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Double-stranded RNA promotes CTL-independent
tumor cytolysis mediated by CD11b*Ly6G™ intratumor
myeloid cells through the TICAM-1 signaling pathway

Hiroaki Shime*', Misako Matsumoto' and Tsukasa Seya'

Polyl:C, a synthetic double-stranded RNA analog, acts as an immune-enhancing adjuvant that regresses tumors in cytotoxic T
lymphocyte (CTL)-dependent and CTL-independent manner, the latter of which remains largely unknown. Tumors contain
CD11b*Ly6G" cells, known as granulocytic myeloid-derived suppressor cells (G-MDSCs) or tumor-associated neutrophils (TANS)
that play a critical role in tumor progression and development. Here, we demonstrate that CD11b*Ly6G" cells respond to polyl:C
and exhibit tumoricidal activity in an EL4 tumor implant model. Polyl:C-induced inhibition of tumor growth was attributed to
caspase-8/3 cascade activation in tumor cells that occurred independently of CD8«*/CD103* dendritic cells (DCs) and CTLs.
CD11b*Ly6G" cells was essential for the antitumor effect because depletion of CD11b*Ly6G* cells totally abrogated tumor
regression and caspase activation after polyl:C treatment. CD11b*Ly6G* cells that had been activated with polyl:C showed
cytotoxicity and inhibited tumor growth through the production of reactive oxygen species (ROS)/reactive nitrogen species (RNS).
These responses were abolished in either Toll/interleukin-1 receptor domain-containing adaptor molecule-1 (TICAM-1)~'~ or
interferon (IFN)-a8 receptor 1 (IFNAR1)~/~ mice. Thus, our results suggest that polyl:C activates the TLR3/TICAM-1 and IFNAR
signaling pathways in CD11b*Ly6G" cells in tumors, thereby eliciting their antitumor activity, independent of those in CD8a*/

CD103* DCs that prime CTLs.
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Immune cells are implicated in the regulation of tumor
growth."® Myeloid-derived cells, such as macrophages and
dendritic cells (DCs), express Toll-like receptors (TLRs) and
participate in the formation of tumor-progressive or tumor-
suppressive microenvironments in response to pattern-
recognition receptor (PRR) stimuli. Intratumor myeloid cells
phagocytose tumor debris containing tumor-associated anti-
gens (TAAs) to prime antigen-specific cytotoxic T lymphocytes
(CTLs) together with released cytokines.? Although CTLs are
critical for tumor regression, tumor cells do not always
generate neoantigens or present TAAs.>* Even under the
conditions where CTLs no longer participate in tumor
elimination, TLR ligands often induce a tumor-regressive
response. Therefore, a CTL-independent antitumor event
occurs via stimulation of TLRs in tumor-associated myeloid
cells during immunotherapy with TLR ligands. The mechanism
of this antitumor response remains largely undetermined.
Polyl:C, a synthetic double-stranded RNA (dsRNA) analog,
induces type-l interferon (IFN) production and fosters CD8a"/
CD103* DC maturation, leading to tumor growth inhibition
mediated by natural killer (NK) cells and CTLs in mice.>® In
either case, polyl:C activates TLRS in endosomes.” TLR3
activates Toll/interleukin-1 receptor domain-containing adap-
tor molecule-1 (TICAM-1) that evokes the production of type-|
IFNs and proinflammatory cytokines.® Polyl:C additionally

activates the melanoma differentiation-associated gene 5
(MDAS5)-mitochondrial antiviral-signaling protein (MAVS) path-
way that induces a systemic IFN/cytokine production.® These
pathways are conserved in most myeloid cells.

Myeloid-derived cells are abnormally accumulated in tumor-
bearing hosts. CD11b*Ly6G™ cells represent a population of
tumor-supporting myeloid cells in mice.'® They accumulate in
tumors and blood/lymphoid organs and promote tumor growth,
metastasis, angiogenesis, and immunosuppression.''™"
CD11b*"Ly6G™ cells are identified as granulocytic myeloid-
derived suppressor cells (G-MDSCs) or as tumor-associated
neutrophils (TANs).'® G-MDSCs and TANs show morphologi-
cal and functional similarities to neutrophils.'® In patients,
neutrophil infiltration into a tumor is correlated with poor
prognosis.'®!”

G-MDSCs preferentially produce reactive oxygen species/
reactive nitrogen species (ROS/RNS) including hydrogen
peroxide (H>O,) and peroxynitrite (PNT). PNT is responsible
for the suppression of T cell-mediated antitumor immunity by
G-MDSCs.'®2" Consequently, these suppression mechan-
isms enable tumor cells to escape tumor antigen-specific
CTLs. However, emerging evidence has revealed that
functionally polarized neutrophils induced by cytokines,
chemokines, or growth factors inhibit tumor growth and
metastasis.?>2* CD11b*Ly6G" cells, therefore, have both a
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positive and negative impact on tumor growth that can be
determined by external stimuli. CD11b*Ly6G™" cells may act as
a CTL-independent effector of tumor regression in response to
TLR ligands.

Tumor growth can be altered by targeting immunosuppres-
sive myeloid cells.?® Administration of ligands for TLR3 or TLR9
induces a functional conversion of CD11b*Gr1* MDSCs or
CD11b*Ly6G Ly6C"" monocytic MDSCs (M-MDSCs).25-28
We have previously demonstrated that a polyl:C-induced
TLR3/TICAM-1 signal induces tumoricidal activity in tumor-
associated macrophages (TAMs), leading to tumor growth
inhibition in 3LL tumor-bearing mice.?® In this study, using an
EL4 tumor model, we found that CD11b*Ly6G™" cells inhibit
tumor growth upon polyl:C treatment even if tumor cells are out
of targets of CTL, NK, and M1 TAM-mediated cytolysis.

Results

Inhibition of tumor growth by polyl:C treatment through
the TICAM-1 signaling pathway. The growth of EL4 tumors
in mice was significantly retarded by polyl:C administration
(Figure 1a). To analyze the host signaling pathway involved in
this tumor growth inhibition, EL4 cells were implanted into
mice deficient for TICAM-1 or MAVS that are downstream
adapter molecules of TLR3 or MDAS, respectively. The polyl:
C-induced inhibition of tumor growth was abrogated in
TICAM-1~/~ but not MAVS™'~ mice (Figure 1a). Poyl:C
induces type-1 IFN production, and the inhibition of EL4 tumor
growth was abrogated in IFNAR1~/~ mice. Thus, polyl:C
treatment led to the inhibition of EL4 tumor growth via the
TLR3/TICAM-1 and type-l IFN signaling pathways. EL4 cells
express MHC class-I (H-2D® and H-2KP), CD3e, CD28, PD-1,
and PD-L1, but not MHC class-II (I-Ab), CD4, CD8, CD11b,
CD11c, and CTLA-4 (Supplementary Table 1). EG7 cells
expressing a model TAA (OVA protein) are a CTL-sensitive
cell line derived from EL4 cells. However, polyl:C-induced
inhibition of EL4 tumor growth was not abrogated by
pretreatment of mice with antibodies (Abs) against CD8p,
CD4, or NK1.1 (Figure 1b).

Polyl:C treatment robustly increased TUNEL (terminal
deoxynucleotidyl transferase-mediated nick end labeling)-
positive cells, suggesting that apoptosis or necrosis occurred
in the tumor (Figure 1c). Cleaved caspase-3, an apoptosis
marker,3%3! was increased throughout the tumors after polyl:
C treatment; this effect was abrogated in TICAM-1~'~ and
IFNAR1~/~, but not MAVS™~ mice (Figure 1d). Caspase-3
activation is induced by caspase-8, 9, or 123" Cleaved
caspase-8 was increased in tumor at 7 and 18 h after polyl:C
injection (Figures 1e and f). The full-length caspase-9 slightly
decreased and the amount of full-length caspase-12 was
unchanged. These data suggest that polyl:C treatment

induces apoptosis of EL4 tumor cells through the caspase-
8/3 cascade, resulting in tumor growth inhibition. The TLR3/
TICAM-1 pathway triggers apoptosis in cancer cells through
caspase-8 activation.®?> However, EL4 cells are insensitive to
direct stimulation with polyl:C.%3

The polyl:C-induced caspase-3 activation in tumors
occurred in Batf3~/~ mice that lack CD8a*/CD103* DC
subsets® (Supplementary Figure 1). Taken together, the
CD8a*/CD103* DC-mediated NK and CTL induction is
unlikely involved in the inhibition of EL4 tumor growth. That
is, previously unidentified cells and/or mechanisms could
participate in the therapeutic potential of polyl:C in the EL4-
implant model.

CD11b*Ly6G* cells are essential for polyl:C-induced
inhibition of EL4 tumor growth in mice. We ultimately
found that depletion of Gr1* cells abolished the polyl:
C-induced inhibition of tumor growth (Figure 2a). Gr1 is a
common epitope of both Ly6G and Ly6C that are highly
expressed on G-MDSCs/TAN and M-MDSCs, respectively.
Treatment of tumor-bearing mice with an Ly6G-specific Ab
(1A8) almost completely abrogated both of the polyl:
C-induced events: tumor growth inhibition and caspase-8/3
activation in tumors (Figures 2b and c). Ly6G* cells
coexpressed CD11b (Supplementary Figure 2). Hence,
CD11b*Ly6G™* cells are responsible for the inhibition of EL4
tumor growth in polyl:C-treated mice.

Polyl:C-activated CD11b*Ly6G* cells inhibit tumor
growth. We analyzed the gene expression profile of
CD11b*Ly6G* cells isolated from tumor-bearing mice.
IFN-a/B were upregulated in CD11b*Ly6G™ cells in response
to 4 h of polyl:C treatment, an effect that was abrogated in
TICAM-1~/~ CD11b*Ly6G" cells, whereas mRNA expression
of neither tumor-supporting factors such as arginase-1
(Arg-1) nor vascular endothelial growth factor A (VEGFA)
were altered (Supplementary Figure 3a). Therefore,
CD11b*Ly6G* cells respond to polyl:C in vivo within 4 h to
alter their function.

CD11b*Gr1* cells isolated from tumor-bearing mice
promote tumor growth when co-injected with tumor cell
lines.®*" Thus, we tested whether polyl:C-activated
CD11b*Ly6G" cells inhibited tumor growth. CD11b*Ly6G"*
cells isolated from tumor-bearing mice pretreated with
polyl:C or PBS (as a control) were mixed with EL4 cells and
then implanted subcutaneously into tumor-free mice. When
EL4 cells were co-implanted into mice with CD11b*Ly6G*
cells from PBS-treated tumor-bearing mice, the tumor growth
rate was similar to that of EL4 cell-implanted mice
(without CD11b*Ly6G™ cells) (Figure 2d, upper). In contrast,
tumor growth was significantly delayed when EL4 cells

>

Figure 1  TICAM-1-dependent inhibition of tumor growth and caspase-8/3 activation in tumors. (a) Tumor growth in B6 WT, TICAM-1 =/~ or MAVS™'~ mice. PBS or polyl:C
(100 ug) was injected s.c. as indicated by the arrows. (b) Tumor growth in B6 WT mice treated with anti-CD83, anti-NK1.1, or anti-CD4 Abs. PBS/polyl:C or Ab was injected as
indicated by the arrows or arrowheads, respectively. The results represent the mean + S.D. (n=3-5, **P<0.005, n.s., not significant) (a and b). (c) TUNEL staining in tumors at
24 h after PBS or polyl:C (200 xg) injection (i.p.). (d) Caspase-3 activation in tumors implanted in WT, TICAM-1 =/= MAVS~'~, or IFNAR1~/~ mice at 18 h after polyl:C injection.
Scale bars: 200 um. (e and f) Western blot analysis of tumors isolated from mice at 18 h (e) or 7 h (f) after PBS or polyl:C (200 xg) injection. The intensity of the bands indicated
by asterisks was quantified using ImageJ software (http://rsh.info.nih.gov/ij/) and normalized to GAPDH. All data are representative of at least two independent experiments
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were co-implanted with CD11b*Ly6G* cells from polyl:C-
treated mice (Figure 2d, upper).
CD11b*Ly6G" cells are sufficient to inhibit tumor growth. In

Y
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contrast, CD11b*Ly6G* cells isolated from tumor-bearing
TICAM-1~'~ mice pretreated with polyl:C failed to inhibit tumor
growth (Figure 2d, lower).

Thus, polyl:C-activated
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Figure 2 CD11b*Ly6G* cells are essential and sufficient for the TICAM-1-induced antitumor effect. (a) Tumor growth of EL4 cells in an anti-Gr1 Ab-treated B6 WT mice. Abs
were injected i.p. on days 7 and 11. PBS or polyl:C (100 g) was injected s.c. on days 8 and 12. (b) Tumor growth in isotype control Ab or anti-Ly6G Ab-treated B6 WT mice. Abs
were injected i.p. on days 9 and 13. PBS or polyl:C (100 .g) was injected s.c. on days 10 and 14. The results represent the mean + S.D. (n=3-4, *P< 0.05, n.s., not significant).
(c) Western blot analysis of tumors isolated from Ly6G* cell-depleted mice 18 h after injection of PBS or polyl:C (200 xg). (d) CD11b*Ly6G* cells (1 x 10°) isolated from PBS or
polyl:C-treated B6 WT or TICAM-1~/ tumor-bearing mice were mixed with EL4 cells (5 x 10°), and the mixture was injected s.c. into B6 WT mice on day 0 (n=4, *P<0.05).
(e) Cytotoxic activity of CD11b*Ly6G* cells isolated from the spleen of tumor-bearing WT or TICAM-1 =/~ mice, 4 h after treatment with polyl:C (200 ug). Data represent
mean + S.D. (n=3, *P<0.005). Data are representative of at least two independent experiments

We next asked whether CD11b*Ly6G™ cells in tumor-
bearing mice directly killed EL4 cells. CD11b*Ly6G* cells from
polyl:C-treated tumor-bearing mice showed higher cytotoxic
activity than CD11b*Ly6G* cells from PBS-treated mice
(Figure 2e, upper). CD11b*Ly6G* cells isolated from
TICAM-1~/~ mice did not show this activity (Figure 2e, lower).

TNF family receptors do not participate in the inhibition
of EL4 tumor growth by polyl:C. Ligand stimulation of
tumor necrosis factor (TNF) family receptors, such as TNF
receptor-1 (TNFR1), receptors for TNF-related apoptosis-
inducing ligand (TRAIL), or Fas induces apoptosis through
the activation of caspase-8/3.3° Polyl:C enhances the
expression of ligands of the TNF receptor family in myeloid-
derived cells. Therefore, we tested whether those ligands are
involved in the antitumor effect of polyl:C. TNF-a, a TNFR1
ligand, did not participate in the polyl:C-induced caspase-3
activation in EL4 tumors, as determined from TNFa~/~ mice
(Supplementary Figure 4a). TNF-a does not induce cell death
of EL4 cells.?® We observed that in vivo and in vitro polyl:C
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treatment increased mMRNA expression of TRAIL in
CD11b*Ly6G* cells (Supplementary Figure 4b). TRAIL
induces apoptosis of tumor cells such as C1498 cells via
DR4/5 receptor stimulation.®° DR5 expression was observed
on the surface of EL4 cells (Supplementary Figure 4c).
Recombinant TRAIL (rTRAIL) decreased the viability of
C1498 cells. In contrast, EL4 cell viability was not affected
by rTRAIL, indicating that EL4 cells were resistant to TRAIL-
induced apoptosis, probably because of a functional defect in
the intracellular signaling pathway downstream of DR5
(Supplementary Figure 4d). CD11b*Ly6G" cells did not show
an increase in the expression levels of FasL after polyl:C
treatment (Supplementary Figure 3b). Taken together,
ligands for the members of the TNF receptor family are not
major factors for the inhibition of EL4 tumor growth by polyl:C
treatment.

ROS/RNS induce caspase-8/3 activation and EL4 cell
death. ROS/RNS, including PNT and H>O,, induce apopto-
sis of cancer cells.®® When added exogenously, these
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molecules lead to a specific cell-type activation of multiple
caspases such as caspase-8, 9, and 3.3°™*' As shown in
Supplementary Figure 5, fluorescence levels of 2’,7'-dichlor-
odihydrofluorescein diacetate (H2DCFDA), a cell-permeant
indicator of ROS/RNS, were increased in CD11b*Gr1™" cells
infiltrating into tumors in response to polyl:C treatment,
suggesting that CD11b"Gr1* cells respond to polyl:C to
produce ROS/RNS. The in vitro treatment of EL4 cells with
PNT resulted in an increase of apoptosis accompanied with
caspase-8/3 activation (Figures 3a and b) that was abrogated
by uric acid, a ROS/RNS scavenger (Figure 3c). H.O,
induces apoptosis in HelLa cells through the caspase-8/3
cascade.*? Similar to PNT, H,O, treatment decreased the
viability of EL4 cells and induced caspase-3 and caspase-8
activation (Figures 3d and e).

Next, we examined the gene expression profile for ROS/
RNS production in polyl:C-treated CD11b*Gr1* cells. PNT is
formed by a reaction of nitric oxide (NO) with a superoxide
anion (Oz). NO and O3 are produced by iNOS and a NADPH
oxidase 2 (NOX2, gp91P"*)-containing molecular complex,
respectively.®® Polyl:C treatment increased protein and mRNA
expression of INOS in CD11b*Ly6G" cells from the tumor and
spleen (Figures 4a and b). The INOS mRNA expression was
increased by polyl:C in vitro (Supplementary Figure 6a). The
polyl:C-induced expression of INOS mRNA was significantly
reduced in TICAM-1~/~ CD11b*Ly6G" cells (Figure 4b and
Supplementary Figure 6a). CD11b"Ly6G" cells highly
produce O3 in response to various types of stimuli through
the activation of the NADPH oxidase complex localized in the
plasma membrane. A similar result was observed for the
expression of the NOX2 gene (Figure 4b).

To verify that CD11b*Ly6G™* cells produce PNT in response
to polyl:C in vivo, we stained CD11b"Ly6G" cells with
aminophenyl fluorescein (APF) and hydroxyphenyl fluores-
cein (HPF), the cell-permeable fluorescent probes for the
detection of ROS/RNS. APF detects hydroxyl radicals (eOH),
peroxynitrite ions (PNT, ONOO™), and hypochlorite ions
(OCI™). HPF detects PNT and OCI™, but rarely reacts with
other ROS/RNS including Oz, H>O,, and NO. The frequency
of CD11b*Ly6G™ cells with increased fluorescence, repre-
senting an enhanced ROS/RNS production, was increased in
tumor and spleen at 7h after polyl:C treatment in vivo
(Figure 4c and Supplementary Figure 6b). This response
was specific to CD11b*Ly6G™ cells in both tumor and spleen
because polyl:C treatment barely affected the fluorescence

intensity of Ly6G~ populations. To determine whether
CD11b"Ly6G* cells produce PNT in response to polyl:C
treatment, an iNOS inhibitor, which blocks NO production by
inhibiting INOS activity, was added to tumor-bearing mice. The
increase in the fluorescence intensity of APF-stained
CD11b*Ly6G* cells was largely attenuated in tumor-bearing
mice treated with N®-nitro-L-arginine methy! ester (L-NAME),
an iNOS inhibitor (Figure 4d), suggesting that CD11b*Ly6G*
cells produced PNT in response to polyl:C stimulation.
The APF fluorescence of TICAM-1-/~ CD11b*Ly6G" cells
was barely increased by treatment with polyl:C in vivo
(Figure 4e and Supplementary Figure 6b), although iNOS
mRNA remained slightly expressed (Figure 4b). Similar
results were obtained when splenocytes of tumor-bearing
mice were activated with polyl:C in vitro (Supplementary
Figure 6¢). TICAM-1-dependent PNT production in activated
CD11b*Ly6G* cells was confirmed by HPF staining
(Figure 4f).

We then examined the response of CD11b*Ly6G* cells to
polyl:C treatment in IFNAR1~/~ mice. Polyl:C treatment did
not induce ROS/RNS production in tumor-infiltrated
CD11b*Ly6G* cells from IFNAR1~/~ mice (Figure 4g). Polyl:
C treatment induced mRNA expression of type-l IFNs by
CD11b*Ly6G* cells in tumor-bearing mice that was depen-
dent on the TICAM-1 pathway (Supplementary Figure 3a).
Recombinant type-l IFNs increased the production of ROS/
RNS by CD11b*Ly6G™ cells (Supplementary Figure 7).
Tumor-infiltrating CD11b*Ly6G™ cells also showed enhanced
H>O, production after polyl:C treatment (Figure 4h).

ROS/RNS are responsible for the antitumor activity of
polyl:C-activated CD11b*Ly6G* cells. Next, we deter-
mined whether ROS/RNS were involved in the tumor growth
inhibition of EL4 cells by polyl:C-activated CD11b*Ly6G*
cells. We performed a co-implantation experiment (as in
Figure 2d) to evaluate the possibility that ROS/RNS are
effectors of polyl:C-activated CD11b*Ly6G™* cells. Mice were
treated with uric acid or L-NAME after co-implantation of EL4
cells with CD11b*Ly6G™ cells. CD11b*Ly6G™ cell-induced
inhibition of tumor growth was abrogated in mice treated
with both reagents (Figures 5a and b). Furthermore,
N6-(1-Iminoethyl)-L-lysine dihydrochloride (L-NIL, an iNOS
inhibitor) inhibited the cytotoxic activity of CD11b*Ly6G™ cells
even after polyl:C activation (Figure 5c). Thus, ROS/RNS
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Figure 4 ROS/RNS production by CD11b*Ly6G" cells in tumor-bearing mice. (a—d) EL4 tumor-bearing mice were injected i.p. with PBS or polyl:C (200 xg). (a) After 8 h, the
tumor cell suspension was analyzed by flow cytometry using an anti-INOS Ab. (b) After 3 h, CD11b*Ly6G" cells were isolated from the spleen of tumor-bearing mice. iNOS and
NOX2 mRNA expression in B6 WT or TICAM-1~/~ CD11b*Ly6G* cells was determined by quantitative R-PCR analysis (n= 3, *P<0.05). (c) The tumor cell suspension was
stained with APF and anti-Ly6G Ab and analyzed by flow cytometry. (d) After 5 h, mice were injected i.p. with PBS or L-NAME (1.5 mg). The tumor cell suspension was analyzed
by flow cytometry 2 h later. (e-g) EL4 tumor-bearing B6 WT (e, f, and g), TICAM-1=/~ (e and f), or IFNAR1 -/- (9) mice were injected with PBS or polyl:C (200 ng). After 7 h, the
tumor cell suspension was stained with APF or HPF and analyzed by flow cytometry. Graph represents the average of APF-stained Ly6G* cells in the tumor cell suspension
(n=3,**P<0.005) (e). (h) EL4 tumor-bearing mice were injected with PBS or polyl:C. After 8 h, the tumor cell suspension was analyzed by flow cytometry using a BES-H,0,
reagent. All data are representative of at least two independent experiments
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Figure 5 Polyl:C-activated CD11b*Ly6G" cells inhibit tumor growth through ROS/RNS production. (a and b) CD11b*Ly6G* cells were isolated from tumor-bearing mice after
4 h of treatment with PBS or polyl:C (200 1g), and then mixed with EL4 cells. The mixture was injected s.c. into B6 WT mice, followed by an i.p. injection with 20 mg of uric acid (a)
or 1.5 mg of L-NAME (b) (day 0). (c) EL4 tumor-bearing mice were injected i.p. with PBS or polyl:C (200 ug). After 4 h, CD11b*Ly6G* cells were isolated from spleens in the
presence or absence of 50 uM L-NIL. The cytotoxic activity of CD11b*Ly6G* cells against EL4 cells was determined. Data are shown as mean + S.D. (n=3, **P<0.005).
Representative data of two independent experiments are shown
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Figure 6 Cancer cell lines are sensitive to ROS/RNS-induced cell death. (a) Tumor growth of B16 cells in an anti-Ly6G Ab-treated B6 WT mice. Abs were injected i.p. on days
12 and 16. PBS or polyl:C (100 xg) was injected i.p. on days 13 and 17. (b) CD11b*Ly6G* cells (1 x 10) isolated from PBS or polyl:C-treated B6 WT mice bearing B16 tumor
were mixed with B16 cells (3 10%), and the mixture was injected s.c. into B6 WT mice on day 0 (n=3-4, *P<0.05). (c) B16 tumor-bearing mice were injected i.p. with PBS or
polyl:C (200 4g). After 7 h, a single-cell suspension of tumor or spleen was stained with APF or HPF, and analyzed by flow cytometry. (d—f) EL4 cells (1 x 10%), 3LL cells (1 x 10%),

B16 cells (0.25 x 10%), and MC38 cells (1 x 10%) were cultured for 24 h in the presence of
caspase-8 or cleaved caspase-3 was detected by immunoblotting after PNT treatment for

production by polyl:C-activated CD11b*Ly6G™ cells is critical
for their antitumor activity.

PNT and H,O, induce caspase-8/3 activation and cell
death in cancer cell lines. We investigated whether
CD11b*Ly6G* cells were generally important for tumor
growth inhibition by polyl:C treatment using another tumor
model. Inhibition of B16 tumor growth is largely dependent on
NK cells in polyl:C therapy.® The inhibitory effect of polyl:C on
B16 tumor growth was partially abrogated in mice pretreated
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PNT (d) or H,O, (e). Cell viability was determined by the WST-1 assay. (f) Cleaved
8 h. Data are representative of two independent experiments

with an anti-Ly6G Ab (Figure 6a). CD11b"Ly6G" cells
activated by polyl:C inhibited B16 tumor growth (Figure 6b).
Furthermore, polyl:C induced ROS/RNS production from
CD11b*Ly6G" cells in tumor and spleen of mice implanted
with B16, and also 3LL, and MC38 cells (Figure 6¢c and
Supplementary Figure 8).

Next, to determine whether ROS/RNS induce caspase-8/3
activation and cytotoxicity in those cancer cell lines, we treated
them with PNT and examined the cytotoxicity (Figure 6d). B16
cells were also treated with H>O, (Figure 6e). PNT and H,O,
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exerted cytotoxicity against 3LL cells and B16 cells, as well as
EL4 cells (Figures 6d and e); caspase-8/3 activation was also
induced in these cell lines (Figure 6f). Although caspase
activation was induced, MC38 cells were resistant to
PNT-induced cell death. Among them, EL4 cells showed the
highest sensitivity to both cytotoxicity and caspase-8/3
activation induced by PNT or H,O, (Figures 3d and 6d).
EL4 cells highly expressed caspase-8 mRNA as compared
with the other cell lines (Supplementary Figure 9).

EL4 cells enhance PNT production by CD11b*Ly6G*
cells. After in vitro polyl:C stimulation, CD11b*Ly6G™" cells
showed lower PNT production than those after in vivo
stimulation (Figures 4f and 7a). Cancer cell-derived factors
appear to modulate neutrophil function.*® Thus, PNT levels in
CD11b*Ly6G™ cells induced by polyl:C were measured in the
presence of EL4 cells. Basal and polyl:C-induced PNT levels
in CD11b*Ly6G* cells were significantly increased by
coexisting EL4 cells compared with CD11b*Ly6G* cells
alone (Figure 7a). EL4 cells secrete granulocyte macrophage
colony-stimulating factor (GM-CSF), a survival factor of
G-MDSCs or neutrophils.** However, in the presence of
recombinant GM-CSF, polyl:C stimulation did not significantly
increase PNT production by CD11b*Ly6G* cells, although
the basal levels of ROS/RNS production were increased
(Figure 7a). EL4 cells failed to enhance PNT production by
CD11b*Ly6G™" cells in a transwell, suggesting that cell-to-cell
contact is required for this activity (Figure 7b). Thus, EL4 cells
enhance ROS/RNS production by CD11b*Ly6G* cells
probably through stimulation of cell surface molecules
that could increase the response of CD11b*Ly6G* cells to
polyl:C. This could explain why EL4 tumors are highly
susceptible to CD11b"Ly6G" cell-mediated antitumor
activity of polyl:C, in addition to their high sensitivity to
ROS/RNS-induced apoptosis.

Discussion

MHC class-I"9" tumor cells are usually a target for
TAA-specific CTLs. Polyl:C enhances cross-priming of CTLs
by DCs, and PD-1/PD-L1 regulates tumor cytolysis by
CTLs. In this study, we found that CD11b*Ly6G™ cells, but not
CD8* T cells, act as an effector for the polyl:C-induced tumor
growth inhibition in the MHC class-I"S" EL4 tumor implant
model. The TICAM-1/IFNAR pathway is crucial to evoke the
antitumor activity of CD11b*Ly6G™ cells through ROS/RNS
production upon polyl:C treatment. This mechanism is
different from the one mediated by TAMs that is also activated
through the same signaling pathway, as observed in the 3LL
tumor model. CD11b*Ly6G™ cells generally produced ROS/
RNS in response to polyl:C treatment in mice implanted with
various types of tumor cell lines. However, the response does
not always lead to tumor regression because of the relatively
strong tumoricidal activity of other antitumor effector cells
induced by polyl:C that may cause invisible tumor shrinkage
by CD11b'Ly6G™ cells. The TICAM-1/IFNAR pathway
induces not only DC-primed CTLs, but also cytotoxicity of
CD11b*Ly6G" cells against MHC class-I " EL4 lymphoma;
this is also seen with MHC class-I-negative B16 melanoma.
TICAM-1 in myeloid cells is a critical molecule for the antitumor
immune activation encompassing DCs, TAMs, and tumor-
associated CD11b*Ly6G™ cells.

Functional alterations of TAMs and MDSCs have shown to
have both positive and negative impacts on tumor growth.*>4¢
TLRs could become targets for altering the phenotype of
intratumor myeloid cells.*”*® MDSCs express an array
of TLRs and their activation affects expansion and function
of MDSCs. TLR2 or TLR4 activation in MDSCs may accelerate
the development of immunosuppressive conditions.*®*° In
contrast, activation of TLR9, TLR3, or MDA5 abolishes the
suppressive activity of MDSCs and may contribute to tumor
growth inhibition.262 In this study, we demonstrate that
TICAM-1 is a critical adapter that determines the antitumor
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activity of CD11b*Ly6G™ cells in RNA adjuvant therapy, and
that both TICAM-1-inducible genes and TICAM-1-induced
type-l IFNs are important for this antitumor mechanism. In
combination with our previous data, we propose that myeloid
cells expanded in cancer contribute to tumor growth inhibition,
particularly under an RNA adjuvant treatment, rather than
preventing the therapeutic effects through their immunosup-
pressive activity. This could be achieved by functional
alteration of tumor-associated myeloid cells to exhibit tumor-
killing activity. In this context, an RNA adjuvant can induce
tumor regression even if immunosuppressive myeloid cells
abundantly accumulate in tumors, such that the CTL response
is insufficient to regress the tumor.

We found that the caspase-8/3 cascade is specifically
activated in tumors after polyl:C treatment. Excessive
amounts of extrinsic ROS/RNS induce caspase-8/3 activation
in cancer cells, leading to apoptosis.***' We show that
CD11b*Ly6G* cells produce ROS/RNS including PNT and
H-0O,, in response to polyl:C stimulation. PNT and H,O,
efficiently induce the activation of the caspase-8/3 cascade
and apoptosis of EL4 cells. Inducing cytotoxicity by ROS/RNS
treatment in 3LL and B16 cells, but not MC38 cells, suggests
that the susceptibility of tumors to the effector produced by
CD11b*Ly6G* cells depends on the cancer cell type. Among
the cell lines tested, EL4 cells showed the highest sensitivity to
PNT- or H>O.-induced apoptosis in vitro. The high sensitivity of
EL4 cells to ROS/RNS may be explained by the fact that the
mRNA levels of caspase-8 are relatively high in EL4 cells.
Furthermore, EL4 cells supported polyl:C-induced activation
of CD11b*Ly6G™" cells, suggesting that the tumor microenvir-
onment is favorable for the activation of CD11b*Ly6G™ cells.
Thus, CD11b"Ly6G™ cells play a critical role in the inhibition of
EL4 tumor growth by polyl:C treatment. The antitumor activity
of polyl:C-activated CD11b*Ly6G™ cells was abrogated by
treatment of mice with uric acid or iINOS inhibitors. Because
these reagents neutralize a broad range of ROS/RNS, other
ROS/RNS may be synergistically involved in this cytotoxic
effect.50-52

We demonstrate that ROS/BRNS production by
CD11b*Ly6G" cells requires the activation of TICAM-1/IFNAR
signaling pathways. This response is partly mediated by
TICAM-1-regulated induction of iINOS (NOS2) and NOX2
(Cybb) mRNA expression. ROS/RNS production is regulated
by not only iINOS and NOX2 gene expression but also by
protein—protein interactions in the TLR3/TICAM-1 signaling
pathway.®*=%° Furthermore, our data indicate that TICAM-1-
dependent type-l IFN production is critical for ROS/RNS
production as well as tumor growth inhibition by CD11b*Ly6G*
cells. The TICAM-1 and IFNAR pathways may cooperatively
regulate the expression and activation of iINOS and NADPH
oxidase complex. Further studies are required to identify the
critical factor to control ROS/RNS production triggered by the
TICAM-1/IFNAR pathway in CD11b*Ly6G™ cells.

Activation of TLR3/TICAM-1 pathway induces multifarious
effector mechanisms for tumor regression in which NK cells,
CTLs, and M1-shifted TAMs are involved.¢2° In this study, we
further identified CD11b*Ly6G™ cells as a tumoricidal effector.
As dsRNA treatment simultaneously induces activation of
these effector cells, the sensitivity of cancer cells to the
effector molecules ultimately determines each effector
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cell-mediated tumor clearance. Tumors generally contain
heterogeneous populations of cancer cells with variable
phenotypes and likely become a target of different types of
effector cells, effector molecules, or therapeutic reagents for
immunotherapy.’® Therefore, induction of CD11b*Ly6G*
cell-mediated cytolysis by dsRNA treatment in combination
with other therapies using monoclonal Abs targeting
cancer-associated molecules, immune checkpoint inhibitors,
or CD8" T cell-based therapy may be beneficial in some
patients. We propose that the formation of a tumor-
suppressive microenvironment is fundamentally induced by
the TLR3/TICAM-1 pathway in myeloid cells, and this pathway
is a promising target for the development of cancer
immunotherapy.

Materials and Methods

Mice and tumor cells. Inbred C57BL/6 wild-type (B6 WT) mice were
purchased from Clea Japan (Tokyo, Japan). TICAM-1='~ and MAVS (IPS-1)~/~
mice were generated in our laboratory.>>” IFNAR1~/~ mice were obtained from Dr.
T Taniguchi (University of Tokyo, Tokyo, Japan). Mice (aged 6 to 10 weeks) were
used in all experiments and maintained under specific pathogen-free conditions.
The protocol was approved by the Committee on the Ethics of Animal Experiments
in the Animal Safety Center, Hokkaido University, Japan. All mice were used
according to the guidelines of the institutional animal care and use committee of
Hokkaido University, who approved this study as ID number 08-0290 and 13-0043.
EL4 cells were obtained from Dr. Sato (Sapporo Medical University, Sapporo,
Japan). The B16D8 cell line was established in our laboratory as a subline of B16
melanoma.®® 3LL, MC38, and C1498 cell lines were purchased from ATCC
(American Type Culture Collection, Manassas, VA, USA). EL4, B16D8, 3LL, and
C1498 cells were cultured at 37 °C under 5% CO, in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 g/
ml streptomycin. MC38 cells were cultured in RPMI-1640 medium supplemented
with 10% FBS, 50 uM 2-ME, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml
penicillin, and 100 g/ml streptomycin (Life Technologies, Carlsbad, CA, USA).

Tumor challenge and polyl:C treatment. Mice were shaved at the back
and injected s.c. with EL4 cells (1x 10°), B16D8 cells (6x 10%), 3LL cells (1x 10°),
or MC38 cells (1x10° resuspended in 200 uL of PBS(-). Tumor size was
measured using a caliper. Tumor volume was calculated using the following formula:
tumor volume (cm®) =(long diameter)x (short diameter)?x0.4. Polyl:.C (GE
Healthcare, San Francisco, CA, USA) with no detectable LPS was injected s.c.
(100 pg/head) or intraperitoneally (i.p.; 200 pg/head). When the tumors reached an
average volume of 0.4-0.6 cm®, the treatment was started and repeated every
4 days. In some experiments, Ly6G* cells (1x 10°) isolated from the spleen of
tumor-bearing mice (4 h of pretreatment with polyl:C) were mixed with EL4 cells
(0.5x 108 in 200 uL of PBS(—), and then implanted s.c. into tumor-free B6
WT mice. Uric acid (20 mg/head; Sigma-Aldrich, St. Louis, MO, USA) or L-NAME
(1.5 mg/head; Sigma-Aldrich) were injected i.p. into tumor-bearing mice after
implantation of the cell mixture.

Immunohistochemistry. Tumors were fixed with 10% neutralized buffered
formalin at 4 °C for 4 h, equilibrated with 15% sucrose in PBS( —) for 1 h, and then
with 30% sucrose in PBS(—) for 16-18 h. Tissue samples were embedded in
Tissue Tek O.C.T compound (Sakura Finetek Japan, Tokyo, Japan), frozen, and
stored at —80 °C until use. The tissue block was cut at a thickness of 10 zm. For
the TUNEL assay, tumor sections were stained using the In Situ Cell Death
Detection Kit, Fluorescein (Roche, Basel, Switzerland). For detection of caspase-3
activation, Abs against cleaved caspase-3 (Asp175) (5A1E) and an Alexa488-anti-
rabbit IgG secondary Ab (Life Technologies) were used.

Cell isolation and culture. CD11b*Ly6G* cells were isolated from a single-
cell suspension from the spleen of polyl:C- or PBS-injected mice by using a
biotin-conjugated anti-Ly6G monoclonal Ab (1A8) (Biolegend, San Diego, CA, USA)
and Streptavidin Microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. In these purification steps, two rounds
of positive selection were performed to increase purity. We routinely prepared Ly6G*



cells at >95% purity and almost 100% of Ly6G* cells expressed CD11b
(Supplementary Figure 2). Isolated CD11b*Ly6G* cells were cultured in Opti-MEM
(Life Technologies) supplemented with or without 0.5% FBS for in vitro polyl:C
stimulation or cytotoxicity assays, respectively. To inhibit iINOS activity, EL4 tumor-
bearing mice were injected i.p. with L-NAME (1.5 mg/head) or L-NIL (0.5 mg/head)
5h after polyl:C treatment. After 2 h, CD11b"Ly6G™ cells were isolated from the
spleen and used for the cytotoxicity assay.

Flow cytometry. Single-cell suspensions isolated from tumors or spleens were
stained with fluorescent dye-labeled Abs after blockade with an anti-CD16/32 Ab
(93). The following Abs were used: FITC-anti-CD11b (M1/70), PE-anti-GR1
(RB6-8C5), APC- or FITC-anti-Ly6G (1A8), FITC-anti-CD11c (N418), PE- or
APC-anti-F4/80 (BM8), PE-anti-NK1.1 (PK136), PE-anti-CD49b (DX5), PE-anti-
CD3e (145-2C11), FITC-anti-CD4 (GK1.5), FITC-anti-CD8a (53-6.7), and
PE-anti-CD19 (MB19-1) (eBioscience, San Diego, CA, USA or Biolegend). For
detection of intracellular ROS/RNS, fluorescent probes were applied. Cells were
stained with 5 M APF, 5 uM HPF (SEKISUI Medical, Tokyo, Japan), and 5 uM
BES-H,0.-Ac (Wako, Osaka, Japan) at 25 °C for 15 min, followed by staining with
an APC-anti-Ly6G Ab (1A8) at 25 °C for 15 min. Samples were analyzed by a FACS
Calibur or FACS Aria Il (BD Biosciences, San Jose, CA, USA); data analysis was
performed using Flow Jo (Tree Star, Ashland, OR, USA).

In vivo depletion. The in vivo depletion of cells was achieved by i.p. injection of
ascites containing monoclonal Abs against CD8p (53-6.7), CD4 (GK1.5), NK1.1
(PK136), or Gr1 (RB6-8C5). For Ly6G* cell depletion, 150 pg of Ultra-LEAF purified
anti-mouse Ly6G Ab (1A8) (Biolegend) was injected i.p. into mice. Ultra-LEAF
purified rat IgG2a (Biolegend) was used as an isotype matched control Ab.
Antibodies were injected 1 day before the polyl:C treatment. Depletion of cells in
tumor-bearing mice was confirmed by flow cytometry of spleen and tumor cell
suspensions.

Immunoblotting. Tumors excised from mice or cancer cell lines were lysed in
1% NP-40, 10 mM Tris-HCI (pH 7.2) supplemented with a complete protease
inhibitor cocktail (Roche) and incubated for 30 min on ice. The lysate was
centrifuged at 15 000 r.p.m. for 10 min to remove cell debris. The supernatant was
mixed with a 2x SDS-PAGE sample buffer and heated at 85 °C for 5 min. Samples
were stored at — 30 °C until use. An equal amount (50 xg) of protein was analyzed
by SDS-PAGE (12% acrylamide). Abs against cleaved caspase-3 (Asp175) (5A1E),
cleaved caspase-8 (Asp387), full-length caspase-9, full-length caspase-12
(Cell Signaling Technology, Danvers, MA, USA), and HRP-conjugated goat anti-
rabbit IgG Ab (Life Technologies) were used for detection of caspases.

Cytotoxic activity assay. Cytotoxic activity of CD11b*Ly6G* cells was
measured by the following procedure. EL4 cells (1 x 10°) were incubated in 1 ml of
0.5 uM carboxyfluorescein diacetate succinimidyl ester (CFSE) in PBS at 37 °C for
15 min. After washing 2 times with RPMI-1640 supplemented with 10% FBS,
CFSE-labeled EL4 cells were cultured in Opti-MEM (Life Technologies) containing
10 ng/ml recombinant mouse GM-CSF (Peprotech, Rocky Hill, NJ, USA) for 4 h.
CD11b*Ly6G* cells were isolated from the spleen of tumor-bearing mice,
suspended in Opti-MEM, and mixed with CFSE-labeled EL4 cells. After 20-24 h
of incubation, dead cells were detected with the SYTOX AADvanced Dead Cell
Stain (Life Technologies) according to the manufacturer's instructions. The
proportion of dead cells in CFSE* (EL4 cells was measured by FACS Calibur or
FACS Aria Il. Cytotoxicity percentage was calculated with the following formula:
((Live cell %/Dead cell% effector) — (Live cell%/Dead cell% control)) x 100. WST-1
assay was performed according to the manufacturers instructions (Dojindo,
Kumamoto, Japan).

RNA isolation and RT-PCR analysis. Total RNA from CD11b*Ly6G* cells
was isolated with the TRIzol reagent (Life Technologies) or the RNeasy mini kit
(QIAGEN, Venlo, Netherlands) according to the manufacturer's instructions.
Complementary DNA (cDNA) was synthesized using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Real-time
PCR was performed with Power SYBR Green PCR Master Mix (Applied
Biosystems) and a StepOne Real-Time PCR System (Applied Biosystems).
Expression of the cytokine genes was normalized to the expression of mouse
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). We used following primer
pairs: mouse GAPDH forward, 5-GCCTGGAGAAACCTGCCA-3’, GAPDH reverse,
5'-CCCTCAGATGCCTGCTTCA-3'; mouse iNOS (NOS2) forward, 5'-
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CAGCTGGGCTGTACAAACCTTC-3, mouse iNOS (NOS2) reverse, 5-CATT
GGAAGTGAAGCGTTTCG-3’; mouse NOX2 (pg91phox, Cybb) forward, 5'-TGC
AGTGCTATCATCCAAGC-3’, mouse NOX2 (pg91phox, Cybb) reverse, 5'-CTTT
CTCAGGGGTTCCAGTG-3'. Data were analyzed by the AACt method.

Statistical analysis. Statistically significant differences between two groups
were determined using Student's test.
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