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Abstract Polyinosinic-polycytidylic acid [Poly (I: C)], a
ligand for Toll-like receptor (TLR-3), is used as an adjuvant
to enhance anti-tumor immunity because of its prominent
effects on CD8 T cells and NK cells. Myeloid-derived sup-
pressor cells (MDSCs) are one of the main immunosup-
pressive factors in cancer, and their abnormal accumulation
is correlated with the clinical stage of breast cancer and is an
important mechanism of tumor immune evasion. Although
Poly (I: C) is thought to have direct anti-tumor activity in
different cell lines, its effect on immunosuppressive MDSCs
in tumor-bearing animals has not been studied. 4T1-Luc, a
metastatic breast cancer mouse cell line, was injected into the
left flank of female BALB/c mice. Tumor-bearing mice were
treated with i.p. injection of Poly (I: C) or PBS beginning on
day 7 after tumor inoculation. WBCs and MDSCs were
counted using coulter counter and stained for flow cytome-
try, respectively. Bioluminescent imaging was used to
monitor tumor burden at multiple time points during the
course of tumor growth. Poly (I: C) treatment led to a
decrease in MDSC frequencies in BM, blood, and tumor
compared to saline-treated control mice. Poly (I: C) treat-
ment also abrogated the immunosuppressive function of
MDSCs, concomitant with an increase in local T cell
response of the immune system in a murine model of breast
cancer. Poly (I: C) treatment decreases MDSC frequency and
immunosuppressive function in 4T1-tumor-bearing hosts
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and effectively augments the activity of breast cancer
immunotherapy.
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Abbreviations

MDSC Myeloid-derived suppressor cells
S.C Subcutaneous

LP Intra peritoneal

BLI Bioluminescence intensity

ROI Regions of interest

Luc Luciferase

Lin Lineage

FACS  Fluorescent activated cell sorting
IMC Immature myeloid cell
Introduction

Polyinosinic-polycytidylic acid (Poly (I: C)) is a synthetic
dsRNA analog that is recognized by Toll-like receptor-3
(TLR-3), triggering innate and adaptive immune responses.
Based on its ability to enhance immunity, Poly (I: C) has
been used as a vaccine adjuvant over the past decade. In
recent years, evidence has accumulated that Poly (I: C) can
also directly trigger apoptosis in some cell lines [1-3].
Myeloid-derived suppressor cells (MDSCs) are a
heterogeneous population of early myeloid and dendritic
cells that expand from the bone marrow during tumor pro-
gression and have the ability to inhibit both innate and
adaptive immunity. As MDSCs are one of the main
immunosuppressive factors in breast cancer [4], different
therapeutic strategies have been developed to target these
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cells [5—7]. Preclinical studies using different tumor models
[8, 9] have shown a correlation between tumor progression
and the numbers of MDSCs. Some publications present
conflicting data concerning the effects of TLR agonists on
MDSCs [1, 10, 11], however, there is no available infor-
mation regarding the effect of TLR-3 agonists on MDSC
accumulation in the tumor microenvironment. Considering
the fact that MDSC levels correlate with clinical breast
cancer stage [12, 13], and published reports describe the
direct anti-tumor activity of Poly (I: C) on different cell lines
[14, 15], we hypothesized that the immune stimulatory effect
of Poly (I: C) is mediated through modulation of MDSC
function in a murine model of breast cancer. We tested the
effect of Poly (I: C) on mice bearing the 4T1 breast cancer
cell line. Our results showed a dramatic reduction of absolute
numbers of blood and tumor-infiltrating MDSCs and mod-
ulation of MDSCs immunosuppressive function.

Materials and methods
Mice

Female BALB/c (age 6-8 weeks) mice were purchased
from Jackson laboratories (Bar Harbor, ME) and were
housed at the animal research facility of the Winship
Cancer Institute. All animal protocols were reviewed and
approved by the Institutional Animal Care and Use Com-
mittee (IUCAC) Guidelines at the University of Emory
(Permit number: A3180-01).

Cell line, tumor inoculation, and treatment

Stably transfected luciferase-expressing 4T1 breast tumor
cells were used. The 4T1 mammary carcinoma cell line
was maintained as described before [16]. To establish
subcutaneous (s.c.) tumors, 1 x 10° cells viable 4T1-Luc
cells were injected into 1st left mammary fat pad of female
BALB/c mice. Treatment with Poly (I: C) commenced on
day 7 after tumor inoculation (when tumors were palpable)
at an initial dose of Poly (I: C) of 200 pg/mouse daily for
3 days then 100 pg/mouse beginning on day 10 following
tumor inoculation. Control mice were injected with PBS on
the same schedule. For in vitro treatment, appropriate
amounts of stock solution of Poly (I: C) (200ug in D.W)
were added to cell culture media in 24-well plates in serial
dilutions to achieve the indicated final concentrations and
then incubated with cells for 24 h.

Reagents and antibodies

RPMI 1640, DMEM Hi Glu, FBS, and antibiotics were
obtained from Fisher Scientific, Cellgro. Poly (I: C) was
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purchased from Sigma (St. Louis, MO; lot 27H4009) and
dissolved in PBS, and aliquots of 1 mg/ml were preserved
at —20° C. The following antibodies were purchased from
eBioscience: anti-Gr1 FITC/PE, anti-F4/80 PE/pacific blue,
anti Ly6C PE-Cy7, anti Ly6G PE, anti-CD11b APC-Cy7,
anti-CD11c APC, anti-CD69 PE-cy7/PE, anti-CD80 PE,
anti-CD86 APC, anti SCA-1 PE-Cy7, anti-I-ad PE, anti—
CD3 APC, anti-CD4 FITC, anti Apc-Cy7 CD25, anti-CDS8
Percp, anti-IFN-y PE, anti-TNF APC, anti-Granzyme B
PE, and isotype antibodies (rat & hamster IgG, IgG2bk,
IgG2a isotype control).

Isolation of MDSCs from spleen, blood, and tumors
of mice

Mice were euthanized on day 14 and day 21 after tumor
inoculation. Harvested tumors were mechanically dissoci-
ated into suspensions of individual tumor cells through a
70-um cellular sieve with a plunger, followed by washing
in RPMI medium with 10 % FBS. Cell suspensions were
counted and used for flow cytometric analysis or culture.
Single cell suspensions of spleen were obtained by
mechanical disruption and red cells were removed using
ammonium-chloride-potassium chloride lysing buffer.
Blood samples were drawn from the tail vein and cheek
vein according to IACUC guidelines. Peripheral blood was
counted using a Coulter AcT diff Analyzer (Beckman) and
analyzed by flow cytometry using lyse no-wash method to
maximize the numbers of evaluable leukocytes as we have
previously described [16].

Peritoneal cell isolation

Cells were harvested using a published protocol [17].
Briefly 5 ml of ice cold PBS (with 3 % FCS) was injected
into the peritoneal cavity of mice using a 27 g hypodermic
needle following euthanasia, carefully avoiding contami-
nation with blood and puncturing organs. Collected cells
were centrifuged at 1500 rpm for 8 min, counted and
stained as described above.

Flow cytometry

For surface staining, single cell suspensions were resus-
pended in FACS buffer [2 % FBS, 0.1 % NaNj, 2 mM
EDTA (ethylene diamine tetra acetic acid) in PBS], lysed
and incubated with FCR (CD16/CD32) (2.4G2)
(Pharmingen, San Diego, CA) at RT for 10 min to block
nonspecific binding of fluorochromes. Staining with rele-
vant Abs directed against surface antigens was performed
for 30—45 min on ice. Sytox blue (molecular probes,
100 mM) was used to exclude dead cells in most experi-
ments. The samples were analyzed using a FACS Aria
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instrument (BD Biosciences, Becton, Dickinson, San Jose,
CA), and the data were analyzed using FlowJo software
(Tree Star, Ashland, OR). MDSC subunits were counted
using the scatter pattern and CD11b positive cells gated for
Ly6G and Ly6C for granulocytic MDSCs and monocytic
MDSCs and using a high side scatter and F4/80 positive
gate for macrophages [16]. For intracellular staining, cells
were stained first for surface expression of lineage/differ-
entiation markers (CD80, CD86, SCA-1, I-Ad), then fixed
and permeabilized by Cyto Fix/Perm Kit (BD Pharmin-
gen). Identification of Thl (CD4*, TNF*, IFNy") and T
CDS8™ cytotoxic producing Granzyme was performed fol-
lowing stimulation with plate-bound anti-CD3/CD28 or
incubation with PMA and ionomycin. Single cell suspen-
sions of tumor cells and/or spleen were resuspended in
media containing 5 pg/ml PMA (sigma-Aldrich) and 5 ng/
ml ionomycin (Sigma-Aldrich) or 10 pg/ml purified anti-
mouse CD3 plate-bound and 2 pg/ml purified anti-mouse
CD28. 1ul/1000 ml Brefeldin A (Golgi plug; BD, San Jose,
CA, USA) was added 4-5 h before harvesting for all
samples.

Cell sorting

Spleen and tumor suspension were stained with allophy-
cocyanin (APC)-cyanine7 (Cy7)-conjugated anti-CD11b,
fluorescein isothiocyanate (FITC)-conjugated Gr-1, and
PE-conjugated lineage markers for 20 min at 4 °C and
FACS was performed as we have previously described
[18].

Bioluminescence imaging (BLI)

4T1 tumor-bearing BALB/c mice were anesthetized with
diluted ketamine/xylazine s.c according to Emory IACUC
guidelines. Synthetic firefly D-luciferin potassium salt
stock solutions (15 mg/ml in PBS) were prepared and
injected s.c into anesthetized mice as described [16].
Imaging was performed at two time points in anesthetized
mice using an IVIS 100 charge-coupled device imaging
system (Xenogen, Alameda, CA, USA). Imaging data were
analyzed with Living Image Version 3.2 software. Biolu-
minescence intensity regions of interest (ROIs) were dis-
played in photons mode (unit is photons/s), and were
compared using the same BLI intensity scale and setting
before and after treatment.

Evaluation of reactive oxygen species (ROS)
production

Sorted purified CD11b positive, lineage negative spleno-
cytes from tumor-bearing mice were co-cultured with and
without Poly (I: C) (20-50 pg/ml) in 24-well plates in

culture media. In some experiments, sorted purified
splenocytes from tumors recovered from the Poly (I: C)-
treated group were co-cultured with and without Poly (I: C)
20pg/ml in culture media. ROS was measured by Cell
ROX® Green Reagent (Life Technology). After 24 h, 5uM
Cell ROX was added into the culture media and followed
by flow cytometry after 30 min incubation at 37 °C. The
fluorescence signal was analyzed using the FACS Aria.

Cell protein extraction and Western blot analysis

Cell lysates of sorted purified MDSCs were prepared in 10
X lysis buffer (Cell Signaling Technology). For Western
blot analyses, 40-11g samples of protein measured by BCA
were subjected to SDS-PAGE on ready to use mini-Protean
TGX™ gels (Bio-Rad). Precision-Plus protein kaleido-
scope (Bio-Rad) was used as a standard. Separated proteins
were transferred onto nitrocellulose membranes by Wes-
tern blotting. The membranes were blocked with 5 % w/v
milk powder in TBST for 1 h at room temperature and
probed with primary antibodies against rabbit polyclonal to
TLR-3 (1/3000 dilution) (Abcam, MA, US) overnight at
4 °C followed by horseradish peroxidase-conjugated anti-
rabbit secondary antibody for 1 h at room temperature
(25 °C). Chemiluminescent detection was performed using
the substrate Supersignal Westfemto Luminol/Enhancer
solution (Thermo scientific). Protein bands of interest were
visualized using the ECL detection system followed by
exposure to X-ray film.

Statistical analysis

All data are expressed as mean =+ standard deviation (SD).
Differences between groups were analyzed with Mann—
Whitney U test. For survival analyses, Kaplan—Meier
analysis by log-rank test was performed. These analyses
were performed using GraphPad Prism version 4 (Graph
Pad Software, San Diego, CA). Values of p < 0.05 were
considered statistically significant.

Results

Suppression of tumor growth correlates

with MDSC/tumor-infiltrating lymphocyte (TIL)
ratio in tumor microenvironment following Poly (I:
C) administration

To investigate the role of Poly (I: C) treatment in con-
trolling tumor growth, we used BALB/c mice bearing
luciferase-transfected 4T1 breast cancer cells. 4T1-Luc
cells were injected s.c into the Ist left mammary fat pad of
BALB/c mice as previously described [16]. Mice were
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treated with Poly (I: C) or PBS on Days 7 and 10 after
tumor cell inoculation, as described in “Materials and
methods” section. The day before beginning treatment,
mice were imaged (4 mice/group) to establish baseline
tumor growth. Mice were then weighed every other day
and sacrificed on day 14 (4 days after the second treatment)
and imaged to compare with the pre-treatment image
(Fig. 1a). Bioluminescence imaging (BLI) revealed a lower
tumor burden in the Poly (I: C)-treated group, with 2- to
3-fold greater signal intensity in PBS-treated mice 14 days
after tumor cell injection (Fig. 1b, ¢) (p = 0.012). In line
with the greater tumor burden, we found more weight loss
in PBS-treated mice compared with Poly (I: C)-treated
mice (Fig. 1d) (p = 0.001). Treatment with Poly (I: C)
increased overall survival in 4T1-bearing mice, accompa-
nied by a reduction in tumor burden as measured by BLI
(Fig. 1e) (p = 0.0217).

It is well known that both the granulocytic population of
CD11b"GR-1* MDSCs that expresses Ly6G marker and
the monocytic phenotype that expresses Ly6C marker have
distinct roles in promoting tumor growth. To determine if
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Fig. 1 Poly (I: C) decreases total flux in parallel with an increase in
the myeloid/lymphoid ratio. Groups of BALB/c mice were injected
s.c. with 1 x 10° of the 4T1 cell line. a Poly (I: C) was administered
by i.p injection on day 7 (200 pg/mouse) and day 10 (100 pg/mouse)
after tumor injection of 4T1 cells. b Mice were imaged on day 6
(before treatment) and day 14 (4 days after second injection of Poly
(I: C) or PBS). Representative total flux from Poly (I: C)-treated
versus PBS-treated mice before and after treatment using the same
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decreased tumor growth in Poly (I: C)-treated mice was
associated with a reduction in tumor-associated MDSC
subunits, mice were sacrificed 3 weeks after tumor inocu-
lation (tumor >100 mm®), and analyzed for the quantity of
total MDSC subunits in the tumor microenvironment. We
found a significant reduction in the numbers of both tumor-
infiltrating MDSC subsets (CD11b*Gr-1*, CDI11b",
Ly6C™™ CD11b™ Ly6G ™" at two time points (14 and
21 days after tumor inoculation) in Poly (I: C)-treated mice
compared with PBS-treated mice). The numbers of Gr-1™¢
CDI11b" cells that express F4/80 (typical of immature
macrophages) were significantly decreased after Poly (I: C)
treatment compared with that in PBS-treated control mice
(Fig. 2a). In line with the decreased frequency of MDSCs
and CD11b*Gr-1" F4/80" M¢ in the tumor microenvi-
ronment of Poly (I: C)-treated tumor-bearing mice, we
found a corresponding increase in the frequency of CD3™
TILs in the tumor microenvironment. In addition, we found
a significant correlation between the total flux of tumor and
the MDSC/TIL ratio when analyzing different tumor
samples (Fig. 2b).
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Poly (I: C) impacts MDSCs content in peritoneal
and BM possibly through TLR3

As we and others have previously reported that inoculation
with the 4T1 tumor cell line induces expansion of MDSCs
in blood [16, 19, 20], we monitored the blood content of
MDSCs during tumor growth and after Poly (I: C) treat-
ment. We found that PBS-treated mice had a higher
number of CD11b*Gr-17 cells in the blood compared with
Poly (I: C)-treated mice (Supplementary Fig. S1). To test
whether the effect of Poly (I: C) on MDSC numbers
occurred through direct regulation of MDSC production in
the bone marrow, we administered Poly (I: C) once a week
for 4 weeks to non-tumor-bearing naive BALB/c mice and
compared immature myeloid cell (IMC) numbers in the
bone marrow to age and sex-matched control mice treated
with PBS. 24 h after the last injection, peritoneal cells and
BM were collected as described in “Materials and meth-
ods” section. Our results showed significant reductions in
the frequency of CDI11b" GR-1*, Ly6C" IMCs, and
CD11b" F4/80" macrophages in the peritoneal fluid of
Poly (I: C)-treated non-tumor-bearing mice compared with
PBS-treated mice (Fig. 3a). Examination of BM from
naive and tumor-bearing mice showed Poly (I: C) treatment
leads to depletion of both IMCs and MDSCs from BM
compared with that in PBS-treated control mice (Fig. 3b,
¢). To demonstrate if the effect of Poly (I: C) is mediated
directly through TLR-3 expression on MDSCs, we

PIC-treated

PBS-treated PBS-treated

PIC-treated

investigated the expression of TLR-3 in MDSCs. Sorted
purified MDSC subunits from splenocytes of B16 tumor
bearing mice expressed a high level of TLR3 protein
(Fig. 3d).

Poly (I: C) influences both maturation
and suppressive activity of MDSCs

Based upon evidence that Poly (I: C) matures DC [21, 22],
we tested whether Poly (I: C) treatment causes maturation
of MDSC:s in vitro. CD80, CD86, and MHC class 11 (I-Ad)
expression levels were used to evaluate the maturation
status of MDSCs [18, 23]. Splenocyte-derived MDSCs
from 4T1 tumor-bearing mice were co-cultured with Poly
(I: C) (20 pg/ml) overnight. As MDSCs readily lose via-
bility in culture, we used conditioned media from cultured
4T1 cells to increase the survival of sorted MDSCs in
culture (data not shown). Our data showed a significant
increase in MFI (mean fluorescence index) of maturation
markers (MHC II; I-Ad and co-stimulatory molecules
CD80 and CD86) on MDSCs following in vitro exposure to
Poly (I: C) (Fig. 4a).

In line with the observed maturation, we also measured
the effect of Poly (I: C) on the ability of MDSCs to suppress
CD4™" T cells through ROS [24]. FACS-purified CD11b™
Gr-1"cells (Fig. 4b) were isolated from the spleens of both
PBS- and poly (I: C)-treated groups and co-cultured with and
without Poly (I: C). After 24 h, ROS levels in MDSCs from
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Fig. 2 Administration of Poly (I: C) decreases MDSC subunit cell
count in tumor-bearing mice compared with PBS-treated tumor-
bearing mice. Tumor cells were harvested 3 weeks after tumor
inoculation and analyzed for MDSCs. For each sample, flow
cytometry analysis was performed as described in “Materials and
methods” section. a Representative FACS plots gated on sytox blue (-)
cells. Tumor-infiltrating MDSC subsets (CD11b*Gr-1*, CD11b*,
Ly6C™™, CD11b" Ly6G™"") and CD11b* Gr-1" F4/80" macro-
phages were significantly reduced (3 to 4-fold) after Poly (I: C)
treatment compared with control mice. Percentages of designated
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bottom) and tumor-associated macrophage (TAM) (CD11b"GR-
1*F4/80") (right columns) in correlation with tumor-infiltrating T
cells are shown. b Correlation between total flux and MDSC/TIL ratio
from three experiments (Linear regression with best-fit value). Filled
square represents Poly (I: C)-treated versus filled circle for PBS-
treated mice. Experiments were performed in triplicates. Error bars
show mean and SD. (Student #-test; n = 4 per group) p = 0.002;
R* =0.7514

@ Springer



26

Breast Cancer Res Treat (2015) 153:21-30

(A)

PBS-injected

PIC-injected

Naive

Tumor

PIC-injected

10° 10

0 102

010> 10 10“%105 CDI'-1152 103 10% 105
©
80~ P<0.005 P<0.001 (D)
2 A 4
9 CD11b* Gr-1  CDI1b*Gr-10v
§ Y o WT r "
N 601 0 WT/PIC <€—— TLR-3
3 _:L& A Tumor
p 401 . % ¥ Tumor/ PIC
5 T
8 204 . &—— Actin
X %:r
0 r r v r e L
& U N O
Q > S
& & ¢
fﬂ"&

Fig. 3 MDSC content in peritoneal cells and BM upon Poly (I: C)
administration. Tumor-free mice received Poly (I: C) (200 mg/mice)
once a week for 4 weeks. 24 h after the last injection, peritoneal cells
were collected as in described in “Materials and methods” sec-
tion. a Dot plots represent the percentages of IMCs (CD11b* Gr-17,
Ly6C*) and CD11b" F4/80" macrophages in the peritoneal com-
partment of tumor-free mice. b Comparison of BM-derived IMC and
BM-derived MDSC frequencies upon Poly (I: C) treatment. ¢ Graph

the Poly (I: C)-treated groups were significantly decreased
compared with MDSCs from the PBS-treated groups
(Fig. 4c). Of note, even when MDSC from Poly (I: C)-treated
mice were re-cultured without additional exposure to Poly (I:
C), ROS levels remained lower than in PBS-treated mice.
We also analyzed the effect of Poly (I: C) on the immuno-
suppressive activity of MDSCs using proliferation of
splenocytes stimulated with anti-CD3/CD28 beads as an
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represents significant difference upon Poly (I: C) treatment for both
IMCs and MDSCs; one-way Anova (n = 4 per experiment). One
representative example of three individual experiments is shown.
d Protein expression of TIR3 by MDSCs. FACS-purified
CD11b + Gr-1 + Hi/low cells from the splenocytes of B16-F1
tumor-bearing mice were analyzed for expression of TLR3 following
lysis and blotting

in vitro readout, as described [18]. Briefly, (5 x 105) sorted
purified splenocyte-derived MDSCs were co-cultured in
FBS-supplemented RPMI 1640 in the presence of Poly (I: C)
in 24-well flat-bottom plates. Then CFSE-labeled normal
spleen cells were stimulated with anti-CD3/CD28 beads for
4-5 days. Our data showed that the addition of Poly (I: C) to
co-cultured MDSCs and T cells blocked the ability of
MDSC:s to inhibit T cell proliferation (Fig. 4d).
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Fig. 4 Poly (I: C) induces up-regulation of co-stimulatory molecules
and modulates suppressive function of MDSCs. Sorted viable
CDI11b" lineage negative (CD3, CD4, CDS, Terl119, NKI1.1) cells
were co-cultured with and without Poly (I: C) for 24 h. a Live-gated
CD11b" FACS-purified splenocyte-derived MDSCs were stained for
CD80, CD86, and MHC class II expression. Gray-filled histogram
represents staining with an isotype control antibody versus black
histogram represents Poly (I: C) treatment. b Sorted purified lineage
negative CD11b™ MDSCs were co-cultured with and without Poly (I:
C) and ROS measured by flow cytometry. Two-way ANOVA* shows

Poly (I: C) treatment skews the immune response
toward Thl

Since the anti-tumor activity of Thl-polarized T cells
expressing IFN-y and TNF-a is well known [25, 26], we
tested whether MDSC levels in the tumor microenviron-
ment correspond with the production of Thl cytokines by
CD4™ T cells [26]. To assess the activation status of CD4™
T cells in our tumor model following Poly (I: C) treatment,
T cells were analyzed for cytokine expression. Following
in vitro activation with either PMA/ionomycin or plate—
bound antibody, CD4™ T cells from the Poly (I: C)-treated
group showed an increase in the percentage of TNF-o/t/
IFN-y* and CD8"' Granzyme B T cells recovered from
tumors (Fig. 5a). These data show that the administration
of Poly (I: C) to 4T1-tumor-bearing BALB/c mice pro-
motes a Thl phenotype characterized by IFN-y and TNF-a
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statistically significant differences from control (p < 0.05) from three
independent experiments. ¢ Experiments were performed in tripli-
cates. Data represent mean fluorescence index (mean + SD). d.
Sorted tumor-derived MDSCs from 4T1 tumor-bearing mice were
cultured in the absence (/eft) and presence of Poly (I: C) (center) in
96-well plates at a concentration of 2 x 10°/mL for 72 h. Cells were
harvested and washed with cold staining media and were stained for
flow cytometry as described in “Materials and methods” in section. A
panel representative of CFSE proliferated cells was analyzed by flow
cytometry. SSC side scatter, Lin lineage

up-regulation. In addition, in vitro re-stimulation of
splenocytes with anti-CD3/CD28 from the tumor-inocu-
lated and Poly (I: C)-treated group significantly increased
the percentage of CD4" TNF-o" T cells in the spleen of
tumor-bearing mice (Fig. 5b).

Discussion

Targeting TLR-3 is a promising therapeutic approach for
cancer immunotherapy, through direct induction of tumor
cell apoptosis leading to improved survival in breast cancer
patients [11, 27]. The role of TLR agonists in modulating
the immunosuppressive activity of MDSCs in the context
of the tumor is controversial. Studies to date have shown
that administration of TLR agonists can have direct pro-
apoptotic effects on tumors as well as modulating the
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Fig. 5 Effect of Poly (I: C) treatment on skewing of immune
response. Harvested TILs from the tumor at week 3 after tumor
inoculation were activated using plate-bound anti-CD3/anti-CD28 or
PMA/iono overnight (see “Materials and methods” section). Both
groups were analyzed for CD4 + and CD8 + T cell production of
IFN-y, TNFo, and Granzyme B. a Histograms show intracellular
expression of TNFo, IFNy gated on viable CD4 + T cells, and
Granzyme B + gated on CD8 + T cells. Experiments were

immunosuppressive activity of tumor-associated MDSCs.
In one study, injection of LPS (TLR-4 agonist) and IFN-y
into tumors triggered the generation of immunosuppressive
MDSCs and impaired dendritic cell differentiation [28].
The frequent injection of CPG (TLR-9 agonist) led to
expansion of MDSCs in tumor-free mice but inhibited the
suppressive activity of MDSCs in tumor-bearing mice [1].
Recent published data have shown a suppressive effect of
Poly (I: C) on MDSC:s in inflammatory conditions [29]. An
agonist of TLR-3, Poly (I: C), is currently being tested in
human clinical trials as an adjuvant to anti-cancer vaccines
and in combination with other therapies [30].

@ Springer

performed in triplicates. b Splenocytes produce more TNF upon
treatment. Fresh splenocytes from both groups were cultured and
lymphocytes activated with plate-bound anti-CD3/CD28. Histograms
represent of TNF-alpha content of activated CD4 + T cells from both
groups. Frequency and mean fluorescence index was shown in each
graph. Error bars show mean and SD. *p < 0.05, **p < 0.01,
(Student 7 test and two-way ANOVA)

Basic research using animal models of prostate cancer
[31] demonstrated that Poly (I: C) treatment reduced tumor
volume [32], but the mechanism by which Poly (I: C)
limits tumor growth has not been fully explained. Recent
published data suggest that Poly (I: C) targets MDSCs,
reducing the priming of NK cells, and thus reducing the
anti-tumor activity of NK cells against NK-sensitive tumor
cells [33]. Thus, since MDSCs are an essential component
of the immunosuppressive network induced by tumors [9,
34], we reasoned that Poly (I: C) might stimulate anti-
tumor adaptive immunity indirectly by inhibiting the
immunosuppressive activity of MDSCs in a murine model
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of breast cancer. Our data support a new mechanism for the
anti-tumor activity of Poly (I: C), namely limiting MDSC
generation and MDSC immunosuppressive activity in
tumor-bearing mice. Although some data have shown that
Poly (I: C) induces a strong anti-tumor response and lim-
ited tumor growth in different mouse models [32], direct
apoptosis of tumor cells has been considered to be the main
mechanism by which Poly (I: C) induces tumor regression
[35, 36]. Here we show that treatment with TLR-3 agonist
limits MDSC generation and function in tumor-bearing
mice. Based upon the effect of Poly (I: C) on MDSC and T
cells in vitro, our data are consistent with a mechanism of
Poly (I: C) activity by suppression of generation of MDSCs
in the BM and accumulation in the tumor microenviron-
ment of 4T1 breast tumor-bearing mice. These new data
represent a previously undescribed mechanism of action of
Poly (I: C) that supports its use as an adjuvant in future
cancer immunotherapy approaches. Contrary to previous
reports based on in vitro data [37], our data indicate that
MDSC infiltration into the tumor is suppressed by Poly (I:
C) in tumor-bearing mice possibly through inhibition of the
generation of IMCs in the BM. The decrease in the quantity
of MDSCs was paralleled by a significant increase in TILs
that produced TNFa, IFN-y, and Granzyme B. Poly (I: C)
treatment also regulated the maturation status of MDSCs,
making them more effective in antigen presentation
through up-regulation of MHC class II, CD80, and CD86.
Decreased numbers of MDSCs in the tumor were accom-
panied by skewing of cellular anti-tumor immune response
toward Thl in Poly (I: C)-treated mice compared with
PBS-treated mice.

Taken together, the data presented here are consistent
with two hypotheses for the immunostimulatory activity of
Poly (I: C). First is a direct effect of Poly (I: C) on MDSC
through TLR-3. Further experiments are needed to confirm
the immunostimulatory activity of Poly (I: C) through
direct binding of MDSCs using transgenic animals with
TLR3 knocked out. A second hypothesis is that Poly (I: C)
affects MDSC number and function indirectly by targeting
4T1 tumor cells and reducing tumor burden, thereby
causing a decrease in circulating and infiltrating MDSCs
and an increase in T cell infiltration.

Based on the data presented here, the cancer
immunomodulatory activity of Poly (I: C) may be con-
sidered to be mediated by a direct apoptotic effect on tumor
cell lines as previously described [3, 6] and an indirect
effect through the modulation of MDSC number and
function. Considering the role of MDSCs in breast cancer
promotion [38] and the possible effect of Poly (I: C) on
MDSCs through TLR-3-mediated signaling, this research
supports the potential value of Poly (I: C) in breast cancer
immunotherapy. Taken together, our results provide further
evidence that Poly (I: C) is effective as a potent immune-

stimulatory adjuvant that may affect the tumor microen-
vironment by MDSC modulation.
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