both arms were actively engaged in the antitumor effect. This study provides the first evidence of a synergistic
antitumor effect of IL-12 and IL-10 suggesting that a Thl and a Th2 cytokine can be effectively combined as a novel rational

approach for cancer immunotherapy. The Journal of Immunology, 2005, 175: 5885-5894.

ince the initial reports using bacillus Calmette-Guérin to

stimulate the influx of inflammatory cells, much work has

been done to establish the role that cytokines play in the
immune-mediated recognition and rejection of tumor cells (Ref. 1
and references therein). An important number of preclinical studies
have shown that cytokine administration was beneficial for cancer
treatment. However, the systemic administration of several poten-
tially useful recombinant cytokines in clinical settings had only
marginal effects and evoked serious toxicity, hampering their use
but stimulating the development of delivery systems providing rel-
atively high levels, locally (2—4).

IL-12 is considered the most potent antitumor and antimetastatic
cytokine (5, 6). It stimulates NK cells, promotes maturation of
CTL, and induces IFN-vy production stressing its role as an efficient
molecule for the initiation of a Thl response (5, 6). IL-12 also
inhibits Th2 cells and their cytokine production (7). The potential
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usefulness of IL-12 gene expression for cancer treatment in pre-
clinical models was clearly demonstrated (6, 8, 9), although its
excessive toxicity and modest clinical effects reduced the initial
expectations (10). Previous studies have demonstrated that ectopic
expression of IL-12 by CT26 colon cancer cells induced a CD8™
T cell-mediated tumor rejection (8).

IL-10 was originally described as a B cell growth factor (11) and
has attracted attention for therapeutic purposes for its inhibition of
Th1 lymphocyte proliferation and cytokine production (12). IL-10
is not a general inhibitor of immune responses. IL-10 potentiates
IL-2-induced proliferation and differentiation of CD8™" cells (13)
and stimulates monocyte mediated-Ab-dependent cell cytotoxicity
(14). Moreover, immunization of mice with tumor cells expressing
IL-10 promoted the loss of tumorigenicity and induced a protective
antitumor immune memory response mediated either by NK cells
or CD8™ T cells (15-19). Interestingly, IL-10 expression by CT26
colon cancer cells induced a T cell-mediated tumor rejection in the
context of a systemic Th2 response (18).

The Th1/Th2 paradigm plays a pivotal role in the understanding
of the resolution of microbial infections as well as other diseases
(20). Qualitative analysis of the immune response in tumors has
been also facilitated by the Th1/Th2 model of immune response
(21). Similar to what has been observed in infectious diseases, it
was proposed that the eradication of human cancer would be fa-
vored by the effective induction of a Thl response (22). It was
reasoned that abnormally elevated levels of IL-10 skews a Th2
response that favors tumor growth. Current paradigms in immu-
nology suggest that the combination of potent and antagonistic
Thl and Th2 cytokines such as IL-12 and IL-10 must lead to
counterinhibition of their respective activities (5, 6, 12, 23). How-
ever, in view of the reported antitumor effects of each single cy-
tokine gene and their different mechanisms of action, we decided
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to evaluate their concurrent production via autologous tumor cells
on established colon or mammary primary tumors and spontaneous
lung metastasis.

Materials and Methods

Vector construction, transfection of packaging cells, and
transduction of tumor cells

The construction of retroviral vectors, transfection of packaging cells,
screening of IL-10 and IL-12-producing clones, transduction of target cells,
and assessment of IL-10 and IL-12 levels have been previously described
(8, 18). All the cell lines were routinely tested for the absence of myco-
plasma (MYCOTECT; Invitrogen Life Technologies). CT26-IL-12 and
LM3-IL-12 cells produced 0.21 and 0.37 ng/ml per 10° cells per 24 h of
murine IL-12 (mIL-12),* respectively. CT26-IL-10 and LM3-IL-10 pro-
duced 5.8 and 6.3 ng/ml per 10° cells per 24 h of mIL-10, respectively.
CT26-neo, LM3-neo, CT26-puro, and LM3-puro correspond to the tumor
cell lines transduced with a retroviral vector without insert and carrying the
gene that confers resistance to neomycin or puromycin, respectively.

In vivo studies

All the experiments were performed with 8- to 11-wk-old male BALB/c
mice obtained from the animal facility of the National Institute of Drugs
and Clinical Trials INAME). Mice were housed in the animal facility at
the Leloir Institute for 2 wk before their use. In preimmunization assays,
mice were s.c. injected with different types and amounts of cells into the
left flank in a total volume of 0.1 ml of PBS. Tumor size was monitored
every 2 days. Three to 5 wk after the initial administration, mice were
challenged in the opposite flank with 3 X 10° parental cells.

Mice were s.c. injected in the left flank with tumorigenic inocula of 3 X
10° tumor cells in a total volume of 0.1 ml. Mice bearing 20-day-old
tumors of 200-300 mm?> size were injected weekly for 4 wk with live
(L-TC), mitomycin C-treated (MitC-TC) or gamma-irradiated (yI-TC) au-
tologous tumor cells producing IL-10, IL-12, or the combination of both
cell types. Tumor cells carrying the transduced cytokine gene were injected
close to the established tumor in four different places equidistant from the
tumor area or as specified in the experiments. Inactivation of cells by mi-
tomycin C was performed as previously described (8), while irradiated
cells received 5000 rad from a '3’Cs source (Cerbisa). Inactivation of tu-
mor cells did not abrogate secretion of cytokines in vitro over the course of
7 days (data not shown). In some experiments mice bearing s.c. CT26
tumors were treated weekly for 4 wk with 3 X 10° NIH3T3 or amphotropic
retroviral vector producer cells (RVPC) expressing IL-10 and IL-12 mixed
or not with irradiated CT26 cells. NIH3T3 cells remained viable in
BALB/c mice at least 11 days as assessed with cells expressing the en-
hanced GFP (data not shown).

The antimetastatic effect of administering tumor cells producing the cy-
tokines was assessed in a model of spontaneous metastases. LM3 cells
were injected in the flank and after 22 days of primary tumor development
large lung metastatic nodules are visible in 100% of mice. At this time
point, we started injecting mice with Mit C-treated autologous tumor cells.
Mice were sacrificed for evaluating metastatic nodules as described in Re-
sults. Experimental metastases were induced by injecting 1 X 10° CT26
cells in 100 wl of PBS, pH 7.4, via the tail vein. Mice were sacrificed for
evaluation of metastatic nodules 7 days after the administration of the last
treatment. The lungs were fixed in 10% formaldehyde and the metastatic
nodules were counted under X 10 magnification.

For evaluating the establishment of an antitumor memory immune re-
sponse, mice that rejected established tumors were contralaterally chal-
lenged with tumorigenic inocula of parental cells. Tumor cell growth was
evaluated up to the end of the different experiments.

Histological studies

Mice carrying 20-day-old tumors were injected once with MitC-treated
autologous tumor cells as described above. One week later, three to four
mice were sacrificed and all the area was removed for histological analyses.
Tissues were fixed, embedded in paraffin, sectioned at 5 wm, and stained
with H&E. Immunohistochemical analysis of macrophages was performed
with a rat anti-mouse Ab (Anti-F4/80; Serotec; 1/50 final dilution) fol-
lowed by biotin-labeled goat anti-rat antisera (Jackson ImmunoResearch
Laboratories). After washing, sections were incubated with ABC Vec-
tastain Elite reagent (Vector Laboratories). Staining was developed with

+ Abbreviations used in this paper: m, murine; TC, tumor cell; L-TC, live TC; MitC-
TC, mitomycin C-treated TC; yI-TC, gamma-irradiated TC; IP-10, IFN-y-inducible
protein 10.
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diaminobenzidine and sections were counterstained with hematoxylin. NK
cells, CD4" and CD8* lymphocytes were detected in frozen sections embed-
ded in OCT, using anti-Ly49G2 (NK) hybridoma (4D11 from American Type
Culture Collection, code HB240, kindly provided by M. Guthman, Hospital de
Clinicas, Buenos Aires, Argentina), anti-CD4" and anti-Ly2.1 and Ly2.2
(CD8™) Abs, both from Serotec, followed by a Cy2-conjugated donkey anti-
rat Ab (Jackson ImmunoResearch Laboratories). For histological analyses, the
lungs were removed, fixed, and embedded in paraffin. Frozen spleen sections
were used as a positive control for CD4* and CD8 ™" T cells (data not shown).

RNase protection assays

For analysis of chemokine expression, mice bearing established tumors
were injected once with cytokines expressing tumor cells. At different time
points, all the area was excised under a stereoscopic microscope, and the
tumor put aside. The rest of the tissue was quick-frozen in liquid nitrogen
and stored at —80°C until total RNA extraction using TRIzol (Invitrogen
Life Technologies). Expression of chemokines was assessed with the
RiboQuant RNase Protection System and template set mCK-5¢ (BD
Pharmingen). The probe was labeled with [a-**P]UTP (3,000 Ci/mmol; 10
uCi/ul; Amersham Biosciences) using T7 RNA polymerase. After over-
night hybridization with 20 ug of total RNA, samples were treated with
proteinase K-SDS mixture, extracted with phenol-chloroform, and precip-
itated in the presence of ammonium acetate. The protected RNA fragments
were separated on a 4.75% denaturing polyacrylamide gel. Dried gels were
exposed for 1-2 h and scanned with a phosphorimager (Storm 820 Phos-
pholmager; Molecular Dynamics) or alternatively exposed to an X-OMAT
film (Eastman Kodak) at —70°C. The signals were quantified by suitable
software (ImageQuant; Molecular Dynamics). The chemokine mRNA lev-
els were corrected for RNA loaded by dividing the chemokine hybridiza-
tion signal by the L32 signal for the same sample.

Cell depletion

Immune cells were selectively depleted by in vivo treatment with specific
Abs for different lymphocytes subpopulations as reported (18). The Abs
used were mAb YTS 191.1 for CD4™ cells, mAb YTS 169.4 for CD8*
cells, and 4D11 hybridoma for NK cells. Mice received the Ab dose 1 day
before administration of autologous tumor cells carrying the cytokines.

Assessment of IL-4, IFN-vy, and IgG levels

The isolation of spleen cells and assessment of IL-4 and IFN-y was per-
formed by ELISA essentially as described (18). Total levels of circulating
and anti-CT26-specific IgG2a and IgG1 were evaluated as described pre-
viously (8, 18).

Assessment of IL-4 and IFN-y mRNA levels at the tumor site

Total RNA was used to assess IL-4 and IFN-y mRNA levels by compet-
itive RT-PCR (24). Single-stranded cDNA was synthesized using a First
Strand cDNA Synthesis kit (Invitrogen Life Technologies). The cDNA and
cytokine competitor (cf; kindly provided by F. Pitossi, Instituto Leloir,
Buenos Aires, Argentina) were then PCR amplified for IFN-vy (forward,
5'-GCTCTGAGACAATGAACGCT-3'; reverse, 5'-AAAGAGATAATC
TGGCTCTGC-3'), yielding 400- and 227-bp fragments, respectively. The
c¢DNA and cytokine competitor were also PCR-amplified for 1L-4 (for-
ward, 5'-TCGGCATTTTGAACGAGGTC-3'; reverse, 5'-GAA AAGC
CCGAAAGAGTCTC-3"), yielding 400- and 216-bp fragments, respec-
tively, and finally amplified for the ,-microtubulin gene (housekeeping:
forward, 5'-TGACCGGCTTGTATGCTATC-3'; reverse, 5'-CAGTGTG
AGCCAGGATATAG-3'), yielding 400- and 222-bp fragments, respec-
tively. PCR was performed in a PTC-200 thermocycler (MJ Research) as
follows: 94°C for 2.5 min, then 41 cycles at 94°C for 45 s, 55°C for 60 s,
and 72°C for 60 s, followed by a final extension at 72°C for 3 min. The
bands were quantified with the software Gelworks1D Intermediate version
3.01 (UVP 2.5; Ultra Violet Products). For each cytokine a standard curve
was established. The relative amounts of IL-4 and IFN-y mRNA to £3,-
microtubulin was calculated by the following formula: Relative amounts =
(cytokine product of standard curve)/(housekeeping product of standard
curve).

Statistical analysis

Survival analyses were performed using Kaplan-Meier’s method. Statisti-
cal comparisons between the different groups were made using the log-rank
test. We used a one-way ANOVA to analyze the experimental data in Figs.
1,3, 4, and 5. A p value < 0.05 was considered significant. Data corre-
sponding to Table II were analyzed by Fisher’s exact test.
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Results

Local administration of autologous tumor cells expressing the
combination of IL-12 and IL-10 reproducibly led to the rejection
of large, established s.c. tumors

In previous studies we have shown that 28/28 and 12/19 of mice
challenged with 3 X 10° CT26-IL-12 or with 5 X 10> CT26-IL-10
cells, respectively, rejected tumor growth and developed an anti-
tumor immune memory able to reject a challenge with parental
cells (8, 18). Here, we established that 100% of mice challenged
with the combination of 3 X 10° CT26-IL-12 and 5 X 10° CT26-
IL-10 cells rejected tumor growth and also developed an antitumor
memory immune response (n = 14; data not shown). We extended
these preliminary studies and observed that 25 of 26, 9 of 11, and
16 of 16 mice injected with 3 X 10° LM3-IL-12 cells, 5 X 10°
LM3-IL-10 cells, and their combination, rejected tumor growth
and developed an antitumor immune memory. All the controls
developed rapidly growing tumors (data not shown). Overall, these
data indicated the effectiveness of IL-12 and IL-10 expression by
tumor cells, alone or in combination, in eliciting an antitumor re-
sponse in preimmunization protocols.

Our next attempt was to establish whether this cytokine combi-
nation expressed by autologous tumor cells could be also effective
in the rejection of established tumors. For this purpose, mice were
injected s.c. with tumorigenic inocula of either CT26 or LM3 cells.
Twenty days later, when average tumor size reached 200-300
mm?>, mice were treated with four consecutive administrations of
L-TC locally as described in Materials and Methods. None of the
mice harboring established CT26 tumors benefited from the ad-
ministration of control CT26-neo L-TC or CT26-IL-10 L-TC as all
the tumors reached 2.5 cm® in < 35 days and mice were consid-
ered not survivors (Fig. 1A). Administration of CT26-1L-12 L-TC
had a minimal but statistically significant effect on tumor growth
and 8.3% of mice (2 of 24) survived at the end of the experiments
(Fig. 1A). However, the therapeutic effect was greatly improved by
the coadministration of CT26-IL-10 cells because 100% of mice
survived longer than control mice when treated with CT26-(IL-10
+ IL-12) and 69.2% of them (18 of 26) remained alive up to end
of the experiments (Fig. 1A). The effectiveness of the combined
immunotherapy was confirmed with the LM3 mammary tumor
model. Although the administration of LM3-IL-12 L-TC in tumor-
bearing mice had some effectiveness because 12.5% (2 of 16) of
mice survived at the end of the experiments, mice treatment with
LM3-(IL-10 + IL-12) L-TC raised this percentage to 58.9% (10 of
17) (Fig. 1B). Again, the administration of LM3-neo L-TC and
LM3-IL-10 L-TC had no effect at all (Fig. 1B).

To establish the therapeutic potential of this cytokine combina-
tion on established tumors, we injected mice also with mitomycin
C-inactivated tumor cells (MitC-TC) expressing the different cy-
tokines. In line with the results observed with L-TC, the adminis-
tration of CT26-IL-12 MitC-TC induced a statistically significant
improvement in mice survival (p < 0.0001) but none of the mice
remained alive at the end of the experiments. Meanwhile, mice
treatment with CT26-(IL-10 + IL-12) MitC-TC was highly effec-
tive and 57.1% of the mice (20 of 35) survived up to the end of the
experiments (Fig. 1C). The therapeutic effect observed in the CT26
colon cancer model with the combined immunotherapy was con-
firmed in the LM3 model because only the administration of LM3-
(IL-10 + IL-12) MitC-TC promoted the survival of 50% of mice
carrying established tumors (12 of 24) while the administration of
CT26-IL-12 MitC-TC had only a minor but statistically significant
effect (Fig. 1D).

The therapeutic efficacy of the combined immunotherapy was
further confirmed using yI-TCs. CT26-(IL-10 + IL-12) yI-TC de-
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layed tumor growth in >70% of mice and 41.7% of total mice (10
of 24) showed tumor regression even after 6 mo (Fig. 1E). Simi-
larly, LM3-(IL-10 + IL-12) yI-TC were effective in inducing the
survival of 50% of mice carrying mammary tumors (8 of 16),
while administration of yI-TC expressing a single cytokine were
mostly ineffective (Fig. 1F). Fig. 1 shows also a typical experiment
showing the in vivo tumor growth rate following the injection of
mice carrying established CT26 colon carcinomas with the differ-
ent MitC-TCs. Injection of mice with CT26-IL-12 MitC-TC in-
duced only slight delays in primary tumor growth in several mice
compared with the growth rate observed in control mice (Fig. 1G).
On the contrary, injection with the combined CT26-(IL-10 + IL-
12) MitC-TC cured 4 of 7 mice (Fig. 1H).

To understand the mechanism by which the combined expres-
sion of both cytokines induced rejection of established tumors, we
injected CT26-tumor bearing mice with CT26-(IL-12 + IL-10)
MitC-TC contralaterally to the tumor. In parallel experiments we
administered tumor-bearing mice with CT26-IL-12 MitC-TC close
to the tumor and CT26-IL-10 MitC-TC in the opposite flank. In
both cases, there was no statistically significant therapeutic benefit
compared with the control (Fig. 17). This result indicated that the
combined immunotherapy must be administered locally to obtain
its full effect and that IL-10 synergized with IL-12 only when
coexpressed close to the tumor area (Fig. 1/).

One-hundred percent of mice that rejected established tumors
developed an antitumor memory and rejected a contralateral chal-
lenge with tumorigenic inocula of parental cells, at days 60—65
after the initiation of the injections regime. Interestingly, histolog-
ical analysis of the tumor area following mice autopsies showed a
central necrotic area surrounded by a ring of viable tumor cells
heavily infiltrated by neutrophils, macrophages and lymphocytes
indicating that the immune system was being actively recruited
locally (data not shown). Mice autopsies showed no evidence of
tumor cell dissemination to secondary organs even after 6 mo of
follow-up.

Tumor cells were not merely acting as biological pumps but
they appear to contribute to the antitumor effect exerted by the
combined cytokine expression. Indeed, treatment of mice bearing
s.c. CT26 tumors with weekly administration of NIH3T3 or RVPC
producing IL-10 and IL-12, in combination or not with irradiated
autologous tumor cells demonstrated that the cytokine combina-
tion was much more effective than the use of a single cytokine
agent (not shown). However, all the animals treated with nontumor
heterologous cells eventually died following the different ap-
proaches. Overall, these data confirmed the superior therapeutic
benefit of using autologous tumor cells for the combined immu-
notherapy of primary colon and mammary tumors.

Combined immunotherapy with IL-10 and IL-12 promotes the
rejection of established lung metastasis

To establish whether the combined immunotherapy might be ef-
fective also in the eradication of established metastatic foci we
performed two different set of experiments. First, we took advan-
tage of the fact that LM3 cells spontaneously develop large lung
metastases in <20 days after s.c. injection of 3 X 10° cells in the
flank (Table I and Ref. 25). Mice harboring 20-day-old LM3 tu-
mors were injected four consecutive times locally with the differ-
ent MitC-TCs without removing the primary tumor, and sacrificed
when primary tumors in control mice reached an average of 2.5
cm® (days 40—42 after the first injection). None of the animals
treated with the combined LM3 cells-based immunotherapy devel-
oped lung metastases at the end of the experiment, despite the fact
that some (5 of 12) showed slow growing s.c. tumors (Table I). In
comparison, 83% of mice injected with the MitC-treated LM3 cells
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Treatment of mice bearing s.c. CT26 and LM3 tumors with autologous tumor cells expressing IL-10 and IL-12. Mice bearing 20-day-old

s.c. tumors were injected weekly for 4 wk with live (L-TC) (A and B), mitomycin C-inactivated (MitC-TC) (C and D), and gamma-irradiated tumor cells
(yI-TC) (E and F). Values of p correspond to groups showing statistically significant differences compared with their respective controls that correspond
to mice injected with cells carrying empty retroviral vector. The figures represent the cumulative data obtained from the following number of experiments:
C) four; A, D, and E) three; B, F, and I) two. Each experiment included 6—10 mice per group. G and H, Typical experiments extracted from C are shown.
G, Mice carrying established CT26 tumors were injected with CT26-IL-12 MitC-TC (n = 7) and their growth in individual mice was followed. The average
tumor growth in CT26-tumor bearing mice injected with CT26-IL-10 MitC-TC is shown as a comparison (¢ ). H, Corresponds to mice carrying established
CT26 tumors and injected with CT26-(IL-10 + IL-12) MitC-TC (n = 7). Tumor growth is shown in individual mice. The average tumor growth in
CT26-tumor bearing mice treated with CT26-neo MitC-TC is shown as a comparison (O ). Arrows show the end of injection protocol. /, Mice bearing CT26
tumors in the left flank were injected with Mit C cells as follows: A) CT26-IL-10 in the right flank; O) CT26-IL-12 in the right flank; [J) CT26-IL-12 in
the left flank and CT26-IL-10 in the right flank; *) CT26-(IL-10 + IL-12) in the right flank; ¢) CT26-(IL-10 + IL-12) in the left flank. Each group

corresponds to at least 10 mice.

producing only IL-12 and 100% of mice corresponding to the two
other groups developed lung metastasis (Table I). Histological
analysis showed that both the control group and those mice in-
jected with autologous cells producing a single cytokine demon-
strated a remarkable amount of neutrophils infiltrating the lung
vessels and the alveoli (compare Fig. 2A with Fig. 2C). However,
a dramatic shift to a lymphocyte infiltrate was observed in lungs of
all the mice treated with the combined immunotherapy (Fig. 2B).
Lymphocytes were located surrounding interalveolar blood vessels
and attached to alveoli, and in some cases next to residual tumor
cells, while intraluminal areas were mostly devoid of lymphocyte
(compare Fig. 2B and Fig. 2C). These lymphocytes were identified
as CD8™ cells while no positive staining was observed for CD4™
T cells and NK cells (Fig. 2D and data not shown).

In another model of experimental lung metastases, 1 X 10°
CT26 cells were injected in the tail vein of syngeneic BALB/c

mice. Two days later we started to administer MitC-TC weekly for
4 wk. Mice were sacrificed 7 days after the fourth administration,
the lungs were removed and the metastatic nodules were evaluated.
Eighty percent of control mice (4 of 5) developed lung metastases
that ranged from 2 to >200 nodules. In contrast, only 12% of mice
(1 of 8) that received CT26-1L-12 MitC-TC and 33% of mice (3 of
9) that received CT26-(IL-10 + IL-12) MitC-TC showed 1-10
nodules indicating that both treatments were equally effective (p,
was not statistically significant when comparing the CT26-1L-12
MitC-TC with the CT26-(IL-10 + IL-12) MitC-TC groups).

Histological assessment of the potent inflammatory response
following primary tumor treatment with combined
immunotherapy

Our data indicated that both cytokines must be coexpressed locally
to achieve their maximal therapeutic effect. Therefore, we decided
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Table 1. Therapeutic effect of the different treatments on established
lung metastasis originated from primary LM3 tumor cells

Day of Mice Mice with Lung  Nodules per

Treatment® Sacrifice Metastases Mice
None 13 4/5° 1-2
None 19 6/6 1-3
None 23 4/4 2-3
None 27 4/4 1-5
None 30 2/2 3-5
None 39 3/3 2-6
LM3-Neo MitC-TC 60-62 5/5 1-3
LM3-IL-10 MitC-TC 60-62 6/6 1-6
LM3-IL-12 MitC-TC 60-62 5/6 1-4
LM3-(IL-10 + IL-12) 60-62 0/12 0

MitC-TC

% Mice were injected s.c. with 3 X 10> LM3 mammary tumor cells and treated or
not with the corresponding protocol starting 20 days after injection of tumor cells.

> Mice were sacrificed at the indicated time and histologically analyzed for de-
velopment of spontaneous lung metastases. The numerator indicates mice bearing
metastases and the denominator, the total number of mice.

to histologically assess the area between the tumor and the
MitC-TC cells. Control mice showed a slight neutrophil infiltrate
all along the treatment with a small increase in macrophage re-
cruitment starting from the second administration (data not
shown). Injection of CT26-IL-10 MitC-TC induced a 3-fold in-
crease in neutrophil recruitment that was followed by the recruit-
ment of macrophages and lymphocytes after the third injection
(data not shown). CT26-IL-12 MitC-TC induced an 8-fold in-
creased recruitment of neutrophils after the first administration
(Fig. 3A) followed by 2- and 2.2-fold increased recruitment of
macrophages and lymphocytes, respectively, after the second ad-
ministration (data not shown). Remarkably, the combined immu-
notherapy induced 13.2-, 4.4-, and 4.9-fold increased recruitment
of neutrophils, lymphocytes, and macrophages, respectively, com-
pared with the control, immediately after the first administration.
By specific immunostaining, we could identify neutrophils, mac-

FIGURE 2. Histological analysis of lungs following
treatment of mice carrying established lung metastasis.
A, Microscopic section corresponding to LM3 tumor-
bearing mice injected with LM3-IL-12 MitC-TC show-
ing a high neutrophil infiltrate. B, Microscopic section
corresponding to LM3-tumor bearing mice treated with
LM3-(IL-10 + IL-12) MitC-TC showing a vast number
of lymphocytes surrounding lung vessels, and next to
tumor cells. C, Microscopic section corresponding to
naive mice showing no immune infiltrate and normal
intraluminal areas. D, Similar to B, stained for CD8* T
cells (arrow). N, neutrophil; L, lymphocyte; T, tumor
cell; A, alveoli; VW, vessel wall; Lu, intraluminal
space.
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rophages (Fig. 3B), NK cells, (Fig. 3B, inset) as well as CD4™ and
CD8™ T cells (Fig. 3, C and D). This potent inflammatory infiltrate
was located at the interface between the Mit C-treated cells and the
tumor area (Fig. 3E). In addition, we also identified neutrophils
and NK cells at day 2 after the administration of the combined
immunotherapy or the IL-12-based monotherapy (data not shown).
Seven days after the administration of the second combined injec-
tion, the infiltrate was deeply penetrating the tumor area and 70%
of the tumor area was necrotic compared with only 30% of necro-
sis in the case of mice treated only with CT26-IL-12 MitC-TC
(data not shown). These strong differences in the amount and het-
erogeneity of the inflammatory response were also observed in the
LM3 model (data not shown).

The increased recruitment of inflammatory cells is associated
with increased local chemokine production

The potent recruitment of inflammatory cells that followed the
administration of the combined immunotherapy led us to assess
whether this recruitment was associated with chemokine produc-
tion. Mice harboring established CT26 tumors were injected once
with each of the different types of MitC-treated tumor cells and
sacrificed for evaluation of chemokines production using an RNase
protection assay. MIP-2, a chemotactic factor for neutrophils and
T lymphocytes (26), was overexpressed from day 2 up to day 7
with a maximal 5-fold increase (p < 0.01) at day 3 compared with
control mice (Fig. 3F, lane 7). Dramatic increases in the expres-
sion levels of the macrophage chemotactic factor MCP-1 (p <
0.05) and in the T cell chemoattractants IFN-y-inducible pro-
tein-10 (IP-10; p < 0.05) and TCA-3 (p < 0.01) (16-, 12-, and
19-fold increase, respectively, compared with control mice), were
observed at day 7 after administration of the combined immuno-
therapy (Fig. 3F, lane 11). Thus, a close correlation was observed
between the increased recruitment of an inflammatory response
and increased chemokine production.

200m
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FIGURE 3. Histological evaluation
and chemokine production at the injec-
tion areas. CT26-tumor-bearing mice
were injected with Mit C cells and sac-
rificed at day 7 for histological evalua-
tion. A, Corresponds to the area of ad-
ministration of CT26-IL-12 MitC-TC
and shows predominant neutrophil re-
cruitment (arrows, N). B, Corresponds
to the area of administration of CT26-
(IL-10 + IL-12) and the inflammatory
infiltrate includes macrophages (arrow,
M) staining positive with an Ab anti-
mouse F4/80 Ag, lymphocytes (arrow,
L), and neutrophils (N); inset, NK-spe-
cific immunostaining. C, CD4" T cells
at the area of administration of CT26-
(IL-10 + IL-12)-Mit C TC. D, CD8" T
cells at the area of administration of
CT26-(IL-10 + IL-12)-Mit C TC. E,
Tumor area showing the tumor nodule
(T), the site of injection of Mit C cells
expressing the cytokine combination
(TC) and the inflammatory infiltrate (I)
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between the TC and the tumor. F, Che- 9 2 days 3 days 7 days

mokine mRNA expression pattern. 5 1 2 3 4 5 6 T 8 9 10 11 12
Chemokine gene expression was deter- ~iin
mined as described in Materials and

Methods. This is a representative result * y— - - reo eee RANIEA
from three independent experiments

and three to four animals per experi- - — MIP-1p
ment. Expression of IL-10 or IL-12 in-

duced no change in the chemokine ex- e ~MiPy
pression pattern of CT26 cells (CT26 - - . - = MiF=2
lane and data not shown). References: — IP-10
CT26-IL-10 MitC-TC (lanes 1, 5, 9), -

CT26-IL-12 MitC-TC (lanes 2, 6, 10), . e
CT26-(IL-10 + IL-12) MitC-TC (lanes — TCA3
3, 7, 11) and CT26 MitC-TC (lanes 4,

8, 12). Two days after injection (lanes

1-4), 3 days after injection (lanes 5-8), .

and 7 days after injection (lanes 9—12). . . . . . . . _L32

A Thl-related infiltrate prevails locally after combined
immunotherapy

Because IL-12 promotes a Th1 response and IL-10 induces a Th2
response (6, 8, 18, 21), we sought to establish which Th response
predominates when both cytokines are expressed in conjunction.
First, we used quantitative PCR analysis to evaluate the levels of
the Thl and Th2 markers IFN-y and IL-4 produced locally after
administration of the combined immunotherapy. Mice harboring
20-day-old-CT26 tumors were injected once with each of the dif-
ferent MitC-treated cells. At different times, mice were sacrificed
to assess mMRNA levels of both cytokines. As expected, mice in-
jected locally with CT26-IL-10 MitC-TC showed high expression
levels of IL-4 (Fig. 4A), while IFN-y was only slightly detectable
(Fig. 4B). Unexpectedly, expression of IL-12 alone led to an initial
peak of IFN-vy at day 2 but the levels diminished dramatically at
day 7 (Fig. 4B), with the concomitant increase in IL-4 expression
(Fig. 4A). Interestingly, the combined expression of IL-12 and
IL-10 induced the highest levels of IFN-y mRNA at days 2 and 7
(Fig. 4B), while IL-4 mRNA levels were slightly elevated at day 2
and undetectable at day 7 (Fig. 4A). These results suggest that a
Thl-associated-inflammatory infiltrate prevails locally after the lo-
cal administration of the combined immunotherapy.

Combined immunotherapy activates both the Thl and the Th2
arms, systemically: absolute need of CD4" and CD8™" T cells
for complete tumor rejection

We sought to establish which Th arm was systemically activated
by the combined immunotherapy. Spleen cells obtained from mice
treated with CT26-IL-10 MitC-TC or LM3-IL-10 MitC-TC pro-
duced IL-4 (Fig. 5, A and B). Increased IFN-vy production was
observed in spleen cells obtained from mice treated with CT26-
IL-12 MitC-TC or LM3-IL-12 MitC-TC (Fig. 5, C and D). Inter-
estingly, the combined expression of IL-12 and IL-10 stimulated
the production of both IL-4 and IFN-vy by spleen cells, indicating
the engagement of both the Th1 and Th2 responses (Fig. 5, A-D).
In line with this finding, mice injection with CT26-IL-10 MitC-TC
induced the increased production of total circulating and tumor-
specific IgG1, a marker of a Th2 response (Fig. SE). Whereas
injection of CT26-IL-12 MitC-TC led to a clear increase in circu-
lating and CT26-specific IgG2a levels, a marker of a Th1 response
(Fig. 5E). Finally, the combined immunotherapy increased both
total circulating and CT26-specific 1gG2a and IgG1 (Fig. 5E).
Thus, by using different approaches we confirmed that both cyto-
kines were engaged in stimulating their respective Th responses
systemically with no counterinhibition.
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Finally, we established which T cell subtype is involved in the
rejection of established tumors. For this purpose mice harboring
20-day-old CT26 tumors were injected locally with the combined
immunotherapy. A day before, mice received Abs to deplete from
NK or T cell-specific subtype. We observed that depletion of either
CD4™" or CD8™" T cells partially restored CT26 growth in synge-
neic mice, although it was statistically significant only in the case
of CD8™ T cells (p = 0.019; Table II). However, the simultaneous
depletion of CD4" and CD8" T cells completely abrogated the
anti-tumor effect of the combined immunotherapy (p = 0.001)
indicating that both T cell types were required to achieve a com-
plete antitumor effect (Table II). Depletion of NK cells had no
effect (p > 0.05, Table II).

Discussion

In this study, we show for the first time the eradication of large,
established primary colon and mammary tumors, and lung metas-
tases, through the synergism of IL-12 and IL-10 gene expression.
Treatment of mice harboring established tumors with cells ex-
pressing a single cytokine have marginal or no effect. Several
mechanistic advantages of the combined approach contributed to
this outcome. First, the improved therapeutic efficacy was concur-
rent with the recruitment of a potent inflammatory response and
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increased chemokine production. IL-12 and IL-10 also did not im-
pede each other’s induction of their respective Th response. Con-
current IL-10 expression locally provided an additional benefit be-
cause it inhibited IL-4 expression that followed the initial IFN-y
expression caused by IL-12. The synergistic effect of the combined
immunotherapy was demonstrated in the poorly immunogenic
CT26-colon and LM3-mammary tumor models.

We observed that after the initial administration of the combined
immunotherapy, the area was infiltrated by a heterogeneous pattern
of inflammatory cells that was coincidental with the increased pro-
duction of specific chemokines. At day 2 the area was infiltrated by
neutrophils and NK cells. This initial infiltrate could result from
the chemotactic activity induced by the concurrent production of
IL-10 and IL-12. Indeed, IL-10 was shown to stimulate neutrophils
recruitment when expressed by mammary tumor cells (27). IL-12
was found to be chemotactic for neutrophils and to induce the
production of MIP-2 (28, 29) a chemokine produced by the neu-
trophils themselves and that we found to be the first chemokine to
be overexpressed in the CT26 tumor model. In addition, both
IL-10 and IL-12 were shown to recruit, and in the case of IL-12 to
induce a direct chemotactic effect on, NK cells (15-17, 30). Infil-
trating NK cells are likely to be responsible for the local produc-
tion of IFN-vy at day 2.

We also observed an increased expression of IP-10, MCP-1 and
TCA-3 at day 7 after administration of the combined immunother-
apy. These chemokines are mainly produced by macrophages and
T lymphocytes and are chemotactic for macrophages and T lym-
phocytes themselves (31-33). In addition, IP-10 was shown to me-
diate, at least in part, the antitumor effects of IL-12 (34, 35).
MCP-1 induce monocyte differentiation to dendritic cell thus help-
ing to promote maturation of secondary immune responses (36). In
this sense, it is interesting to mention that IL-10 tends to inhibit
APC maturation and migration to draining lymph nodes prolong-
ing their capacity to Ag uptake (37). Thus, after an initial inhibi-
tion exerted by IL-10, further APC maturation might occur in the
presence of increased expression levels of MCP-1. It is also inter-
esting that the ectopic expression in malignant cells of MCP-1,
TCA-3, and IP-10 induced tumor rejection and prevented lung
metastases formation in certain animal models (34, 38—40). Thus,
the two cytokines acting in concert with these specific chemokines
might potentiate the intrinsic capacity of each other leading to an
exacerbated local antitumor immune response.

An interesting result was also the persistent expression of IFN-y
locally and the abrogation of IL-4 increase following the combined
immunotherapy, indicating that infiltrating cells were expressing a
Th1 phenotype. Both infiltrating macrophages and T cells could be
responsible for the production of IFN-vy locally at day 7 (6). On the
contrary, the initial expression of IFN-vy that followed IL-12 ex-
pression was counterbalanced by the expression of IL-4 at day 7.
Previous studies have shown that spleen cells from mice immu-
nized with a soluble Ag and IL-12 developed both a Th1 and a Th2
response upon ex vivo stimulation with the Ag as a means to
protect the organism from an exacerbated Thl response (41).
Moreover, tumor treatment with locally injected IL-12 was less
effective than the systemically injected protein (28), consistent
with an immunosuppressive effects of high doses of locally in-
jected IL-12 (42). The question as to whether IL-10 may abrogate
IL-4 expression and behave as a proinflammatory cytokine is an
intriguing possibility. A recent review challenged the perception of
IL-10 solely as a Th2 immunosuppressive cytokine speculating
that IL-10 produced by certain tumors might precondition the tu-
mor microenvironment to the antitumor effects of other cytokines
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(43). This provocative view arose from the fact that IL-10 pro-
moted T cell expansion and cytotoxic potential of anti-human pap-
illoma virus CTLs when added in combination with IL-2 (44). In
addition, intratumor expression of IL-10 correlated with clinical
regression following treatment of melanoma patients with 1L-2
(45). Moreover, the combination of IL-10 with IL-2 administration
induced the differential expression of close to 200 genes, most of
them related to proinflammatory processes (37). Based on the ev-
idence presented here it appears that the concurrent production of
IL-10 and IL-12 support the view that these cytokines are promot-
ing a proinflammatory environment locally.

An important result from the present studies is that the com-
bined immunotherapy activated simultaneously the Thl and the
Th2 arms. It was suggested that human neoplasia is associated with
an imbalanced production of Thl and Th2 type cytokines and that
production of Th2 type cytokines favored cancer progression (re-
viewed in Ref. 22). However, changes in Thl and Th2 cytokines
described in cancer patients are the result of an advanced disease
in which the tumor itself contributes to cytokine imbalance by
secreting immunoregulatory factors. In a previous study in which
mice were preimmunized with B16 melanoma cells expressing
GM-CSF it was demonstrated that both Th arms can develop sys-
temically and contribute to the rejection of a challenge with pa-

Table II.  Depletion of subsets of immune cells using specific Abs
Tumor
Ab used Treatment Progression/Regression”

None None 7/0

None MitC-TC? 3/8

Anti-CD8 MitC-TC 7/1

Anti-CD4 MitC-TC 6/2

Anti-CD4 + anti-CD§ MitC-TC 11/0

Anti-NK MitC-TC 2/5

“ Mice in which tumors progressed/mice in which tumors regressed.
2 CT26-(IL-10 + IL-12) MitC-TC.

rental cells (46). Previous in vitro studies have demonstrated that
murine Th cells will produce Thl or Th2 cytokines in a mutually
exclusive way (47—-49). Moreover, Thl cytokines such as IL-12
will promote Th1 differentiation and Th2 inhibition (50-52), while
Th2 cytokines such as IL-10 will promote the opposite (12, 53,
54). The present findings provide evidence that the simultaneous
expression of antagonistic cytokines such as IL-12 and IL-10 not
only did not lead to antagonistic effects but promoted a synergistic
antitumor and antimetastatic effect. Although a proinflammatory
Thl response appears to prevail locally, each cytokine promoted
the expected Th response systemically, suggesting that both arms
were important in achieving complete rejection.

The combined expression of IL-10 and IL-12 was effective in
the induction of an immune mediated antitumor response when
expressed by the tumor cells themselves and as a combined im-
munotherapy both on primary tumors and established metastasis.
In the LM3 model the maximal therapeutic effect was observed
when the expression of both cytokines occurred in the vicinity of
the primary tumor mass. The decreased efficacy to induce primary
tumor rejection when injected contralaterally is likely due to the
large size of the growing tumors that render them not amenable for
treatment. Consistent with this, is the fact that the combined im-
munotherapy was able to reject 2 days established lung metastasis
in the CT26 model indicating that small size distant metastatic foci
responded to treatment. In addition, the concurrent expression of
IL-10 and IL-12 induced a shift toward a lymphocyte infiltrate
associated with the complete elimination of the lung metastatic
foci in the mammary tumor model. The complete elimination of
established lung metastasis only when this shift occurred is con-
sistent with previous evidence indicating that neutrophils seem to
have no role in the destruction of lung metastases, whereas they
might have an important role in the anti- primary tumor
response (28).

In conclusion, the combined immunotherapy with IL-10 and
IL-12 expressed by autologous tumor cells was superior to single
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treatment in eliminating established primary tumors and metastasis
and prolonging survival. The increase in therapeutic efficacy was
due to effects that occurred locally (increased inflammation and
chemokines expression, sustained production of IFN-vy) and sys-
temically (simultaneous activation of the Thl and the Th2 arms).
Thus, the use of this combination might have implications in can-
cer treatment.
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