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Abstract

Stimulator of interferon genes (STING) contributes to anti-tumor immunity by activating antigen-presenting cells and
inducing mobilization of tumor-specific T cells. A role for tumor-migrating neutrophils in the anti-tumor effect of STING-
activating therapy has not been defined. We used mouse tumor transplantation models for assessing neutrophil migration
into the tumor triggered by intratumoral treatment with STING agonist, 2'3'-cyclic guanosine monophosphate-adenosine
monophosphate (CGAMP). Intratumoral STING activation with cGAMP enhanced neutrophil migration into the tumor in
an NF-xB/CXCL1/2-dependent manner. Blocking the neutrophil migration by anti-CXCR2 monoclonal antibody impaired
T cell activation in tumor-draining lymph nodes (dLNs) and efficacy of intratumoral cGAMP treatment. Moreover, the
intratumoral cGAMP treatment did not show any anti-tumor effect in type I interferon (IFN) signal-impaired mice in spite
of enhanced neutrophil accumulation in the tumor. These results suggest that both neutrophil migration and type I interferon
(IFN) induction by intratumoral cGAMP treatment were critical for T-cell activation of dLNs and the anti-tumor effect. In
addition, we also performed in vitro analysis showing enhanced cytotoxicity of neutrophils by IFN-B1. Extrinsic STING
activation triggers anti-tumor immune responses by recruiting and activating neutrophils in the tumor via two signaling
pathways, CXCL1/2 and type I IFNs.
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Immunotherapy has become the fourth option for cancer
treatment, complementing surgery, chemotherapy, and radio-
therapy [1]. During the past few decades, multiple cancer
immunotherapies have been successfully applied in clinical
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immunotherapy with other therapies because some patients
are non-responders to monotherapy of cancer immuno-
therapy. This will likely mean that potent combinations of
immunotherapies will be required to efficiently modulate the
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cancer-immunity cycle, which includes seven critical steps
for achieving anti-tumor immune responses [6].

Neutrophils are the predominant circulating leukocyte
population in humans. They play a well-established role in
host defense. When pathogens invade a host tissue, neutro-
phils extravasate from the circulation and enter the tissue to
phagocytose and kill them by releasing activating cytokines
(e.g., tumor necrosis factor-a, interleukin-1, interferons
(IFNs), etc.) and defensins, along with toxic substances and
reactive oxygen species (ROS) [7]. Although neutrophils
have been defined in vivo as pro-tumor cells, similar to
immune suppressive cells, in the context of tumor immunol-
ogy [8], the exact role of neutrophils in the tumor cell micro-
environment is controversial. Many patients with advanced
cancer show neutrophilia, which is associated with worse
prognosis in many cancers [9, 10]. In contrast, some studies
have reported that a high neutrophil count in the tumor tissue
is associated with a favorable prognosis [11]. Thus, whether
neutrophils play a pro-tumor or anti-tumor role in the tumor
microenvironment is not fully understood.

Stimulator of interferon genes (STING) is activated by
second messenger cyclic dinucleotides such as 2'3'-cyclic
guanosine monophosphate-adenosine monophosphate
(cGAMP), which are synthesized by cyclic GMP-AMP
synthase. STING activates multiple transcription factors
including interferon regulatory factor (IRF) 3, IRF7, signal
transducer and activator of transcription 6 (STAT6), and
NF-kB to induce inflammation responses for host defense
[12]. Our previous studies showed that STING is sponta-
neously activated in tumor tissues and contributes to anti-
tumor immunity and its agonists are effective adjuvants for
cancer immunotherapy [13, 14]. Furthermore, intratumoral
c¢GAMP administration recruits CD11b*Ly6C* inflamma-
tory monocytes/macrophages to the tumor site, and these
monocytes/macrophages contribute to the anti-tumor effects
of intratumoral cGAMP treatment [15].

In the current study, we demonstrate that intratumoral
cGAMP treatment also recruited CD11b*Ly6G™ neutrophils
to the tumor site. The neutrophil accumulation in the tumor
site was dependent on the STING/NF-xB/CXCL1/2/CXCR2
axis. cGAMP treatment also activated cytotoxicity of neu-
trophils via the IRF3/7/type I IFN pathway-dependent ROS
production. Blocking neutrophil accumulation using anti-
CXCR2 mAb impaired the T-cell activation in the draining
lymph nodes and efficacy of cGAMP treatment, suggesting
that accumulation of neutrophils in the type I IFN-inflamed
tumor microenvironment may be essential for the anti-tumor
effect mediated by STING-targeting immunotherapy, and
that neutrophils would serves as a bridge between innate
and adaptive immunity under the inflammation condition.
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Methods
Cell lines and mice

Mouse breast cancer cell line EO771 and mouse lung can-
cer cell line 3LL were purchased from CH3 BioSystems
and JCRB Cell Bank, respectively. Mouse melanoma cell
line B16F10 was kindly donated by Dr. Kitamura (Hok-
kaido University). All cell lines were maintained in RPMI-
1640 medium (Nacalai Tesque) supplemented with 10%
fetal bovine serum (Biowest, #S1650), penicillin (100
U/ml), and streptomycin (100 pg/ml) at 37 °C in a 5%
CO, incubator. C57BL/6 J and STING-deficient (gt) mice
(C57BL/6 J-Tmem1738") were obtained from Charles
River Japan and the Jackson Laboratory, respectively.
IRF3/IRF7 double knockout (DKO) mice were generated
by crossing IRF3-KO (B6;129S6-Bcl2112/Irf3 < tm1Ttg >/
TtgRbrc) and IRF7-KO (B6;129P2-Irf7 < tm1Ttg >/
TtgRbrc) mice, which were provided by Dr. T. Taniguchi
(Tokyo University). Type I IFN a/p receptor 1-deficient
(IFNAR-KO) mice were generated using CRISPR/Cas9
technology. Six- to 10-week-old female mice were used
for experiments and maintained and handled in accordance
with the regulations of the animal facility at the Asahikawa
Medical University.

Generation of Ifnar1 knockout (IFNAR1TKO) mice

For generating of Ifnarl knockout mice, CRISPR tech-
nology was utilized. In vitro fertilization (IVF) was per-
formed as previously described [16]. Briefly, HTF (Human
tubal fluid) medium (ARK Resource Co., Ltd.) was used
for mouse sperm preincubation, IVF, and embryo transfer.
For sperm preincubation, a 200 pl droplet was used. For
oocyte collection and IVF, a 100 pl volume droplet was
used. Embryos were washed by passing through four such
droplets. Each droplet was placed on a 35 mm culture dish
(Corning® Cat. No. 430588, Thermo Fisher Scientific),
covered with liquid paraffin oil (Nacalai Tesque), and kept
at 37 °C under 5% CO, in humidified air overnight. After
IVF, fertilized embryos were subjected to electropora-
tion to inject Cas9 protein, tracrRNA and crRNA [17].
For electroporation, a platinum block electrode (Cat. No.
LF501PT1-10, BEX Co., Ltd.; length: 10 mm, width:
1 mm, height: 0.5 mm, gap: 1 mm) was used. The elec-
trode was connected to a CUY21EDIT II (BEX Co., Ltd.)
electroporator, and set under a stereoscopic microscope
(SZX?2-ZB16, Olympus). The collected fertilized embryos
cultured in HTF medium were washed with Opti-MEM™
I (Thermo Fisher Scientific) three times to remove the
serum-containing medium. The embryos were then placed
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in a line in the electrode gap filled with 500 ng/pl Guide-
it™ Recombinant Cas9 (Electroporation-Ready) protein
(Takara Bio), 300 ng/pl tractRNA and 200 ng/pl crRNA-
containing Opti-MEM™ I solution (total 5 pl volume), and
electroporation was performed. The electroporation condi-
tions were 25 V (3 ms ON + 97 ms OFF) + 3 repeats. After
electroporation, the embryos were immediately collected
from the electrode chamber and subjected to three washes
with M2 medium (ARK Resource) followed by two washes
with KSOM medium (ARK Resource). The embryos were
then cultured in KSOM medium at 37 °C and 5% CO, in
humidified air overnight, and 2-cell embryos were trans-
ferred to pseudopregnant recipient ICR female mice (Japan
SLC).

The sequence targeting [fnarl gene was designed using
CRISPRdirect (https://crispr.dbcls.jp/) [18] and was as fol-
lows: Ifnarl (5'-TGT GCC AGG AAA TCT CCA AG-3').
The tracrRNA and crRNA were purchased from FASMAC
Co. Ltd. in dry form, dissolved in Opti-MEM™ I to 1 pg/pl
and stored at —30 °C until use.

Validation of IFNAR1TKO mice

Splenocytes were collected from WT and IFNAR1KO mice
stained with PE-conjugated anti-IFNAR1 mAb (MARI-
5A3) and mouse IgG1l,k (MOPC-21), and analyzed by the
BD Accuri C6 Plus Flow Cytometer. Bone marrow-derived
macrophages (BMDM) were generated from WT and
IFNAR1KO mice by cultured in the presence of 20 ng/ml
of M-CSF (PeproTech) for 7 days. BMDM derived from WT
(WT-BMDM) and IFNAR1KO mice (IFNAR1-BMDM)
were stimulated with 2000 U/ml of IFN-B1 (BioLegend)
for 2 and 24 h to evaluate gene expression levels of Mx1,
Oasll, Cxcl9, and Cxcll0 and cell surface expression lev-
els of H-2 kb, I-A®, CD80, and CD86, respectively. Gene
expression levels were assessed by real-time PCR and cell
surface expression levels were analyzed by CytoFLEX flow
cytometer (Beckman coulter).

Tumor-bearing animal model

E0771 cells (2 x 10° cells) were injected into the mammary
fat pads of mice, and B16F10 cells (2 X 10° cells), and 3LL
cells (3 x 10° cells) were intradermally injected into mice.
On day 7 after tumor implantation, tumor-bearing mice
received intratumoral injections of either cGAMP (Invi-
voGen; 1-2.5 pg/25 pl/dose) or mock treatment with the
vehicle (phosphate-buffered saline (PBS)). In some experi-
ments, anti-CXCR2 monoclonal antibody (mAb) (R&D
Systems), its isotype control rat IgG2a mAb (2A3, Bio X
cell), or an inhibitor of NF-kB (BAY 11-7082; FUJIFILM
Wako Chemicals) was simultaneously injected intraperito-
neally into tumor-bearing mice in addition to intratumoral

cGAMP treatment on day 7. The tumor area (mm?) was
measured with calipers at the indicated time points. Mice
with tumors > 300 mm? were sacrificed. All protocols were
approved by the Asahikawa Medical University Institutional
Animal Care and Use Committee (approval no. 19111). This
study was performed in accordance with the Declaration of
Helsinki.

Analysis of tumor-infiltrating leukocytes (TILs)

Tumor-bearing mice received intratumoral injection of
PBS or cGAMP (0.5-2.5 pg in 25 pl PBS/dose) on day 7.
After 4 h, tumor tissues were dissociated enzymatically and
mechanically using a GentleMACS Dissociator (Miltenyi
Biotec), as per the manufacturer’s guidelines. The disso-
ciated samples were centrifuged at 1800 rpm for 3 min,
and the supernatant was discarded. The cell pellets were
resuspended in the above-mentioned medium and passed
through a 35-pm pore nylon mesh strainer. To elucidate
the cell population in the TILs, single-cell suspension was
stained with anti-CD45 (13/2.3), anti-CD11b (M1/70), anti-
Ly6C (HK1.4), and anti-Ly6G (1A8) mAbs following treat-
ment with TruStain FcX Anti-mouse CD16/CD32 antibody
(clone, 93). All antibodies were obtained from BioLegend.
The stained cells were analyzed using the BD Accuri C6
Plus Flow Cytometer (BD Biosciences).

RNA extraction and quantification of mRNA levels

Total RNA was extracted using the RNeasy Mini Kit (Qia-
gen) and was reverse-transcribed to cDNA using the Pri-
meScript 1st strand cDNA Synthesis Kit (Takara Bio).
These samples were amplified using LightCycler 480
Probes Master (Roche Diagnostics) and TagMan probes
purchased from Applied Biosystems (Waltham) as follows:
Cxcll (Mm04207460_m1), Cxcl2 (Mm00436450_m1),
Ifnb1 (MmO00439552_s1), Mx1 (MmO00487796_m1), Oasli
(MmO00455081_m1), Cxcl9 (Mm00434946_m1), Cxcl10
(MmO00445235_m1), and Gapdh (Mm99999915_gl).
mRNA expression was measured with quantitative real-time
PCR using the LightCycler 480 System and Software (Roche
Diagnostics). Gapdh was used as an internal control and to
normalize each mRNA expression level. Relative expression
levels compared with control samples were calculated in
each experiment using the AACt method.

Analysis of immune cells in lymph nodes

Lymph nodes were first chopped into small pieces and
passed through a 35-pm pore nylon mesh strainer. The
resulting cell suspension was washed and resuspended in
the above-mentioned medium. Axillary and inguinal LNs
were analyzed as tumor-draining LNs (dLNs) in B16F10 or
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3LL-bearing and EQ771-bearing mice, respectively. Cognate
LNs in opposite side of dLNs were analyzed as distant LNs
(disLNs). To elucidate the cell population in the LN, single-
cell suspension was stained with the following mAbs that
were conjugated to fluorescein isothiocyanate, phycoeryth-
rin, phycoerythrin combined with a cyanine dye (PE-Cy7),
or allophycocyanin (BioLegend): anti-CD3 (17A2), anti-
CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD69 (H1.2F3),
anti-CD11b (M1/70), anti-CD11c (N418), anti-CD80 (16-
10A1), anti-CD86 (GL-1), anti-H-2 kb (AF6-88.5), anti-I-A®
(AF6-120.1), rat IgG2b,k (RTK4530), and mouse IgG2a,k
(MOPC-173). The stained cells were analyzed using the BD
Accuri C6 Plus Flow Cytometer or CytoFLEX. The superna-
tant was collected after 24 h, and IFN-y levels were assessed
with an enzyme-linked immunosorbent assay (ELISA) (BD
Bioscience) according to the manufacturer’s instructions.
Absorbance was read with a GloMax Discover Microplate
Reader (Promega) at 450 nm.

Hematoxylin and eosin (H&E) staining
and immunohistochemistry

Tumor tissue samples were fixed in 10% formalin overnight.
Tissues were dehydrated in ethanol, embedded in paraffin,
sectioned at 5 pm, and stained with H&E according to stand-
ard protocols. For immunohistochemistry, tumor sections
were stained and visualized with diaminobenzidine accord-
ing to standard procedures. Rabbit polyclonal antibody for
cleaved caspase 3 (#9661; Cell Signaling TECHNOLOGY)
was used as the primary antibody at a dilution of 1:200 over-
night at 4 °C. SignalStain® Boost IHC Detection Reagent
(HRP, Rabbit) (1:400 #8114; Cell Signaling TECHNOL-
OGY) was used for detection. Images were acquired and
analyzed using the BZ-X700 fluorescence microscope with
BZ-H3 software (KEYENCE).

Cell sorting and cytotoxicity assay

Mouse spleens were collected from wild type (WT) mice or
IFNAR1KO mice. The excised spleens were gently passed
through a 100-pm pore nylon mesh strainer and rinsed with
the above-mentioned medium. Before sorting, CD4-positive
and CD19-positive cells were excluded by MACS (mag-
netic-activated cell sorting) (Miltenyi Biotech). The remain-
ing splenocytes were stained with anti-CD45 (13/2.3), anti-
CD11b (M1/70), anti-Ly6C (HK1.4), and anti-Ly6G (1A8)
mAbs following treatment with TruStain FcX Anti-mouse
CD16/CD32 antibody (clone, 93). All antibodies were
obtained from BioLegend. The CD457CD11b*Ly6C-Ly6G*
neutrophil fraction was isolated using BD FACSAria IT (BD
Biosciences). The neutrophils were co-cultured with E0771
cells labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) (ThermoFisher SCIENTIFIC) at effector:target
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cell ratios of 5:1 or 0:1 in PBS or IFN-f (2000 U/ml). In
some experiments, 10 pM diphenyleneiodonium chloride
(DPI) (Sigma-Aldrich) was added to the co-culture to
inhibit ROS production. After 2.5 h, cells were harvested
and stained with 7-AAD viability staining solution (Bio-
Legend). The cells were analyzed using the BD Accuri C6
Plus Flow Cytometer.

Statistical analyses

The statistical significance of differences between two
groups was determined with the unpaired ¢ test. Two-way
analysis of variance (ANOVA) was conducted for multiple
group comparisons. The log-rank (Mantel-Cox) test was
used to determine statistically significant differences in
survival among indicated groups. The difference between
the means was considered significant at p < 0.05. GraphPad
Prism7 was used for the analyses.

Results

Intratumoral injection of cGAMP leads
to accumulation of Ly6G" neutrophils in the tumor
site in a STING-dependent manner

We first examined the effect of intratumoral injection of
c¢GAMP on CD45"* TILs. On day 0, E0771 murine breast
cancer cells were injected into the mammary fat pad of
C57BL/6 mice. On day 7, we intratumorally injected
cGAMP (1 pg/25 pl/dose) or PBS (as a control) into the
E0771-bearing mice. After 4 h of treatment, CD11b*Ly6G™*
neutrophils were significantly increased in the cGAMP-
treated group compared to the control group (Fig. 1A).
Furthermore, we also detected enhanced infiltration of neu-
trophils into the tumor site following intratamoral cGAMP
treatment of mice bearing B16F10 murine melanoma cells
and 3LL murine lung cancer cells (Fig. 1b and c). Because
intratumoral injection of cGAMP enhanced accumulation of
neutrophils in the tumor site in WT mice but not in STING&Y
& mice, the accumulations of Ly6G™ cells in the tumor by
intratumoral cGAMP treatment are dependent on a STING
signaling (Fig. 1d and e).

STING-triggered neutrophil accumulation
in the tumor is dependent on the NF-kB/CXCR2 axis

The chemokine receptor, CXCR2, is a receptor for CXCL1/
CXCL2 and is crucial for the migration of neutrophils to
sites of inflammation. We therefore addressed whether
CXCR2 is involved in the migration of neutrophils to the
tumor site following intratumoral injection of cGAMP.
E0771- or B16F10-bearing mice received intratumoral
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Fig. 1 Intratumoral injection of cGAMP induces accumulation of
Ly6G" neutrophils in the tumor site in a STING-dependent manner.
a E0771-, b B16F10-, or ¢ 3LL-bearing WT mice received intratu-
moral injection of PBS or cGAMP (0.5-2 pg) on day 7. After 4 h
of treatment, tumor tissues were resected, and TILs were collected
for flow cytometric analysis using anti-CD45, anti-CD11b, anti-
Ly6C, and anti-Ly6G mAbs. Representative flow cytometric his-
tograms are shown (a). The percentages of the increased fraction
(CD45*CD11b*Ly6C Ly6G* cells) in TILs treated with control
or cGAMP are depicted. Data were pooled from two independent
experiments, each with three mice per group. Statistical significance

injections of cGAMP or PBS on day 7, simultaneously
with intraperitoneal injection of anti-CXCR2 mADb or iso-
type control mAb. The accumulation of neutrophils was
suppressed by treatment with anti-CXCR2 mAb com-
pared to controls (Fig. 2a and b). In accordance with the
result, gene expression levels of Cxcll and Cxcl2 were
enhanced by cGAMP treatment as well as Ifnbl and Mxl
(Fig. 2¢c and d). Because STING activates NF-kB to induce
CXCL1/2 production [19], we assessed if NF-kB signaling
contributes to STING-triggered neutrophil migration using
its inhibitor, BAY 11-7082. Simultaneous treatment with
BAY 11-7082 and cGAMP inhibited STING-triggered
neutrophil accumulation (Fig. 2e). These results indicate
that intratumoral STING activation with cGAMP leads to
accumulation of neutrophils in the tumor site in an NF-xB/
CXCR2-dependent manner.

levels were determined with the unpaired ¢ test; *p <0.05; **p <0.01.
Bars and error bars indicate the mean and standard deviation
(SD), respectively. d E0771- or e B16F10-bearing WT or STING-
deficient (gt/gt) mice were treated and analyzed according to the
same protocol as in (a-¢). The percentages of the increased frac-
tion (CD45"CD11b*Ly6CLy6G* cells) in TILs are depicted. Data
were pooled from two independent experiments, each with three to
five mice per group. Statistical significance levels were determined
with two-way ANOVA; ns, not significant; *p < 0.05; **p < 0.01;
##dkp < 0.0001. Bars and error bars indicate the mean and SD,
respectively

The accumulation of neutrophils in the tumor site
contributes to the anti-tumor effect mediated
by intratumoral injection of cGAMP

We assessed whether the STING-triggered tumor-infiltrating
Ly6G™ neutrophils contribute to the anti-tumor effect. When
anti-CXCR2 mAb was simultaneously injected into the
mice, the efficacy of cGAMP therapy was totally abrogated
(Fig. 3a and b). Furthermore, the frequencies of CD69" acti-
vating T-cells in dLNs, but not in disLNs, were decreased
following treatment with anti-CXCR2 mAb (Fig. 3¢ and d).
Furthermore, we found that CD11b*CD11c* DCs in dLNs
of mice treated with anti-CXCR2 mAb showed lower expres-
sion levels of H-2 Kb, CD80, and CD86 than those of mice
treated with the isotype control mAb. No significant changes
were found in the expression level of I-A® between mice
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treated with anti-CXCR2 mAb and those treated with the
isotype control mAb (Fig. 3 E-H). These findings indicate
that STING-triggered neutrophil accumulation in the tumor
contributes to anti-tumor immunity via activating acquired
immunity in dLNs.

Impaired T-cell activation in cGAMP-treated type |
IFN-deficient mice despite neutrophil accumulation

Because STING stimulation induced type I IFN signaling
(Fig. 2C), we investigated whether type I IFNs are also involved
in the accumulation of neutrophils in the tumor site following
intratumoral injection of cGAMP by using knockout mice for
both IRF3 and IRF7 (DKO) and IFNAR1 which is a receptor
for type I IFNs. IFNAR1KO mice were confirmed no expres-
sion of IFNARI1 and unresponsiveness to IFN-1 in BMDM
(Fig. 4a and b and Fig. S1). As a result, neutrophils accumu-
lated in the tumor site in both DKO and IFNAR1KO mice after
cGAMP treatment as well as in WT mice (Fig. 4c and d). In
contrast, there were no activating T-cells in the dLLNs of these
type I IFN-deficient mice, but not WT mice (Fig. 4e and f).
In accordance with the impaired T-cell activation, the anti-
tumor effect of the cGAMP treatment was totally abrogated in
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Fig.2 STING-triggered neutrophil accumulation in the tumor is
dependent on the NF-xB/CXCR2 axis. a E0771- or b B16F10-
bearing WT mice simultaneously received intraperitoneal injection
of isotype or anti-CXCR2 mAb (50 pg) with intratumoral treat-
ment with cGAMP (0.5 or 2.0 pg) on day 7. After 4 h of cGAMP
treatment, tumor tissues were resected, and TILs were collected for
flow cytometric analysis using anti-CD45, anti-CD11b, anti-Ly6C,
and anti-Ly6G mAb. The percentages of the increased fraction
(CD45*CD11b*Ly6C Ly6G™ cells) in TILs are depicted. B16F10-
bearing WT mice received intratumoral cGAMP treatment on day 7,
and tumor tissues were collected for gene expression analysis after
3 h of treatment. Expression levels of Cxcll and Cxci2 (C) and Ifnbl
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Fig. 3 Critical role of neutrophil accumulation in the tumor site in b
the anti-tumor effect mediated by intratumoral injection of cGAMP.
a E0771- or b B16F10-bearing WT mice (n=>5/group) simultane-
ously received intraperitoneal injection of isotype or anti-CXCR2
mAb (50 pg) with intratumoral treatment with cGAMP (0.5-2.0 pg)
on day 7. After 18 h of treatment with cGAMP, ¢ draining lymph
nodes (dLNs) and d distant lymph nodes (disLNs) were collected
and stained with antibodies against CD4, CD8, CD3, and CD69 to
assess the T-cell activation status. To address the activation status
of antigen-presenting cells, the median fluorescence intensity (MFI)
of CDS80 (e), CD86 (f), H-2 Kb (g), or I-A® (h) was measured in
CD11b*CD11c* cells of dLNs with flow cytometry. Statistical sig-
nificance levels were determined with the unpaired ¢ test; ns, not sig-
nificant, *p <0.05; ***p <0.001; ****p <0.0001. Bars and error bars
indicate the mean and SD, respectively

IFNAR1KO mice (Fig. 4g and h). These results indicate that
neutrophil accumulation in the tumor site is not sufficient for
activating acquired immunity and eradicating tumor.

Involvement of type I IFNs in the cytotoxic activity
of neutrophils and efficacy of cGAMP treatment

We hypothesized that neutrophils would require type I IFNs
to promote anti-tumor immunity via activating immune cells
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and MxI (d) were analyzed with quantitative real-time PCR. Statisti-
cal significance levels were determined with the unpaired ¢ test; ns,
not significant; **p < 0.01; ***p <0.001. Error bars indicate the SD.
e E0771-bearing mice simultaneously received intraperitoneal injec-
tion of control or BAY 11-7082 (10 pM) with intratumoral treat-
ment with cGAMP (0.5 pg) on day 7. After 4 h of cGAMP treatment,
tumor tissues were resected, and TILs were collected for flow cyto-
metric analysis as in a and b. Representative data are shown. Statis-
tical significance levels were determined with two-way ANOVA;
*p<0.05; **¥p<0.01; **¥p<0.001; ****p<0,0001. Bars and error
bars indicate the mean and SD, respectively
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because intratumoral cGAMP treatment did not activate
T-cells in DKO and IFNAR1KO mice despite neutrophil
accumulation in the tumor site. To address the question, we
assessed tissue damage mediated by intratumoral cGAMP

treatment by pathological analysis. High-power micro-
scopic examination following H&E staining revealed that
tumor cell adhesion appeared to be weaker and the number
of apoptotic cells was increased at the edge of the tumor
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in WT mice compared to IFNAR1KO mice. Furthermore,
cleaved caspase 3 was found to be detected in larger areas
in WT mice than in IFNAR1KO mice (Fig. 5a). Although
these results indicate that type I IFNs are important for tissue
damages mediated by cGAMP treatment, the cGAMP-medi-
ated anti-tumor effect appeared to be due to the response of
host immune cells, not the tumor itself, because cGAMP
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treatment did not induce any immune responses in STING-
deficient mice (Fig. le) [15]. Thus, both neutrophil migra-
tion and type I IFN induction in the tumor site are crucial
for the anti-tumor effect of intratumoral cGAMP treatment.

To address the relationship between cell damage and
neutrophils in conditions with high levels of type I IFNs,
we assessed whether the cytotoxicity of Ly6G™ neutrophils
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<Fig.4 Involvement of type I IFNs in the cytotoxic activity of neu-
trophils and efficacy of cGAMP treatment. a Bone marrow-derived
macrophages (BMDM) were generated in WT and IFNAR1KO
mice and expression levels of IFNARI on their cell surface by flow
cytometer. Gray: isotype control, Red: anti-IFNAR1ImAb. b WT-
and IFNAR1-BMDM were stimulated with control or IFN-B1 (2000
U/mL) for 24 h and expression levels of H2-K® on their cell surface
by flow cytometer. Gray: isotype control, Blue: control treatment,
Red: IFN-B1 treatment. ¢ EO771- or d B16F10-bearing WT, IRF3/
IRF7 double knockout (DKO), or interferon (IFN)-alpha recep-
tor 1 knockout (IFNAR1KO) mice received intratumoral injection
of PBS or cGAMP (0.5 or 2.0 pg) on day 7. After 4 h of cGAMP
treatment, tumor tissues were resected, and TILs were collected
for flow cytometric analysis using anti-CD45, anti-CD11b, anti-
Ly6C, and anti-Ly6G mAb. The percentages of the increased frac-
tion (CD45*CD11b*Ly6C Ly6G* cells) in TILs are depicted. e, f
E0771-bearing WT, DKO, or IFNAR1KO mice received intratumoral
injection of PBS or cGAMP on day 7. After 4 h of treatment, dLNs
were collected and analyzed using the same procedure as in Fig. 3c
and d. The proportions of CD4*CD69" cells in CD4" T-cells (e) and
CD8*CD69* cells in CD8* T-cells (f) in dLNs are depicted. B16F10-
bearing WT or IFNAR1KO mice (n = 6/group) received intratumoral
injections of cGAMP or PBS on day 7. g The tumor area (mm?) and
h survival of individual mice were monitored. Statistical significance
levels were determined with two-way ANOVA; ns, not significant, *p
< 0.05; *#p<0.01; *+kp < 0.001; ****p <0.0001. Bars and error
bars indicate the mean and SD, respectively (c-f). Statistical signifi-
cance levels were determined with the unpaired ¢ test; ns, not signifi-
cant; ***¥p < 0,0001. Error bars indicate the SD (g). Statistical sig-
nificance levels were determined with the log-rank (Mantel-Cox) test;
ns, not significant; *p < 0.05 (h)

was promoted by type I IFNs in vitro. Ly6G™ neutrophils
sorted from splenocytes of WT or IFNAR1KO mice were
stimulated with or without IFN-$1 (2000 U/ml) and then
co-cultured with CFSE-labeled E0771 tumor cells. IFN-
p1-stimulated neutrophils showed high cytotoxicity against
E0771 tumor cells compared to control them in WT mice
but not IFNAR 1KO mice. Furthermore, when an inhibitor of
NADPH oxidase DPI was added to the culture, the enhanced
cytotoxicity of neutrophils by IFN-B1 was abrogated, sug-
gesting that neutrophils require stimulation with type I IFNs
for enhanced cytotoxicity (Fig. 5b). These results suggest
that enhanced local immune responses by cGAMP treatment
are dependent on type I IFN-triggered cytotoxic activity of
neutrophils as well as their migration via CXCL1/2.

Discussion

In the present study, we revealed that intratumoral injec-
tion of cGAMP triggers anti-tumor immune responses
in a STING-dependent manner due to accumulation and
activation of neutrophils in the tumor site via induction of
expression of CXCL1/2 and type I IFNs through activation
of signaling pathways involving NF-kB and IRF3/IRF7,
respectively. The anti-tumor effect of intratumoral cGAMP
administration was impaired when migration of neutrophils

into the tumor site was blocked by the anti-CXCR2 mAb.
Furthermore, intratumoral injection of cGAMP did not
inhibit tumor growth or T-cell activation in the dLNs in
IFNARI1-deficient mice, although neutrophils accumulated
in the tumor. Neutrophils activated by type I IFNs in vitro
showed improved cytotoxicity due to enhanced ROS pro-
duction. These results suggest that neutrophils in the tumor
site that are activated by type I IFNs are critical for the anti-
tumor effects of intratumoral cGAMP treatment.

We found that STING-mediated accumulation of Ly6G™*
neutrophils in the tumor site was suppressed by introduc-
ing the anti-CXCR2 mAb, suggesting that accumulation
is dependent on CXCR?2. In a previous report, Weiss et al.
revealed that STING activation by 5,6-dimethylxanthenone-
4-acetic acid, a ligand of STING, induces infiltration of
neutrophils, monocytes, and CD8" T cells and that these
immune cell subsets cooperate in inducing tumor regression.
However, the detailed mechanisms of neutrophil infiltration
into the tumor site and the role of neutrophils in the anti-
tumor effect have not been clarified [20].

We demonstrated that intratumoral STING activation by
c¢GAMP induced high expression levels of Cxcll and Cxcl2
in the tumor site. The STING signaling pathway is initi-
ated by binding its ligand (cyclic dinucleotides), followed
by activation of TANK-binding kinase 1 (TBK1), which
phosphorylates STING. Phosphorylated STING induces
phosphorylation of IRF3 and IRF7 by TBK1 and activates
transcription of type I IFNs. Phosphorylated STING also
induces phosphorylation of STAT6. Phosphorylated STAT6
results in production of chemokines, such as CCL2, CCL20,
and CCL26 [12, 21, 22]. In our current study, we found that
intratumoral cGAMP administration induced accumulation
of neutrophils in the tumor site in both IRF3/IRF7-deficient
(DKO) mice and IRF3/IRF7/STAT6-deficient (TKO) mice
as well as WT mice. Additionally, both types of knockout
mice showed high expression levels of Cxcll and Cxcl2 in
response to intratumoral cGAMP treatment. These results
suggest that the STING-induced accumulation of neutrophils
in the tumor site via CXCL1/CXCL2/CXCR?2 is depend-
ent on STING downstream pathways with the exception of
IRF3/IRF7 or STAT6.

STING also triggers the NF-kB signaling pathway via
activation of the inhibitor of kappa B kinase [23]. We dem-
onstrated that BAY 11-7082, an inhibitor of NF-kB, inhib-
ited accumulation of neutrophils in the tumor site despite
intratumoral administration of cGAMP. Because NF-xB
mediates transcription of CXCL1 and CXCL2 [19], we
presume that intratumoral STING activation by cGAMP
enhances expression of CXCL1 and CXCL?2 via activation
of NF-xB, which subsequently causes accumulation of neu-
trophils in the tumor site. As well as STING, Toll-like recep-
tors (TLRs) also activate NF-kB in their signal pathway.
Therefore, we intratumorally administrated polyl:C, R837,
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Fig. 5 Necessity of type I IFNs for cytotoxic function of neutrophils.
a E0771-bearing WT or IFNAR1KO mice received intratumoral
injection of cGAMP on day 7. After 4 h of treatment, tumor tis-
sues were resected and fixed in formalin. Representative images and
their higher magnifications of tumor tissues stained with H&E and
anti-cleaved caspase 3 mAb are shown in the left and right panels,
respectively. b CD11b*Ly6G™ neutrophils were isolated from spleno-
cytes of WT or IFNAR1KO mice with a cell sorter using anti-CD45,
anti-CD11b, anti-Ly6C, and anti-Ly6G mAb. The sorted Ly6G™ cells
and CFSE-labeled EO771 tumor cells were used as effector and target
cells, respectively. The effector cells and target cells were co-cultured

and CpG, which were agonists for TLR3, TLR7, and TLR9
to address whether intratumoral stimulation of TLRs also
induce neutrophil accumulation in the tumor site. Interest-
ingly, stimulation with each agonist did not induce neutro-
phil accumulation in the tumor site (data not shown), sug-
gesting that STING has a unique function to activate innate
immunity.

Based on the current study, intratumoral STING activa-
tion by cGAMP induces anti-tumor immune responses via
activation of several signaling pathways, including NF-xB
and IRF3/IRF7. These pathways collaborate to induce

@ Springer

with or without IFN-p (2000 U/ml). After 2.5 h of co-culture, the
cells were collected to evaluate the percentages of dead cells by using
7-AAD and flow cytometry. Representative cytotoxicity mediated by
Ly6G* neutrophils derived from WT (left panel) and IFNAR1KO
(middle panel) mice are shown. DPI (10 pM) was added to the culture
of WT neutrophils to suppress ROS production (right panel). Two
independent experiments with similar results were performed. Statis-
tical significance levels were determined with two-way ANOVA; ns,
not significant; *p <0.05; ***¥p <0.0001. Bars and error bars indi-
cate the mean and SD, respectively

cytotoxicity of neutrophils in the tumor site. The former
effectively recruits neutrophils into the tumor site by induc-
ing CXCL1/CXCL2, and the latter activates neutrophils by
inducing type I IFNS.

In recent years, tumor-associated neutrophils (TANs)
have been classified into an anti-tumor (N1) or pro-tumor
(N2) phenotype similar to tumor-associated macrophages,
which are polarized toward an anti-tumor (M1) or a pro-
tumor (M2) phenotype [24]. Type I IFNs drive neutro-
phil differentiation into an N1 anti-tumor state [25-27].
Additionally, Takeshima et al. reported that N1 neutrophils
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improve the anti-tumor immune response due to ROS
production [28]. In the present study, we revealed that
enhanced cytotoxicity of neutrophils by IFN- was sup-
pressed by an inhibitor of ROS production. Thus, STING-
mediated induction of CXCL1/2 and type I IFNs may
cooperate in differentiating TANs into the N1 phenotype
in the tumor site and effectively augmenting their anti-
tumor effects.

The role of N1 neutrophils in the anti-tumor immune
response is not only direct tumor killing because we found
that co-administration of the anti-CXCR2 mAb with cGAMP
diminished both neutrophil accumulation in the tumor site
and activation of DCs and T cells in tumor dLNs. Further-
more, anti-tumor effects of intratumoral cGAMP treatment
were also inhibited by blockade of the CXCL1/2 or type
I IFN pathway. These findings imply that TANs act as an
intermediary between innate and adaptive immunity in the
tumor site inflamed by STING stimulation.

We hypothesize that DAMPs are involved in the activa-
tion of DCs in mice that received intratumoral cGAMP treat-
ment because DAMPs are released by damaged or dying
cells and are recognized by macrophages and DCs through
pattern recognition receptors on their surface such as TLR4
[29, 30]. Although apoptosis has been hypothesized to be a
poorly immunogenic and tolerogenic type of cell death [31],
some dying apoptotic cells induce an immune response by
releasing DAMPs, similar to cells undergoing necrosis and
necroptosis [32, 33]. In the inflamed tumor tissue induced by
STING activation, DAMPs are likely to be released by neu-
trophil cytolysis. Indeed, we found that systemic administra-
tion of a TLR4 inhibitor attenuated activations of DCs and
T cells in dLNs, even though the inhibitor did not suppress
neutrophil accumulation triggered by cGAMP treatment in
the tumor site (data not shown). However, the involvement
of DAMPs in the efficacy of cGAMP treatment still remains
to be addressed. These results imply that type I IFN-exposed
neutrophils in the tumor microenvironment induce apopto-
sis of tumor cells and probably surrounding normal cells
via producing ROS, and subsequent anti-tumor immune
responses. Although STING has an anti-tumor effect by
stimulating antigen-presenting cells and leading to mobi-
lization of tumor-specific T cells via production of type I
IFNs, our current findings unveil a new role for STING in
the first step of the cancer-immunity cycle through neutro-
phil activation.
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