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Polyinosinic-Polycytidylic Acid Limits Tumor Outgrowth
in a Mouse Model of Metastatic Lung Cancer

Giovanni Forte,""1 Alessia Rega,""1 Silvana Morello,* Antonio Luciano,Jr Claudio Arra,Jr
Aldo Pinto,*’1 and Rosalinda Sorrentino®!

Polyinosinic-polycytidylic acid (poly I:C), a TLR3 ligand, is currently being tested in human clinical trials as an adjuvant to anti-
cancer vaccines and in combination with other therapies. However, little is known about its activity in established pulmonary me-
tastasis. The aim of our study was to elucidate the effect of poly I:C (1, 10, or 100 png/mouse) in a mouse model of B16-F10-induced
metastatic lung cancer. Lung tumor growth was arrested after a single administration of poly I:C. This was associated with higher
influx of mature dendritic cells (DCs), which drove toward a Thl-like, Th17-like, and cytotoxic immune environment. The
interference with IFN type I receptor signaling by means of a specific mAb reversed poly I:C-mediated tumor regression due
to lower presence of myeloid DCs, cytotoxic DCs (CD11¢*CD8"), NKT cells, CD8" T cells, and Th1-like cytokines. Moreover, the
adoptive transfer of poly I:C-activated bone marrow-derived DCs into tumor-bearing mice resulted in activities similar to those of
the systemic administration of poly I:C on lung tumor burden. In conclusion, our data prove that poly I:C has potential anti-tumor
activity in a mouse model of established pulmonary metastasis. The activation of DCs and the production of IFN type I are respon-

sible for an effective T cytotoxic immune response against metastatic lung cancer progression after poly I:C treatment. The Journal

of Immunology, 2012, 188: 5357-5364.

etastatic lung cancer is one of the leading causes of
M death worldwide. Despite advances in treatment, the

prognosis remains poor, with only 15% of patients
surviving more than 5 y from the time of diagnosis. It is a low
immunogenic cancer, resistant to the surveillance of the immune
system (1, 2), which should protect the body from tumor devel-
opment by recognizing cancerous cells. The process of shaping
the immunogenicity of tumors has been termed “cancer immune-
editing,” which relies upon the activation of the adaptive immune
system to recognize and eliminate “transformed” cells (3).
Therefore, the activation of the immune system could represent
a means to induce tumor regression (2, 3). Special attention is
being given to adjuvants or enhancers of immunity for cancer
therapy (4). Adjuvants activate the innate immune system and in
particular induce the maturation of APCs such as dendritic cells
(DCs) (4, 5). Therefore, the main activity of adjuvants is to
stimulate the innate immunity via the stimulation of pattern rec-
ognition receptors, including TLRs (6). DCs express a repertoire
of pattern recognition receptors, which engagement leads to the
activation of the adaptive immunity. The type of stimulus con-
ditions DCs to adopt a Th1 or Th2 polarization (7).

*Department of Pharmaceutical and Biomedical Science, University of Salerno,
Fisciano, Salerno 84084, Italy; and "National Cancer Institute “G. Pascale,” Naples
80131, Italy

'G.F,, AR., AP, and R.S. contributed equally to this work.

Received for publication December 29, 2011. Accepted for publication March 20,
2012.

This work was supported by Fondo alla Ricerca di Base Grant 2009 (University of
Salerno) to A.P. R.S. was supported by the University of Salerno Fellowship.

Address correspondence and reprint requests to Dr. Rosalinda Sorrentino, Depart-
ment of Pharmaceutical and Biomedical Science, University of Salerno, Ponte don
Melillo, Fisciano, Salerno 84084, Italy. E-mail address: rsorrentino@unisa.it

Abbreviations used in this article: BAL, bronchoalveolar lavage; BMDC, bone
marrow-derived dendritic cell; DC, dendritic cell; IFNAR, IFN type I receptor;
MDAS, melanoma differentiation-associated protein-5; poly 1:C, polyinosinic-
polycytidylic acid.

Copyright © 2012 by The American Association of Immunologists, Inc. 0022-1767/12/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1103811

Several TLR agonists are currently being tested as adjuvants for
anti-cancer vaccines and therapies (1, 4). This study is focused on
the effect of the synthetic dsSRNA polyinosinic-polycytidylic acid
(poly I:C) in a mouse model of metastatic lung cancer. Poly I:C
is recognized by TLR3 and melanoma differentiation-associated
protein-5 (MDAS), which induce the activation of transcription
factors such as IRF3, IRF7, and NF-kB that promote the release
of IFN type I (IFN-a and IFN-3; proinflammatory cytokines in-
volved in Ag presentation) (6). Because poly I:C promotes the
activation of the innate immunity and thus of long-lasting T cell
immunity (8), it is of great interest as a potential anti-cancer agent
(9). Indeed, the administration of poly I:C in mice that lack TIR
domain-containing adapter inducing IFN-B, a downstream
adapter of TLR3 signaling, facilitated tumor progression in
melanoma-bearing mice (10). Similarly, TLR3 knockout mice
showed an increased tumor progression in a mouse model of
prostate cancer (11). However, little is known about poly I:C anti-
tumor activity in the lung. It was reported that the activation of
TLR3 in the lung can increase IL-5, IL-13, and IgE (12), which
are highly implicated in lung Th2-like pathologies, such as cancer
(1). Yet Lowe et al. (13) demonstrated that repeated admin-
istrations of poly I:C together with tumor-specific Ag SV40
induces lung tumor regression in mice injected with mKSA cells,
although this study was based on experimental vaccine design.
Similarly, Jiang et al. (14) proved that repeated injections of poly
I:C and in an experimental anti-cancer vaccine design contributed
to pulmonary metastases regression. In contrast, the aim of our
study was to determine whether the sole administration of poly
I:C could affect lung tumor outgrowth in an established pulmo-
nary metastasis mouse model. In this study, we show that poly I:C
treatment reduced lung tumor growth in tumor-bearing mice be-
cause of an increased Thl- and Th17-like environment. The in-
terference with IFN type I receptor IFNAR) signaling by means
of a specific mAb reversed this tumor regression phenotype be-
cause of a lower presence of DCs and Thl-like cytokines. The
adoptive transfer of poly I:C-activated DCs into tumor-bearing
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mice resulted in activities similar to those of the systemic ad-
ministration of poly I:C on lung tumor burden. In conclusion, our
study proves poly I:C therapeutic efficacy via the activation of

POLY I:C HAS ANTI-TUMOR ACTIVITY IN METASTATIC LUNG CANCER

DCs and the production of IFN type I, which in turn facilitates an
efficient anti-cancer adaptive immunity in a mouse model of
metastatic lung cancer.
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FIGURE 1. Poly I:C decreases lung tumor growth in a dose-dependent manner. (A) Poly I:C (10 pg/mouse) was administered i.p. 7 d after i.v. injection of
B16-F10 melanoma metastatic cells (1 X 10° cells/mouse). Mice were sacrificed 2 d and/or 5 d after poly I:C or PBS injection. (B) Representative H&E
panels for lungs derived from PBS- or poly I:C-treated mice. Original magnification X10. (C) Lung tumor foci count was assessed by counting the brown
spots in the lung of tumor-bearing mice after PBS or poly I:C or cisplatinum treatment. (D) Poly I:C administration had long-lasting anti-tumor activity in our
mouse model. (E) The administration of poly I:C increased inflammatory cell count in the BAL fluid of tumor-bearing mice compared with that in the BAL
fluid of PBS-treated tumor-bearing mice. Moreover, poly I:C treatment increased the percentage of CD4* and CD8" IFN-y* T cells (F) as well as CD4* and
CD8* IL-17A* T cells (H). IFN-y (G) and IL-17A (1) levels were significantly increased in the BAL fluid of poly I:C-treated lung tumor-bearing mice. (J)
BAL fluid levels of IL-13 were reduced in poly I:C-treated mice compared with those of PBS-treated mice. Data represent mean * SEM, n = 13. Experiments
were performed on three different experimental days. *p < 0.05, **p < 0.01, **¥p < 0.005, ****p < 0.0001 (Student ¢ test and two-way ANOVA).

2102 ‘2 ROWBAON U0 OUBES 1P BISBAIUN Te /BI0" [ountuwlf//:dny WwoJ) papeoumod


http://jimmunol.org/

The Journal of Immunology

Materials and Methods
Mice

Female specific pathogen-free C57BL/6J mice (6-8 wk; Harlan Labora-
tories, Udine, Italy) were fed a standard chow diet and housed under
specific pathogen-free conditions at the Istituto Nazionale Tumori, Fon-
dazione “G. Pascale.” All animal experiments were performed under
protocols that followed the Italian and European Community Council for
Animal Care (DL no. 116/92).

Cell culture

B16-F10 metastatic melanoma cells were purchased from American Type
Culture Collection and cultured in DMEM supplemented with 10% FBS,
L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 pg/ml)
(Sigma-Aldrich, Milan, Italy) in an atmosphere of 5% CO, at 37°C.

Experimental protocol

Mice were injected i.v. with 1 X 10° B16-F10 cells (day 0), and 7 d later
poly I:C (1, 10, or 100 pwg/mouse; Vincibiochem, Milan, Italy) was admin-
istered by the i.p. route. In a first set of experiments, PBS or poly I:C (20 pg/
mouse) or cisplatinum (20 pg/mouse; Sigma-Aldrich, Rome, Italy) was
injected once, and mice were sacrificed at day 2 or 5. These time points were
chosen to evaluate innate immune cell infiltration into the lung of tumor-
bearing mice at day 2 and to correlate adaptive immune cell recruitment to
tumor outgrowth at day 5. In a second set of experiments, poly I:C was
injected twice every 5 d, and mice were sacrificed at day 17 to evaluate long-
term activity of poly I:C. Lung, spleen, and mediastinal lymph nodes were
isolated. Our preliminary data showed a dose-dependent reduction of tumor
burden in the lung of tumor-bearing mice after poly I:C administration (data
not shown). We decided to use poly I:C at the dose of 10 pwg/mouse rather
than of 100 pwg/mouse because there was no significant difference between
these two doses and to rule out any aspecific activity of poly I:C.

In some experiments, an anti-IFNAR mAb (mouse IgG, 1 pg/mouse,
i.p.) was used to interfere with IFN type I signaling after poly I:C or PBS
treatment. The anti-IFNAR mAb was injected every day starting from the
same day poly I:C or PBS was administered (day 7) before mice were
sacrificed.

Lungs, lymph nodes, and spleens were isolated and digested with 0.5-1
U/ml collagenase (Sigma-Aldrich, Milan, Italy). Cell suspensions were
passed through 70-pm cell strainers, and RBCs were lysed. Cell suspen-
sions were used for flow cytometric analysis of different cell subtypes.
Bronchoalveolar lavage (BAL) fluid was collected using 0.5 ml PBS
containing 0.5 mM EDTA and cell counts performed. In addition, lungs
were homogenized and cytokines measured.

Bone marrow-derived DCs and adoptive transfer experiments. Mice were
anesthetized with isoflurane prior to adoptive transfer experiments. Bone
marrow-derived dendritic cells (BMDCs) were previously isolated from
the femurs and tibias and cultured with GM-CSF (10 ng/ml; Biosource,
San Francisco, CA) for 67 d as previously described (15). The purity of
BMDCs was >95% as detected by flow cytometry analysis. These cells
were CD11c* (DCs marker) and F4/80™ (specific macrophage marker).

Cells were then pulsed overnight with poly I:C (10 pg/ml) or PBS before
being adoptively transferred into mice. Intravenous application of treated
or PBS-treated CD11c plus BMDCs (5 X 10° cells/mouse) was performed
(100 wl) into recipient mice. Inoculation of cells (in PBS), extensively
washed, was performed only one time. Seven days after the adoptive
transfer experiments, mice were sacrificed. BAL fluid was collected and
cell counts performed. In addition, lungs were homogenized and cytokines
measured.

Flow cytometry analysis

The composition of lung inflammatory cells was determined by flow cy-
tometry (FACSCalibur; BD Biosciences, Milan, Italy) using the following
Abs: CD11c-FITC, CD11b-PeCy5.5, Grl-PE, CD20-PE, CD3-PeCys5.5,
CD8-PE, NK1.1-PE, B220-PE, CD80-PE, MHC class II-PE, and MHC
class I-FITC (eBioscience, San Diego, CA). Intracellular staining was per-
formed by using the following Abs: CD4-FITC, CD8-PE, CD3-PeCys5.5,
IFN-vy—allophycocyanin, and IL-17A-allophycocyanin (eBioscience). Iso-
type control (mouse IgG) was used.

ELISA

IL-12p40, IFN-vy, IL-17A, and granzyme B were measured in lung ho-
mogenate and BAL fluid by use of commercially available ELISAs (R&D
Systems and eBioscience, London, U.K.).
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Immunohistochemistry

Left lung lobes were fixed in OCT medium (Pella, Milan, Italy) and 7-pm
cryosections were cut. H&E staining was performed and used to measure
the tumor burden. Lung metastasis foci were counted by using serial lung
cryosections under H&E staining in a blinded fashion. Anti-TLR3 and/or
MDAS or rat IgG isotype control (eBioscience) were used. The diamino-
benzidine acid system was used to detect complexes.

Statistical analysis

Results are expressed as means = SEM. Changes observed in treated
groups compared with controls were analyzed using one-way ANOVA
followed by Bonferroni’s post test, Student # test, and/or two-way ANOVA
where appropriate. The p values <0.05 were considered significant.

Results

Poly I:C decreases lung tumor growth

To investigate the role of poly I:C in pulmonary metastasis, we used
a mouse model by which lung metastatic B16-F10 cells were i.v.
injected into the tail vein of C57BL/6J mice. As previously de-
scribed (16), 7 d after B16-F10 cell inoculation, poly I:C (10 pg/
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FIGURE 2. TLR3 expression in the lung of tumor-bearing mice. Im-
munohistochemical analyses (A) revealed that TLR3 was expressed more
highly in the lung of tumor-bearing mice compared with that in naive mice
(B). Poly I:C treatment further increased the expression of TLR3 in the
lung of tumor-bearing mice (B). In contrast, the expression of MDAS (C,
D) was not altered by poly I:C treatment compared with that in PBS-
treated tumor-bearing mice. The isotype control (rat IgG) did not show any
positive staining (data not shown). Rat anti-mouse TLR3 and rat anti-
mouse MDAS; original magnification X 10. Data represent mean * SEM,
n = 4. Experiments were performed on two different experimental days.
*p < 0.05, ***%*p < 0.0001 (one-way ANOVA and Student ¢ test).
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mouse) was administered i.p. Mice were sacrificed 2 and/or 5 d
after the single administration of poly I:C at day 7 (Fig. 1A).

The systemic administration of poly I:C induced a significant
decrease in the growth of pulmonary metastases in tumor-bearing
mice compared with PBS (control) (Fig. 1C). Fig. 1B shows
representative pictures of lungs from mice treated with PBS
or poly I:C. Moreover, to understand the anti-tumor activity
of poly I:C compared with what is actually used as anti-cancer
therapeutic, we i.p. administered a well-known anti-cancer agent,
cisplatinum, into lung tumor-bearing mice. The amount of lung
foci in cisplatinum-treated tumor-bearing mice was reduced to
~67% (Fig. 1C), whereas the amount of foci in the lung of poly I:C-
treated tumor-bearing mice was reduced to ~40% (Fig. 1C) com-
pared with that of PBS-treated mice. In addition, to corroborate
our previous data on the anti-tumor activity of poly I:C in our
mouse model, we performed long-term experiments where poly I.C
or PBS were injected twice every 5 d and mice sacrificed at day
17. The repeated administration of poly I:C further reduced lung
tumor foci count compared with that of PBS-treated tumor-
bearing mice in our model of established pulmonary metastases
(Fig. 1D).

To determine whether poly I:C could induce lung inflammation in
these mice as described for asthma, a Th2-like pathology (17), we
evaluated the number of cells in the BAL fluid of PBS- and poly I:C-

FIGURE 3. The blockade of IFNAR reverted
poly I:C-mediated anti-tumor activity in the lung of
tumor-bearing mice. Poly I:C (10 pg/mouse) was
administered i.p. 7 d after i.v. injection of B16-F10
melanoma metastatic cells (1 X 10° cells/mouse).
Lung histology was assessed 5 d after poly I:C
administration. The anti-IFNAR mAb or the iso- B
type control IgG was injected every day starting
from the same day poly I:C or PBS was adminis-
tered (day 7) before mice were sacrificed. (A) Lung
tumor foci amount was similar in mice treated with
1gG plus PBS (left white bar), IFNAR Ab plus PBS
(left black bar), and IFNAR Ab plus poly I:C (right
black bar) compared with IgG plus poly I:C (right
white bar). (B) The blockade of IFNAR reduced
the influx of CD11c¢*CD11b* cells into the lung of
poly I:C-treated tumor-bearing mice. (C) Repre-

74 Cigo

% CD11c+ CD11b+
ocells

treated mice. BAL fluid cell numbers were significantly increased in
poly I:C-treated tumor-bearing mice (1.78.6 = 0.5) compared with
those in PBS-treated tumor-bearing mice (0.75 = 0.17) (Fig. 1E).
To confirm the anti-cancer activity of poly I:C, we analyzed the
levels of IFN-v, a Thl-like cytokine, and IL-17A and IL-13, Th2-
like cytokines. IFN-y (Fig. 1G) and IL-17A (Fig. 11) levels were
increased in the BAL fluid of poly I:C-treated mice compared with
those in the BAL fluid of PBS-treated mice. Moreover, poly 1:C
treatment increased the percentage of CD4* and CD8" IFN-y*
T cells (Fig. 1F) and of CD4" and CD8" IL-17A* T cells (Fig. 1H).
The isotype control for the intracellular staining of IFN-y and IL-
17A did not show positive staining (data not shown). In contrast, the
levels of IL-13 were significantly reduced in poly I:C-treated mice
compared with those in PBS-treated mice (Fig. 1J).

To understand better the effect of poly I:C on lung metastases
growth, we continued by analyzing the expression of TLR3 and
MDAS in lung cryosections. Immunohistochemistry staining
showed that TLR3 expression significantly increased in tumor-
bearing mice compared with that in naive mice (Fig. 2A, 2B).
Notably, administration of poly I:C further increased TLR3 ex-
pression in the lung of tumor-bearing mice (Fig. 2A, 2B). In
contrast, the expression of MDA5 was not altered by poly I:C
treatment in the lung of tumor-bearing mice compared with that in
the lung of PBS-treated mice (Fig. 2C, 2D).
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0.01, ***p < 0.005 (one-way ANOVA and Student
t test).
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Altogether, these results indicate that the administration of
poly I:C reduces lung tumor foci in association with increased
lung inflammation in tumor-bearing mice.

Poly I:C-induced lung tumor reduction was partially mediated
by IFN type 1

Upon poly I:C recognition, MDAS and TLR3 initiate downstream
signaling pathways that lead to activation of transcription factors,
including IRF3 and NF-«kB, which induce IFN type I production
(9). To understand the role of IFN type I in poly I:C-induced lung
tumor regression, we used a monoclonal blocking Ab for IFNAR
(IFNAR Ab), which was given every day (i.p.) after poly I:C or
PBS administration (day 7) in B16-F10-implanted mice. Mice
were sacrificed 5 d after poly I:C or PBS treatment. The admin-
istration of isotype control IgG or IFNAR Ab (Fig. 3A) did not
alter the amount of lung tumor foci in B16-F10-implanted mice
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treated with PBS (Fig. 3A, white bar versus black bar) (123.2 =
11.7 versus 124.3 = 19.46). In contrast, the blockade of IFNAR
reverted the beneficial anti-tumor activity of poly I:C in lung
tumor-bearing mice (Fig. 3A, 82.75 £ 12.2 versus 110.1 £ 19.1).

To explain why poly I:C treatment arrested tumor burden in our
model, we determined the identity and numbers of leukocytes
recruited to the lung 2 d after poly I:C treatment. We digested the
lungs and performed flow cytometry analyses for DCs, identified as
CDI11c"€" CD11b* and F4/80 . The percentage of DCs was in-
creased in the lung of mice injected with poly I:C (Fig. 3B, white
bar) compared with that in the lung of PBS-treated tumor-bearing
mice (Fig. 3B, white bar). Moreover, the expression of the acti-
vation markers CD80 (PBS 287.1 = 67.07 versus poly I:C treat-
ment 416.5 = 29.15), MHC class II (PBS 238.7 = 61.07 versus
poly I:C treatment 345.7 = 18.6), and MHC class I (PBS 26.47 =
1.47 versus poly I:C treatment 32.71 = 2.82) was significantly
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increased on these (CD11¢*CD11b") cells after poly I:C admin-
istration (data not shown). Furthermore, IL-12p40, a Thl-like
cytokine, was significantly increased after 2 d of poly I:C treat-
ment in the lung homogenates of tumor-bearing mice (Fig. 3D). In
contrast, the administration of IFNAR Ab reduced the influx of
CD11c*CDI11b* cells to the lung of tumor-bearing mice after
poly I:C treatment (Fig. 3B). Similarly, the levels of IL-12p40
were reduced after IFNAR blockade in poly I:C-treated lung
tumor-bearing mice (Fig. 3D).

To confirm the role of IFN type I in poly I:C-mediated reduc-
tion of lung tumor growth, we went on by analyzing the cytotoxic
immune cells recruited to the lung of tumor-bearing mice. Mice
were sacrificed at 5 d after the injection of poly I:C or PBS. The
percentage of NKT cells, identified as CD3*NK1.1* cells, was
significantly increased in poly I:C-treated mice compared with
that in mice treated with PBS (Fig. 4A, white bars). In contrast,
the inhibition of IFNAR reduced the amount of NKT cells
recruited to the lung after poly I:C treatment compared with that
recruited to the lung in PBS-treated mice (Fig. 4A, black bar). The
injection of IFNAR Ab did not alter the recruitment of these cells
after PBS administration compared with that in mice that received
IgG isotype control (Fig. 4A, black bar versus white bar).

Moreover, the recruitment of cytotoxic DCs (CD11c¢*CD8*
cells) to the lung of tumor-bearing mice treated with poly I:C was
greater than that to the lung of tumor-bearing mice treated with
PBS (Fig. 4B, white bars). The injection of IFNAR Ab signifi-
cantly reduced the percentage of these cytotoxic DCs in the lung
of poly I:C-treated tumor-bearing mice (Fig. 4B, black bar)
compared with that in the lung of mice treated with poly I:C:
alone (Fig. 4B, white bar).

To confirm further the relevance of cytotoxic immune cells in
poly I:C-mediated reduction of lung tumor growth, we observed
that CD8* T cells were significantly increased in poly I:C-treated
lung tumor-bearing mice compared with that in PBS-treated
mice (Fig. 4C, white bars). In contrast, the recruitment of these
cells was significantly reduced when IFNAR Ab was injected in
poly I:C-treated mice compared with that in PBS-treated mice
(Fig. 4C, black bars and white bars).

In support to the presence of cytotoxic immune cells, the levels
of IFN-y were assessed. The administration of [IFNAR Ab sig-
nificantly reduced the production of this Thl-like and cytotoxic
cytokine when poly I:C was administered (Fig. 4D, black bar).

Altogether, these data suggest that the systemic administration
of poly I:C induced the activation of DCs and facilitated the re-
cruitment of cytotoxic immune cells to the lung of tumor-bearing
mice. Given that poly I:C induces the expression of IFN type I, the
anti-tumor activity of poly I:C in lung tumor-bearing mice was IFN
dependent.

The adoptive transfer of poly I:C-pulsed DCs reduced lung
tumor outgrowth

Our previous data showed that poly I:C treatment increased the
recruitment of Thl-polarizing DCs (Fig. 3B, 3C) to the lung of
tumor-bearing mice. To determine whether DCs cells were re-
sponsible for poly I:C negative modulation of lung tumor growth,
adoptive transfer experiments were performed. BMDCs were
treated overnight with PBS or poly I:C and then adoptively
transferred into C57BL/6J mice by i.v. injection on day 7 after
inoculation of B16-F10 cells. Mice were sacrificed at day 12
(5 d after the adoptive transfer of BMDCs).

Lung tumor-bearing mice had a reduced number of metastatic
foci when poly I:C-pulsed BMDCs were adoptively transferred
(black bar: 86.33 = 17.5) compared with that of mice transferred
with PBS-treated BMDCs (white bar: 193.8 = 40.5) (Fig. 5A).
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FIGURE 5. The adoptive transfer of poly I:C-pulsed BMDCs exerts
anti-tumor activity in lung tumor-bearing mice. Poly I:C (10 pwg/mouse) or
PBS (white bars) and poly I:C (10 pg/ml)- or PBS-pulsed BMDCs (black
bars) were administered 7 d after i.v. injection of B16-F10 melanoma
metastatic cells (1 X 10° cells/mouse). Lung histology was assessed 5 d
after each treatment. (A) Adoptive transfer of poly I:C-pulsed BMDCs
revealed a similar lung tumor foci count compared with that of the i.p.
administration of poly I:C. IFN-y (B) and granzyme B (C) levels detected
in lung homogenates of adoptively transferred mice that received poly I:C-
pulsed BMDCs were the same as those in mice that received poly I:C i.p.
Data represent mean = SEM, n = 8. Experiments were performed on two
different experimental days. *p < 0.05, **p < 0.01 (one-way ANOVA and
Student ¢ test).

The adoptive transfer of PBS-pulsed BMDCs did not statistically
alter the amount of lung tumor foci compared with that of PBS-
treated mice (Fig. 5A). Notably, we did not observe any difference
between mice treated with i.p. injection of poly I:C (white bar:
90 * 8.34) and mice adoptively transferred with poly I:C-pulsed
BMDC:s (black bar: 86.33 = 17.5), suggesting that the anti-tumor
activity of poly I:C in the lung was mediated by the activation of
DCs.

In addition, the production of the cytotoxic IFN-vy (Fig. 5B) and
granzyme B (Fig. 5B) in the lung of mice adoptively transferred
with poly I:C-pulsed BMDCs was similar to that of mice treated
with the systemic injection of poly I:C.

To confirm the role of DCs in our experimental design, we
continued by analyzing the cytotoxic immune cells in the lung of
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mice adoptively transferred with BMDCs. The percentage of CD8*
T cells (Fig. 6A, 6B) and NKT cells (Fig. 6C, 6D) in the lung of
mice adoptively transferred with poly I:C-pulsed BMDCs (black
bars) was similar to that of mice i.p. injected with poly I:C (white
bars).

These data indicate that the anti-tumor effect of poly I:C was
principally mediated by the activation of DCs, which facilitated the
recruitment of cytotoxic immune cells to the lung of tumor-bearing
mice, which were responsible for limiting tumor outgrowth after
poly I:C injection.

Discussion

In this study, we investigated the effect of poly I:C in a mouse
model of pulmonary metastasis. We demonstrated that the treat-
ment with poly I:C facilitated tumor regression in the lung of
tumor-bearing mice. The anti-tumor activity of poly I:C was IFN-
dependent, as the blockade of IFNAR reverted lung tumor re-
gression associated with higher influx into the lung of cytotoxic
immune cells such as CD11c¢*CD8*, NKT, and CD8* T cells.
Moreover, DCs were primarily responsible for poly I:C-mediated
lung tumor arrest/regression. The adoptive transfer of poly I:C-
pulsed DCs reduced lung tumor burden in the same manner as
when poly I:C was administered systemically to lung tumor-
bearing mice.

Poly I:C is currently being tested in human clinical trials as an
adjuvant to anti-cancer vaccines and in combination with other
therapies (18). Basic research on animal models of prostate cancer
(11) demonstrated that poly I:C could be an efficient chemother-
apeutic because it reduced tumor volume. To our knowledge, our
study is the first to demonstrate a beneficial anti-tumor activity of
poly I:C in a mouse model of established pulmonary metastasis.
Previous studies proved that poly I:C is a good adjuvant for anti-
cancer vaccine against glioma (19) and lung metastasis (13, 14).
The difference between our study and the latter studies is the

PBS Poly I.C

CD3-PeCys.5

10.g/nouse

experimental protocol. We observed that only one administration
of poly I:C was able to diminish lung tumor progression in mice
implanted with B16-F10 cells. In support, Lowe et al. (13) and
Jiang et al. (14) similarly observed that repeated poly I:C ad-
ministrations reduced lung tumor metastasis in mice exposed to an
anti-cancer vaccine experimental design (13, 14).

One of the potential explanations for poly I:C-derived anti-tumor
activity is the induction of apoptosis. The ligation of TLR3 can
lead to the apoptosis cascade (20), which can serve as a potential
strategy for tumor regression as already demonstrated in a prostate
cancer mouse model after poly I:C administration (11). In our
study, the administration of poly I:C significantly increased the
production of granzyme B in the lung of tumor-bearing mice.
Granzyme B is an essential molecule that leads to apoptosis and is
predominantly produced by cytotoxic immune cells such as CD8*
T cells and NKT cells (21). In support, mice that received poly I:C
had a higher influx into the lung of cytotoxic DCs (CD8*CD11c*
cells), NKT cells, and CD8" T cells, all of which are described as
granzyme B-producing cells.

The main feature of poly I:C as a potential adjuvant for anti-viral
and anti-cancer vaccines is its capability to mount a long-lasting
adaptive immunity, which in terms of tumor progression rep-
resents a way to fight tumor-immune escape (1, 22). Our data show
that the injection of poly I:C facilitated a Thl- and Thl7-like
response in the lung of tumor-bearing mice. IFN-vy is a Thl-like
cytokine of which anti-tumor activity is well reported (1, 16, 22).
Similarly, we observed higher production of IL-17A, which fa-
cilitates tumor regression as demonstrated with IL-17—-deficient
mice (23). In contrast, poly I:C reduced the levels of IL-13, a Th2-
like cytokine that can contribute to tumor exacerbation in the lung
(1). Moreover, poly I:C promoted the activation of cytotoxic DCs,
NKT cells, and CD8* T cells, which were CD69" in the lung of
poly I:C-treated tumor-bearing mice compared with control mice
(data not shown). Thus, the polarization of T cells toward a Thl-
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and Th17-bias, with concomitant reduction of a Th2-like envi-
ronment, and the higher recruitment of cytotoxic immune cells
collaborate to limit lung tumor outgrowth in poly I:C-treated
tumor-bearing mice. It is to be noted, however, that the recruit-
ment of these cytotoxic cells was secondary to the activation of
DCs by poly I:C. Adoptive transfer experiments proved that the
inoculation of poly I:C-pulsed BMDCs was still as efficient as the
i.p. injection of poly I:C at reducing lung tumor foci. In support,
the administration of poly I:C increased the influx of DCs (Fig. 3)
to the lung of tumor-bearing mice and drove toward a Thl po-
larization in the presence of IL-12p40. In support, TLR3 is highly
expressed by DCs (24), especially by the cytotoxic CD8" DCs.

Although poly I:C induces the production of IFN type I in
a TLR-dependent and -independent manner (25), IFN type I is es-
sential for poly I:C-mediated tumor regression (22). In our study,
the blockade of IFNAR, which disables any activity of IFN type I
(21), reverted the anti-tumor activity of poly I:C in lung tumor-
bearing mice. Indeed, the lower influx of DCs, CD8* DCs,
NKT cells, and CD8* T cells in IFNAR Ab-treated tumor-bearing
mice was associated with higher lung tumor burden even after
poly I:C administration. These results confirmed what was already
known about the anti-tumor effects of IFN type I (22). Moreover,
given that DCs are responsible for poly 1:C anti-tumor function,
IFN type I is required by DCs to switch toward a mature pheno-
type and induce Thl immunity and a CTL response in our mouse
model. In vitro-stimulated BMDCs highly produced IFN type I
after poly I:C treatment (data not shown).

In conclusion, our study demonstrates that poly I:C has anti-
tumor, long-lasting activity in a mouse model of pulmonary me-
tastasis. DCs mediate the activity of poly I:C to mount an effective
immune response against lung tumor. The adoptive transfer of
poly I:C-pulsed BMDCs into tumor-bearing mice resulted in re-
duced numbers of lung tumor foci and enhancement of the cy-
totoxic immune environment in the lung of tumor-bearing mice.
The blockade of IFN type I function resulted in recovered tumor
growth after poly I:C treatment. Thus, the activation of DCs and
IFN type I production allowed an effective T cytotoxic immune
response, demonstrating that poly I:C is a good adjuvant for lung
cancer chemotherapy.

Disclosures
The authors have no financial conflicts of interest.

References

1. Pinto, A., S. Morello, and R. Sorrentino. 2011. Lung cancer and Toll-like
receptors. Cancer Immunol. Immunother. 60: 1211-1220.

2. Igney, F. H., and P. H. Krammer. 2002. Immune escape of tumors: apoptosis
resistance and tumor counterattack. J. Leuk. Biol. 71(6): 907-920.

3. Prendergast, G. C. 2008. Immune escape as a fundamental trait of cancer: focus
on IDO. Oncogene 27: 3889-3900.

4. Gnjatic, S., N. B. Sawhney, and N. Bhardwaj. 2010. Toll-like receptor agonists:
are they good adjuvants? Cancer J. 16: 382-391.

5. Kool, M., T. Soullié, M. van Nimwegen, M. A. Willart, F. Muskens, S. Jung,
H. C. Hoogsteden, H. Hammad, and B. N. Lambrecht. 2008. Alum adjuvant

16.

20.

21.

22.

23.

24.

25.

POLY I:C HAS ANTI-TUMOR ACTIVITY IN METASTATIC LUNG CANCER

boosts adaptive immunity by inducing uric acid and activating inflammatory
dendritic cells. J. Exp. Med. 205: 869-882.

. Kawai, T., and S. Akira. 2009. The roles of TLRs, RLRs and NLRs in pathogen

recognition. Int. Immunol. 21: 317-337.

. Kwissa, M., S. P. Kasturi, and B. Pulendran. 2007. The science of adjuvants.

Expert Rev. Vaccines 6: 673-684.

. Trumptheller, C., M. Caskey, G. Nehinda, M. P. Longhi, O. Mizenina, Y. Huang,

S. J. Schlesinger, M. Colonna, and R. M. Steinman. 2008. The microbial mimic
poly IC induces durable and protective CD4+ T cell immunity together with
a dendritic cell targeted vaccine. Proc. Natl. Acad. Sci. USA 105: 2574-2579.

. McCartney, S. M., W. Vermi, S. Gilfillan, M. Cella, T. L. Murphy,

R. D. Schreiber, K. M. Murphy, and M. Colonna. 2009. Distinct and comple-
mentary functions of MDAS and TLR3 in poly(I:C)-mediated activation of
mouse NK cells. J. Exp. Med. 206: 2967-2976.

. Akazawa, T., T. Ebihara, M. Okuno, Y. Okuda, M. Shingai, K. Tsujimura,

T. Takahashi, M. Ikawa, M. Okabe, N. Inoue, et al. 2007. Antitumor NK acti-
vation induced by the Toll-like receptor 3-TICAM-1 (TRIF) pathway in myeloid
dendritic cells. Proc. Natl. Acad. Sci. USA 104: 252-257.

. Chin, A. I, A. K. Miyahira, A. Covarrubias, J. Teague, B. Guo, P. W. Dempsey,

and G. Cheng. 2010. Toll-like receptor 3-mediated suppression of TRAMP
prostate cancer shows the critical role of type I interferons in tumor immune
surveillance. Cancer Res. 70: 2595-2603.

. Matsushima, H., N. Yamada, H. Matsue, and S. Shimada. 2004. TLR3-, TLR7-,

and TLR9-mediated production of proinflammatory cytokines and chemokines
from murine connective tissue type skin-derived mast cells but not from bone
marrow-derived mast cells. J. Immunol. 173: 531-541.

. Lowe, D. B., M. H. Shearer, J. F. Aldrich, R. E. Winn, C. A. Jumper, and

R. C. Kennedy. 2010. Role of the innate immune response and tumor immunity
associated with simian virus 40 large tumor antigen. J. Virol. 84: 10121-10130.

. Jiang, Q., H. Wei, and Z. Tian. 2008. IFN-producing killer dendritic cells con-

tribute to the inhibitory effect of poly I:C on the progression of murine mela-
noma. J. Immunother. 31: 555-562.

. Sorrentino, R., P. Gray, S. Chen, K. Shimada, T. R. Crother, and M. Arditi. 2010.

Plasmacytoid dendritic cells prevent cigarette smoke and Chlamydophila
pneumoniae-induced Th2 inflammatory responses. Am. J. Respir. Cell Mol. Biol.
43: 422-431.

Sorrentino, R., S. Morello, G. Forte, A. Montinaro, G. De Vita, A. Luciano,
G. Palma, C. Arra, P. Maiolino, I. M. Adcock, and A. Pinto. 2011. B cells
contribute to the antitumor activity of CpG-oligodeoxynucleotide in a mouse
model of metastatic lung carcinoma. Am. J. Respir. Crit. Care Med. 183: 1369—
1379.

. Jeon, S. G., S. Y. Oh, H. K. Park, Y. S. Kim, E. J. Shim, H. S. Lee, M. H. Oh,

B. Bang, E. Y. Chun, S. H. Kim, et al. 2007. TH2 and THI1 lung inflammation
induced by airway allergen sensitization with low and high doses of double-
stranded RNA. J. Allergy Clin. Immunol. 120: 803-812.

. Jiang, Q., H. Wei, and Z. Tian. 2008. Poly I:C enhances cycloheximide-induced

apoptosis of tumor cells through TLR3 pathway. BMC Cancer 8: 12.

. Zhu, X., B. A. Fallert-Junecko, M. Fujita, R. Ueda, G. Kohanbash,

E. R. Kastenhuber, H. A. McDonald, Y. Liu, P. Kalinski, T. A. Reinhart, et al.
2010. Poly-ICLC promotes the infiltration of effector T cells into intracranial
gliomas via induction of CXCL10 in IFN-alpha and IFN-gamma dependent
manners. Cancer Immunol. Immunother. 59: 1401-1409.

Cheng, Y. S., and F. Xu. 2011. Anticancer function of polyinosinic-polycytidylic
acid. Cancer Biol. Ther. 10: 1219-1223.

Trapani, J. A., and M. J. Smyth. 2002. Functional significance of the perforin/
granzyme cell death pathway. Nat. Rev. Immunol. 2: 735-747.

Longhi, M. P, C. Trumpfheller, J. Idoyaga, M. Caskey, I. Matos, C. Kluger,
A. M. Salazar, M. Colonna, and R. M. Steinman. 2009. Dendritic cells require
a systemic type I interferon response to mature and induce CD4+ Th1 immunity
with poly IC as adjuvant. J. Exp. Med. 206: 1589-1602.

Martin-Orozco, N., P. Muranski, Y. Chung, X. O. Yang, T. Yamazaki, S. Lu,
P. Hwu, N. P. Restifo, W. W. Overwijk, and C. Dong. 2009. T helper 17 cells
promote cytotoxic T cell activation in tumor immunity. Immunity 31: 787—
798.

Edwards, A. D., S. S. Diebold, E. M. Slack, H. Tomizawa, H. Hemmi, T. Kaisho,
S. Akira, and C. Reis e Sousa. 2003. Toll-like receptor expression in murine DC
subsets: lack of TLR7 expression by CD8 alpha+ DC correlates with unre-
sponsiveness to imidazoquinolines. Eur. J. Immunol. 33: 827-833.

Kato, H., O. Takeuchi, S. Sato, M. Yoneyama, M. Yamamoto, K. Matsui,
S. Uematsu, A. Jung, T. Kawai, K. J. Ishii, et al. 2006. Differential roles of
MDAS and RIG-TI helicases in the recognition of RNA viruses. Nature 441: 101—
105.

2102 ‘2 ROWBAON U0 OUBES 1P BISBAIUN Te /BI0" [ountuwlf//:dny WwoJ) papeoumod


http://jimmunol.org/

