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Purpose: Agonists of the stimulator of interferon genes (STING) play a key role in activating the STING pathway by promoting the
production of cytokines. In this study, we investigated the antitumor effects and activation of the systemic immune response of treat-
ment with DMXAA (5,6-dimethylxanthenone-4-acetic acid), a STING agonist, in EML4-ALK lung cancer and CT26 colon cancer.
Materials and Methods: The abscopal effects of DMXAA in the treatment of metastatic skin nodules were assessed. EML4-ALK
lung cancer and CT26 colon cancer models were used to evaluate these effects after DMXAA treatment. To evaluate the expression
of macrophages and T cells, we sacrificed the tumor-bearing mice after DMXAA treatment and obtained the formalin-fixed paraf-
fin-embedded (FFPE) tissue and tumor cells. Immunohistochemistry and flow cytometry were performed to analyze the expres-
sion of each FFPE and tumor cell.

Results: We observed that highly infiltrating immune cells downstream of the STING pathway had increased levels of chemo-
kines after DMXAA treatment. In addition, the levels of CD80 and CD86 in antigen-presenting cells were significantly increased
after STING activation. Furthermore, innate immune activation altered the systemic T cell-mediated immune responses, induced
proliferation of macrophages, inhibited tumor growth, and increased numbers of cytotoxic memory T cells. Tumor-specific lym-
phocytes also increased in number after treatment with DMXAA.

Conclusion: The abscopal effect of DMXAA treatment on the skin strongly reduced the spread of EMLA-ALK lung cancer and CT26
colon cancer through the STING pathway and induced the presentation of antigens.
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INTRODUCTION

The development of immune checkpoint inhibitors (ICIs) has
revolutionized the treatment of multiple solid cancer types,
and ICIs have emerged as an effective treatment option even
in the first-line setting. Immune checkpoint proteins, such as
PD-1 or CTLA-4, have emerged as promising targets of immu-
notherapy and have been approved for use in the treatment of
certain cancer types.! Tumor cells can evade immunosurveil-
lance and progress through different mechanisms, including
activation of immune checkpoint pathways that suppress the
antitumor immune responses. Mechanistically, ICIs reinvigo-
rate the antitumor immune responses by interrupting the co-
inhibitory signaling pathways and promote immune-mediated
elimination of tumor cells.? However, ICI treatments have shown
a low response rate and a limited proportion of responders.
Therefore, the development of different treatment strategies
that target the innate immune responses is urgently needed.?

Several previous studies have shown that the activation of
the stimulator of interferon genes (STING) pathway through
the administration of a STING agonist triggers an immune re-
sponse that leads to an increase in the production of immune
cells within the tumor and is associated with tumor size reduc-
tion.*® Furthermore, the activation of the STING pathway in
tumor-resident host antigen-presenting cells (APCs) is required
for the induction of CD8" T-cell response against tumor-derived
antigens in vivo.”? In addition, the intratumoral injection of a
STING agonist can induce tumor regression and generate sys-
temic immune responses that inhibit distant metastases and
long-lived immunologic memory.’ In the basal state, STING
exists in the endoplasmic reticulum (ER) as an adapter trans-
membrane protein with its C-terminal domain residing in the
cytosol. However, when cytosolic DNA is detected from virus-
es, bacteria, or parasites, the STING protein undergoes confor-
mational changes and is transported from the ER to the Golgi
body to the perinuclear endosome through a mechanism that
seemingly requires the components of the autophagosome.
Consequently, STING recruits TANK-binding kinase 1 (TBK1),
which phosphorylates STING and enables it to be more ac-
cessible for binding interferon (IFN) regulatory factor 3 (IRF3).
TBK1 then phosphorylates IRF3, which translocates to the nu-
cleus to promote the transcription of IEN-§ and other innate
immune genes.

These mechanisms occur in APCs in the tumor microen-
vironment, which in turn drives the effective processing of
antigens by the CD8a*/CD103* dendritic cells (DCs) and
subsequent presentation of antigenic peptides on major histo-
compatibility complex (MHC) class I molecules to cytotoxic
CD8' T cells. This process is known as cross-priming.' Signifi-
cantly, the activation of the STING pathway induces a sponta-
neous antitumor CD8" T cell response related to the expression
of type I IFN genes. In addition, cyclic dinucleotides (CDNs)
(such as GMP and c-di-AMP)-mediated STING pathway has
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been shown to boost antitumor immune response and sub-
stantially inhibit tumor growth. Therefore, many STING ago-
nists have been developed and are currently undergoing clini-
cal trials."""?

EMLA4-ALK is a distinct molecular subset of lung cancer that
does not respond to checkpoint inhibitors.”* The tumor im-
mune microenvironment showed a lack of immunogenicity
both before and after treatment with ALK TKI. For these so-
called “cold tumors,” a different treatment strategy other than
checkpoint inhibitors is required. In this study, we developed
a soft tissue metastasis model of EML4-ALK transgenic mouse
to test the abscopal effect of STING agonist. Soft tissue metas-
tasis of lung cancer is associated with poor prognosis, and ur-
gent medical intervention is required.

In this study, we investigated a mouse STING agonist, DMX-
AA (5,6-dimethylxanthenone-4-acetic acid), which can induce
innate immune responses using the syngeneic tumor model of
colon cancer with peritoneal metastases. In particular, macro-
phages are usually divided into two types: M1 and M2. M1
macrophages are generally stimulated by IFN-y and/or LPS
and provide an antitumor phenotype with pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-o; interleukin
(IL)-6, and IL-12. M2 macrophages are involved in tissue repair
and immunosuppressive functions and polarized by IL-4, IL-13,
and other factors." Therefore, memory cytotoxic T cells and tu-
mor-specific lymphocytes were increased and, for the first time,
showed profound antitumor responses in peritoneal seeding
lesions after treatment with DMXAA. We noted that treatment
with DMXAA showed systemic activation of macrophage ac-
tivity and increased the antigen presentation.

MATERIALS AND METHODS

Experimental animals

All animal experiments were conducted in accordance with
the ethical standards of the Institutional Animal Care and Use
Committee of Avison Bio Medical Research Center in Yonsei
University (IACUC number, 2016-0093). Six-week-old female
BALB/c mice were purchased from Orient Bio (Seongnam,
South Korea). According to the SPF guidelines, the mice were
maintained under pathogen-free conditions (at room temper-
ature with 40%-60% humidity). EML4-ALK mice were gener-
ated as previously reported.”

Magnetic resonance imaging

Mice were anesthetized with isoflurane delivered in 100% ox-
ygen. To minimize the motion effects, respiratory gating was
performed, and magnetic resonance signal was synchronized
with the respiratory cycles. The magnetic resonance imaging
(MRI) protocols were optimized at 9.4 Tesla 94120 (Bruker Bio-
spec, Billerica, MA, USA) to assess for pulmonary parenchy-
ma. An MRI was performed every week, and two independent
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operators interpreted the MRI scan images. Progressive dis-
ease was defined as >20% increase in tumor burden from
baseline. Partial response was defined as >30% decrease in
tumor burden from baseline. Tumor burden changes between
-30% to +20% were defined as stable disease. The overall sur-
vival was measured when the mice died or developed a mori-
bund condition.

Celllines

The CT26 (CRL-2638) murine colon carcinoma cell line was
purchased from the ATCC (Manassas, VA, USA). CT26 cells with
integrated Enhanced Green Fluorescent protein (EGFP) and
luciferase genes were established using the lentiviral vector
(LPP-HLUC-LV201-025, GeneCopoeia; Rockville, MD, USA).
The cells were cultured in a 75-cm? culture plate with RPMI 1640
(HyClone; Logan, UT, USA), and transfection was performed
when the cell density reached 30%-40% confluency. After 24
hours of culture, the culture medium was replaced with new
RPMI 1640 medium. Puromycin (2 pg/mL) was added for col-
ony selection. Transfection was assessed by conducting a
polymerase chain reaction (PCR) using an EGFP protein and
a luciferase targeting primer in an in vivo optical imaging sys-
tem (IVIS, PerkinElmer; Waltham, MA, USA). Mycoplasma was
tested for using a PCR-based detection kit (data not shown).
All experiments were performed within 20 passages. Carboxy-
fluorescein succinimidyl ester (CFSE) labeling of CT26 cells
was performed using the CellTrace CFSE Cell Proliferation Kit
(Thermo Fisher; Waltham, MA, USA), according to the manu-
facturer’s instructions. Briefly, the cells were stained with CFSE,
incubated at 37°C for 10 min, and then washed with a phos-
phate-buffered saline two times. In order to obtain the cell lysate,
the labeled cells were subjected to five freeze/thaw cycles. The
lysate was filtered using a 0.45-pm syringe filter and stored in a
deep freezer before use.

Chemicals

DMXAA (Vadimezan, CAS no. 117570-53-3) was purchased
from Selleck Chemicals (Houston, TX, USA). DMXAA was di-
luted with Hanks Balanced Salt Solution (HBSS) for in vivo ex-
periments. For in vitro experiments, DMXAA was diluted with
total media [10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin] and filtered using a 0.45-pm syringe filter.

Bone marrow macrophage and peritoneal
macrophage cultivation

Peritoneal macrophages (PMs) and bone marrow macrophages
(BMMs)' were harvested from BALB/c mice according to the
protocols that were described previously."” The purity of mac-
rophages was assessed by conducting a flow cytometry analy-
sis (BD Biosciences; San Jose, CA, USA) using the surface
marker F4/80. The 90%-pure macrophages were used for the ex
Vivo experiments.
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Flow cytometry assay

The macrophages were harvested in Flow Cytometry Staining
Buffer (FACS Buffer) (3% bovine serum albumin, 1 mM EDTA,
and 0.025% NaN3). The cells were initially blocked with anti-
mouse CD16/CD32 monoclonal antibodies (Fc-Blocker, Bio-
Legend; San Diego, CA, USA) for 10 min at 4°C and stained for
surface markers using PE-Cy5-labeled anti-mouse CD80 (clone
16-10A1, BioLegend), APC/Cy7-labeled anti-mouse CD86 (clone
GL-1, BioLegend), and PE-labeled anti-mouse H2 (clone M1/42,
BioLegend) and incubated in the dark for 30 min at 4°C. The
cells were washed, resuspended in 200 pL of FACS buffer, and
fixed with a 4% paraformaldehyde. The splenocytes, mesenteric
lymph node (MLN) cells, and axillary lymph node (LN) cells
were harvested in FACS buffer. The cells were initially blocked
with anti-mouse CD16/CD32 monoclonal antibodies (Fc-
Blocker, BioLegend) for 10 min at 4°C and stained for surface
markers using APC/Cy7-labeled anti-mouse CD3 (clone 17A2,
BioLegend), PE-labeled anti-mouse CD4 (clone GK1.5, BioLe-
gend), PE-Cy5-labeled anti-mouse CD8a (clone 53-6.7, BioLeg-
end), APC-labeled anti-mouse CD69 (clone H1.2F3, BioLeg-
end), PerCP/Cy 5.5-labeled anti-mouse CD44 (clone IM7,
BioLegend), FITC-labeled anti-mouse CD19 (clone 6D5, Bio-
Legend), and PE-labeled anti-mouse CD11c (clone N418, Bio-
Legend) and incubated in the dark for 30 min at 4°C. The cells
were washed, resuspended in 200 pL of FACS buffer, and fixed
with 4% paraformaldehyde. The data were acquired using a
BD LSRFortessa flow cytometer (Becton Dickinson; San Jose,
CA, USA) and analyzed using the Flow]Jo Software (Tree Star;
Ashland, OR, USA).

Immunohistochemistry

The numbers of tumor-infiltrating CD3* T cells were mea-
sured by immunohistochemistry (IHC). The fluorescence im-
age is a re-implemented mixed image of the 3, 3'-diaminoben-
zidine result obtained through a multispectral image analysis,
and the yellow (upper) and red (lower) colors indicate the CD3*
cells. All tumor tissue was analyzed, and 15 to 40 fields were an-
alyzed per sample. The results were calculated by quantifying
the number of total cells and the number of CD3* cells per mm?>.
The whole slide scan and cell segmentation were performed
in order to quantify the IHC results, and the degree of CD3-pos-
itive total T cell infiltration was measured using the Vectra Po-
laris and InForm software. IHC was performed on the automat-
ic staining machine, LEICA BOND RX. Digital images of IHC
slides were obtained using a whole slide scanner. Image de-
convolution was performed using the InForm software. The
slides were stained with CD3e (CD3-12, Cell Signaling Tech-
nology; Beverly, MA, USA) and F4/80 (D2S9R, Cell Signaling
Technology).

Enzyme-linked immunosorbent assay
To assess cytokine production, the culture medium-superna-

tant of PMs was collected. Bronchoalveolar lavage (BAL) fluid
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was harvested as previously described.'® The concentrations of
IFN- (cat no. # 439407, BioLegend) and IL-12p40 (Cat No. #
431604 BioLegend) were measured using an enzyme-linked
immunosorbent assay (ELISA) kit (BioLegend).

Enzyme-linked immune absorbent spot

The BALB/c mice were treated in three groups: control, DMX-
AA treatment group, and DMXAA and anti-IFN-} treatment
group. CT26 GFP/luciferase cells (5x10° cells) were injected into
the right thighs of mice in Groups 2 and 3 before drug treatment.
One week later, 1x10° CT26 GFP/luciferase-expressing cells
were injected into all groups intraperitoneally. Next, DMXAA
500 pg was administered to Groups 2 and 3 every 3 days, and
anti-IFN-B 600 pg (Leinco Technologies Inc.; St Louis, MO, USA)
was administered to Group 3 every 3 days. Antigen-specific T-
cell responses were measured via IFN-p enzyme-linked im-
mune absorbent spot (ELISpot). Briefly, ELISpot 96-well plates
(BD Biosciences) were coated with anti-mouse IFN-y capture
antibodies and incubated at 4°C overnight (BD Biosciences).
The next day, the plates were blocked for 2 hours with cell cul-
ture media containing 10% FBS and 1% penicillin-streptomy-
cin. Approximately 1x10° LN cells from the mice were added to
each well and stimulated with 500 pg CT26 GFP/luciferase an-
tigen for 24 hours at 37°C in 5% CO.. After 24 hours of stimula-
tion, the cells were washed with distilled water and incubated
for 2 hours at room temperature with biotinylated anti-mouse
IFN-y antibodies (BD Biosciences). The plates were washed,
and streptavidin-alkaline phosphatase was added (BD Biosci-
ences). Then, the plates were incubated for 2 hours at room
temperature. The plates were washed, and 3-amino-9-ethyl-
carbazole (Sigma; St. Louis, MO, USA) and N,N-dimethylfor-
mamide (Sigma) were added to each well. The plates were then
rinsed with distilled water and dried at room temperature for
24 hours. The spots detected on the ELISpot assay were counted
using an automated ELISpot reader (ELHRO3; Strasberg, Ger-
many).

Measurement of nitric oxide

The macrophages were incubated in 6-well plates for 24 hours.
The cells were treated with 50 pg/mL of DMXAA in a time-de-
pendent manner. The concentration of nitrite in the culture
supernatant was measured using the Griess reaction assay
technique: 100 pL of supernatant and 100 pL of Griess reagent
(Sigma) were mixed, followed by spectrophotometric mea-
surement at 540 nm after 15 min using a VersaMax Microplate
Reader (Molecular Devices; Union City, CA, USA). The nitrite
concentration was determined by comparing it with a stan-
dard curve of sodium nitrite (Sigma) in the medium.

Immunofluorescence staining

Macrophages (5x10* cells) were seeded directly in an 8-well
chamber slide (Lab-Tek; Waltham, MA, USA) and treated with
DMXAA in a time-dependent manner. The macrophages were
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then fixed with 4% paraformaldehyde overnight at 4°C. Immu-
nofluorescence staining was performed using the PerkinElmer
antibody diluent/Block kit protocol (PerkinElmer) according
to the manufacturer’s protocol. The cell nuclei were stained
with DAPI (cat no. #4083). The pIRF3 (cat no. #3033) and NF-xB
P65 (cat no. #8242) antibodies were purchased from Cell Sig-
naling Technology.

Real-time PCR

RNA was isolated from PMs using a total RNA isolation kit (Qia-
gen; Valencia, CA, USA), and cDNA was produced using an oli-
go-dT premix (Elpis Biotech; Daejeon, South Korea) and 1 pg
RNA according to the manufacturer’s protocol. Real-time RT-
PCR was performed in a final volume of 20 pL containing SYBR
Green PCR Master Mix (Enzynomics; Daejeon, South Korea),
poly-A cDNA as the PCR template, and 20 pM of primers. The
PCR reaction was performed on the QuantStudio 5 Real-Time
PCR System (Applied Biosystems; Foster City, CA, USA) using
the following cycling parameters: 60°C for 10 min, 95°C for 10
min, 60 cycles of 95°C for 15 sec, and 60°C for 40 sec, and a dis-
sociation stage of 95°C for 15 sec, 60°C for 1 min, 95°C for 15
sec, and 60°C for 15 sec. The primers were used to amplify a 100~
120-bp fragment that corresponds to the following gene targets:
IFN-f: 5'-CAG CTC CAA GAA AGG ACG AAC-3' (forward), 5'-
GGC AGT GTA ACT CTT CTG CAT-3' (reverse); CCL2: 5'-TTA
AAA ACC TGG ATC GGA ACC AA-3' (forward), 5'-GCA TTA
GCT TCA GAT TTA CGG GT-3' (reverse); CCL3: 5'-TTC TCT
GTA CCA TGA CAC TCT GC-3' (forward), 5'-CGT GGA ATC
TTC CGG CTG TAG-3' (reverse); CCL4: 5'-TTC CTG CTG TTT
CTC TTA CAC CT-3' (forward), 5'-CTG TCT GCC TCT TTT
GGT CAG-3' (reverse); CCL5: 5'-GCT GCT TTG CCT ACC TCT
CC-3' (forward), 5'-TCG AGT GAC AAA CAC GAC TGC-3' (re-
verse); CCL7: 5'-GCT GCT TTC AGC ATC CAA GTG-3' (for-
ward), 5'-CCA GGG ACA CCG ACT ACT G-3' (reverse);
CCL12: 5'-ATT TCC ACA CTT CTA TGC CTC CT-3' (forward),
5'-ATC CAG TAT GGT CCT GAA GAT CA-3' (reverse);
CXCL10: 5'-CCA AGT GCT GCC GTC ATT TTC-3' (forward),
5'-GGC TCG CAG GGA TGA TTT CAA-3' (reverse); and '-ac-
tin: 5-GGC TGT ATT CCC CTC CAT CG-3' (forward), 5'-CCA
GTT GGT AAC AAT GCC ATG T-3' (reverse).

T lymphocyte proliferation assay with 5-bromo-2'-
deoxyuridine assay

The control and 5-bromo-2'-deoxyuridine (BrdU) groups were
injected with 1.5 mg/mL (200 pL) of BrdU (BioLegend) intra-
peritoneally. After 15 hours, the control group was injected
with 1.2 mg/mL (200 pL) of BrdU and 200 of pL HBSS, while
the BrdU group was injected with 1.2 mg/mL (200 pL) of BrdU
intraperitoneally and 500 pg of DMXAA intramuscularly.
After 24 hours, the mice were sacrificed and the spleen, LNs,
and MLNs were collected. The cells were analyzed by flow cy-
tometry.

45



YMJ

Antigen presentation assay

The macrophages were incubated in 6-well plates for 24 hours.
The cells were treated with or without CFSE-labeled CT26 ly-
sate or treated with 50 pg/mL of DMXAA in a time-dependent
manner. Then, the cells were harvested and stained with FACS
antibodies.

Chemokine array

The supernatant was stored at -80°C until use. Chemokine ar-
ray analysis was performed according to the manufacturer’s
protocol (RayBiotech, Inc.; Norcross, GA, USA). Briefly, the
membranes were blocked with a blocking buffer for 30 min.
The supernatant was incubated with membranes coated with
96 anti-mouse chemokine antibody cocktails overnight. The
membranes were incubated with biotinylated detection anti-
bodies and a streptavidin-peroxidase conjugate overnight. Fi-
nally, the membranes were developed, and chemokine proteins
were quantitated using the Image Quant LAS4000 software (Fu-
jifilm; Tokyo, Japan), and the expression level of each chemo-
kine was analyzed using the Image]J software (NTH; Bethesda,
MD, USA).

Measurement of survival rate

The BALB/c mice were organized into three groups: control
group, DMXAA treatment group, DMXAA and anti-IFN-f3 treat-
ment group. The CT26 GFP/luciferase cells (5x10° cells) were
injected in the right thighs of mice in Groups 2 and 3. One week
later, 1x10° CT26 GFP/luciferase cells were injected intraperi-
toneally in all treatment groups. After that, 500 ug of DMXAA
was administered in Groups 2 and 3 every 3 days, while 600 pg
of anti-IFN- (Leinco Technologies Inc.) was administered in
Group 3 every 3 days. The mice were injected with 2 mg of en-
dotoxin-free luciferase substrate, luciferin (VivoGlo luciferin,
Promega; Madison, WI, USA), and scanned using an IVIS (Perki-
nElmer).

In vivo luciferase measurement

Using an IVIS, the luciferase activity was monitored in living
animals. The animals were injected intraperitoneally with lu-
ciferin (100 pL, 10 mg/mL). After 15 min, the animals were
placed in a dark chamber and exposed to isoflurane anesthe-
sia. The photon images were obtained, and the photon signal
was quantified using the Living Image software (PerkinElmer).

Statistical analysis

All data were analyzed for the mean and standard deviation.
Data analysis was performed using the Prism 6.0 software
(GraphPad Software, Inc.; San Diego, CA, USA), and significant
differences were evaluated using the paired-samples t-test and
one-way analysis of variance. A p-value of <0.05 was considered
statistically significant.
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RESULTS

DMXAA treatment reduced tumor growth in an
EML-ALK NSCLC mouse model

We generated an EML4-ALK transgenic mouse model to mimic
EML4-ALK-mediated skin metastasis as previously described."
Previous studies included transgenic mice with inducible ex-
pression of two common human EGFR mutants found in hu-
man lung cancer. Human EMI4-ALK fusion proteins are more
important in tumor proliferation and survival than in onco-
genic mutation in vivo. Our conditional model for this fusion
gene was used to evaluate the efficacy of ALK inhibitors and
to discover the mechanisms of acquired resistance. It was also
used to measure the proliferation of tumors that mimics hu-
man conditions after development of acquired resistance. In
particular, an in vivo model is very useful for exploring the best
treatment strategy utilizing a novel drug that failed to inhibit
the growth of ALK armamentarium.

We observed that neither anti-PD-1 nor anti-PD-L1 was effec-
tive in the EML4-ALK tumor model (Supplementary Fig. 1A,
only online), showing tumor progression within 4 weeks of
treatment. Skin metastasis eventually occurred. However, when
500 pg of DMXAA was intratumorally injected in the group with
a metastatic skin nodule, we observed a significant decrease in
the tumor size (Fig. 1A and Supplementary Fig. 1B, only online)
compared to that in the control group (n=4 per group).

To evaluate the local response to DMXAA, we dissected the
metastatic skin nodule in the control and DMXAA-treated
groups (Fig. 1B) and observed the control and DMXAA-treat-
ed sites for the presence of inflammation (Fig. 1C). The spleen
was also examined. The spleen from a tumor-bearing mouse
was bigger than that from the control. The spleen from a tumor-
bearing mouse treated with DMXAA was the same as or larger
than that from a tumor-bearing mouse with no treatment (Sup-
plementary Fig. 2, only online). Next, hematoxylin and eosin
(H&E) staining was performed, and DAPI staining and pIRF3
expression were observed under an immunofluorescence mi-
croscope. We observed a dense infiltration of immune cells on
HR&E staining, with overexpression of DMXAA and pIRF3 on
immunofluorescence microscopy (Fig. 1D and E). The DMX-
AA-treated skin exhibited a downstream signaling activation,
IRF-3 phosphorylation, and production of IFN-$ and other types
of cytokines. IFN-f is a subfamily of type 1 IFN. It is one of
main cytokines induced by the STING pathway, by either the
exogenous CDNs produced by bacterial infection or through
the binding of a structurally distinct endogenous CDN pro-
duced by a host cyclic GMP-AMP synthetase in response to
sensing cytosolic double-stranded DNA-like virus infection.'**
The levels of TNF-a, IFN-f, and STING expression were signifi-
cantly upregulated in DMXAA-treated tumors than in controls,
as shown on quantitative PCR assay (Fig. 1F).

In particular, the levels of TNF-o, IFN-, and STING were sig-
nificantly increased in the DMXAA-treated group than in the
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control group (*p<0.05). In addition, the level of IFN-o increased
in the DMXAA-treated group compared to the control group,
but this result was not significant. This finding suggests that
STING activation may induce a type 1 IFN-mediated immune
response.

DMXAA treatment induced strong antitumor immune
response in the EML4-ALK NSCLC mouse model

Previous results had shown that STING mediated the secretion
of cytokines. We aimed to investigate the changes in the lung
tumor microenvironment and determine whether these cyto-
kines are able to recruitimmune cells, which is induced by treat-
ment with DMXAA. We sacrificed the mice and collected the
tumor tissue for multiplex IHC of immune cells as described in
the Methods section. We observed an increase in the infiltra-
tion of CD3" T cells in the EML4-ALK tumor treated with DMX-
AA (Fig. 2A). Flow cytometry analyses of the infiltrated macro-
phages and T cells were performed, and the results showed
that DMXAA treatment induced the expression of M1 macro-
phage phenotype (F4/80*CD206°) (Fig. 2B) and CD3* T cells
(Fig. 2C) in tumors. The expression levels of M1 macrophages
and CD3" T cells were significantly increased in the DMXAA-
treated group than in the control group (*p<0.05); the expres-

EML4-ALK NSCLC
(primary tumor region)

YMJ

sion of M2 macrophages (F4/80*CD206") was also increased in
the DMXAA-treated group than in the control group. The gat-
ing strategy used to identify the macrophages and T cells in
the tumor tissues is described in Supplementary Fig. 3 (only
online). In addition, the IFN-y and IL-12p40 concentrations in
BAL fluid were analyzed by conducting an ELISA test, which
showed significant upregulation in the DMXAA-treated group
(Fig. 2D) (*p<0.05). Taken together, these results suggest that
STING stimulation induces the secretion of type 1 IFN and re-
sults in the recruitment of T cells and M1 macrophages in the
tumor.

Association between DMXAA-induced antitumor
immune response and IFN gene signatures

The recruitment of cytokines and immune cells were induced
by treatment with DMXAA in the EML4-ALK model (Figs. 1 and
2). The STING-mediated immune response is initiated by cy-
tosolic self-DNA or microbial DNA species recognized by Toll-
like receptors or RIG-1-like receptors.?* In the tumor microen-
vironment, the STING-triggered innate signaling is similar to
the host defense against pathogen invasion. The STING path-
way stimulates the release of innate immune cells that reside
in the skin, which then triggers an adaptive immune response.

EML4-ALK NSCLC
(metastatic tumor region)

Control Tumor + DMXAA

Skin-metastasis
(control)

EML4-ALK tumor
+DMXAA

H&E
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Fig. 1. DMXAA reduced tumor growth and induces strong antitumor response in EML-ALK NSCLC model. (A) MRI images of the primary tumor site of
the control and DMXAA (500 ug)-treated tumor-bearing mice. (B) Skin nodule in the EML4-ALK mice. White dotted line indicates the metastatic site,
while yellow dotted line indicates the DMXAA-treated region. (C) Skin inflammation observed in the control and DMXAA-treated sites. (D) H&E stain-
ing, (E) DAPI (upper) and pIFR3 expression (lower) images of normal skin (control) and DMXAA-treated site. (F) Expression levels of TNF-a, IFN-B,
IFN-0, and STING. The results are expressed as mean+SD. *p<0.05. TNF, tumor necrosis factor; IL, interleukin; IFN, interferon; STING, stimulator of in-

terferon genes; H&E, hematoxylin and eosin; qPCR, real-time PCR.
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We evaluated this mechanism using a syngeneic mouse model
of CT26 colon cancer, which is reported to be a non-immuno-
genic tumor.

To confirm whether the recruitment of macrophages occurs
after treatment with DMXAA (Fig. 2B), we performed a multi-
plex IHC analysis of the STING injection lesion using F4/80 and
CD3e antibodies, which are unique markers of murine macro-
phages and T cells. We found that the levels of F4/80* (**p<
0.01) and CD3* T cells (***p<0.001) were significantly upregu-
lated per unit field (Fig. 3A).

DMXAA treatment triggered the macrophages to produce
chemokines and cytokines in order to induce an innate immune
response and an adaptive immune response, such as T cell re-
cruitment. In order to pre-screen the expression of chemokines
and cytokines, the Gene Expression Omnibus (GEO) data set
(GSE7194) of DMXAA-treated PMs were obtained from the
NCBI database and analyzed using the Gene Set Enrichment
Analysis (GSEA) and Differentially Expressed Gene (DEG) meth-
ods. The IFN signaling was the major pathway in the DMXAA-
treated group (Supplementary Fig. 4, only online). The DMX-
AA-treated macrophages uniquely expressed CCL3, CCL4,
CCL5 CCL12, CXCL9, CCL2, CXCL11, CXCL10, and CCL7
transcripts compared to the control (Fig. 3B). The expression of
these chemokines could be correlated with the actual mRNA
and protein levels. To validate our findings, the total mRNA
from DMXAA-treated macrophages were extracted and ana-
lyzed using the qPCR method. The mRNA levels of CCL2, CCL3,
CCL4, CCL5, CCL7, CXCL10, and CCL12 were significantly
greater in the DMXAA-treated macrophages (Fig. 3C). These
results were strongly correlated with the results of the analysis
of the GEO data set. In addition, the following chemokines
from DMXAA-treated macrophages were expressed at higher
levels on the supernatant samples on the cytokine array: CCL2,
CCL3, CCL5, CCL12, CXCL16, and CCL12 (Fig. 3D). CCL2,
CCL5, and CCL12 were universally increased on the microar-
ray, qPCR, and protein array. Altogether, these data suggest that
DMXAA-induced chemokines may induce innate immune re-
sponses and DC recruitment.

DMXAA enhanced antigen presentation by activating
the co-stimulatory receptors and MHC pathway

As shown in Fig. 4C, the upregulation of CD80 and CD86 sur-
face proteins is important for binding the CD28 transmem-
brane domain of T cells, which could potentiate the antigen
presentation ability. We hypothesized that, based on previous
observations, stimulation of the STING pathway would also in-
crease the antigen presentation. As expected, after treatment
with DMXAA, the CD80 and CD86 levels in both peritoneal and
BMMS were increased compared to those in the control group
(Fig. 4A). In PMs, the CD86*CD80* value in the control group
was 16.4%, which was similar to that in the CT26 antigen-treat-
ed group (18.6%); by contrast, the group treated with a combi-
nation of CD26 antigen and DMXAA showed a CD86"CD80*

https://doi.org/10.3349/ym|.2022.63.1.42

YMJ

value of 58.9%. In BMMs, the CD86*CD80* value in the control
group was 9.8%, which was similar to that in the CT26 antigen-
treated group (8.4%); on the contrary, the group treated with a
combination of CD26 antigen and STING agonist showed a
CD86"CD80* value of 32.2%. The upregulated expression of
CD80 and CD86 occurred within 24 hours after DMXAA treat-
ment (Fig. 4B). Treatment with DMXAA stimulated the macro-
phages to produce chemokines and cytokines in order to induce
an innate immune response and trigger an adapt immune re-
sponse, such as T cell recruitment. In order to pre-screen the
chemokine and cytokine expression, the GEO data set (GSE7194)
of DMXAA-treated PMs were obtained from the NCBI database
and analyzed using the GSEA and DEG methods. IFN signal-
ing was the major pathway in DMXAA-treated group (Fig. 4C).

DMXAA treatment promoted tumor-reactive T cell
activation in vivo

To evaluate whether DMXAA could induce the expression of
tumor-reactive T cells by stimulating APCs in vivo, we injected
500 pg of DMXAA in the experimental mice and collected the
spleen, LN, and MLN after 24 hours. We aimed to investigate
whether the STING pathway was essential in the tumor-reac-
tive T cell activation. We used anti-IFN-f to inhibit the STING
pathway and examined the induction of tumor-reactive T cells.
The DMXAA group and DMXAA+anti-IFN-f8 group were inject-
ed with 5x10° CT26 GFP/luciferase cells in the right flanks. A
week later, the control, DMXAA, and DMXAA+anti-IFN-f3 (n=6)
mice were inoculated with 1x10° CT26 GFP/luciferase cells by
intraperitoneal injection. Then, they were administered either
an HBSS (control group) or 500 pg of DMXAA. The DMXAA+
anti-IFN-f group was injected additionally with 600 pg of anti-
IFN-f intraperitoneally every 3 days (Supplementary Fig. 5, only
online).

IFN-y ELISpot assay was performed in the collected lympho-
cytes from MLN to measure the antigen-specific T cells (Fig.
5A). Interestingly, the IFN-B-depleted group showed partially
abrogated tumor-specific T cells (Fig. 5B). The differences in
the results were verified using a dot plot graph. The levels of tu-
mor-specific T cells was significantly increased in the DMXAA-
treated group than in the control group (*p<0.05). Moreover,
the levels of tumor-specific T cells significantly increased in the
DMXAA+anti-IFN-f group compared to the control group (*p<
0.05). However, the levels of tumor-specific T cells significantly
decreased in the DMXAA-+anti-IFN-f group compared to the
DMXAA-treated group (Fig. 5C). Moreover, we confirmed that
BrdU is a proliferation marker and CD69 is an early activation
marker of T cells in the DMXAA-treated group and control
group. The proportion of BrdU-positive population was 49.6%
in the DMXAA-treated group, while that in the control group
was only 12.6%. In addition, the CD69-positive population
was 83.4% in DMXAA-treated group, while that in the control
group was only 30.6% (Fig. 5D). These data demonstrate that
the STING pathway is essential for activating the helper and
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cytotoxic T cells, especially the tumor-specific T cells, which DMXAA induced an abscopal effect in vivo
play an important role in eliminating tumors with IFN-f3. Type 1 IEN plays an important role in anticancer immune re-
sponse both locally and systemically. We observed that STING
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Fig. 5. DMXAA promotes strong T cell activation, especially tumor-reactive T cells, in vivo. (A and B) The DMXAA and DMXAA+anti-IFN-B groups of
BALB/c mice were inoculated with 5x10° CT26 GFP/luciferase cells in the right flank (n=6). One week later, the control (vehicle treated group), DMXAA,
and DMXAA+anti-IFN-3 groups were injected with 1x10° CT26 GFP/luciferase cells intraperitoneally. They received an intratumoral injection of either an
HBSS or 500 pg of DMXAA or an intraperitoneal injection of 600 pg of anti-IFN-B every 3 days. The frequency of tumor-specific IFN-y producing T cells
was assessed by ELISpot. (C) The cells were analyzed using Imaged software and visualized using Prism 9. (D) Memory T cell populations were analyzed
with BrdU and CD69. The results are expressed as meanxSD. *p<0.05. IFN, interferon; HBSS, Hanks Balanced Salt Solution; ELISpot, enzyme-linked im-
mune absorbent spot.
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stimulation activates the expression of adaptive immune cells.

Tumor-specific T cells were attracted by type I IFN cyto-
kines in the primary and metastatic sites. We hypothesized
that this activation occurs systemically and is able to preserve
the abscopal site of metastasis.? To confirm the role of type 1
IFN, the experimental mice were organized into three groups
(control, DMXAA, and DMXAA+anti-IEN-f groups). The indi-
vidual mice were injected with 5x10° CT26 GFP/luciferase cells
into the right flanks. A week later, the control (n=6), DMXAA,
and DMXAA+anti-IFN-f groups (n=10) were inoculated with
1x10° CT26 GFP/luciferase cells intraperitoneally.

The mice were intratumorally injected with an HBSS (con-
trol group) or 500 pg of DMXAA (DMXAA and DMXAA-+anti-
IFN-fB groups), while anti-IFN- was administered in the
DMXAA-+anti-IFN-f group. Secondary tumor growth was mea-
sured using an IVIS (Fig. 6A). DMXAA treatment resulted in
the suppression of tumor growth in the abdominal cavity of
the DMXAA-treated group at day 3. However, the injection of
neutralizing IFN-$ modestly reduced the antitumor effects of
DMXAA at day 3. Western blot analysis was performed using
the CT26 cells to confirm the expression of IFN-f. The CT26
cells were treated with 50 pg/mL of DMXAA and measured at
each indicated time point, as shown in Supplementary Fig. 6
(only online). The expression of pIRF3 did not increase until
30 min after DMXAA treatment, but it eventually increased 60
min after DMXAA treatment. Therefore, in order to measure
the expression levels of IFN-3 based on the expression of phos-
phorylated IRF3, we treated PM and CT26 cells with 50 pg/mL
of DMXAA in a time-dependent manner. ELISA was performed

A DMXAA B
Vehicle DMXAA +anti-IFN-B

ROI (p/s/cm2/sr)

D+28 after treatment

1500000 1

1000000 1

500000 A

YMJ

using the supernatant. Our results showed that the expression
levels of IFN-f significantly increased in PMs for 6 hours, but
it eventually decreased thereafter. In contrast, IFN-B was not
expressed in the CT26 cells. This finding suggested that the
IFN- is secreted by PMs and not by tumors (Supplementary
Fig. 6, only online).

After 28 days of drug treatment, the DMXAA-treated group
showed absence of tumor in the abdomen (Fig. 6A). The quan-
titative analyses results are shown in Fig. 6B; DMXAA treatment
resulted in a profound tumor remission, whereas DMXAA+anti-
IFN-B treatment did not result in the profound inhibition of tu-
mors. The ROI of the DMXAA-treated group was significantly
lower than that of the control and DMXAA+anti-IFN-f3 groups
(*p<0.05) (Fig. 6B). Taken together, treatment with DMXAA can
induce an antitumor effect by promoting an abscopal effect,
while treatment with anti-IFN-f partially suppresses the anti-
tumor effects of DMXAA.

DISCUSSION

We observed that the innate immune responses were activat-
ed after treatment with the STING agonist, DMXAA. The quick
innate immune responses were initiated within 1 hour via the
translocation of pIRF3 and pp63 into the nucleus of the mac-
rophages. The innate genes were recovered within 12 hours.
The swift responses reinforced the presentation of antigens.
Macrophage is a major APC found in the skin. Our results
showed the enhancement of antigen presentation after treat-

Vehicle

DMXAA DMXAA

+anti-IFN-B

Fig. 6. IFN-B played an important role in the DMXAA-induced antitumor response in vivo. The DMXAA and DMXAA+anti-IFN- groups of BALB/c mice
were inoculated with 5x10° CT26 GFP/luciferase cells in the right flank (n=10). One week later, the control (vehicle treated group), DMXAA, and DMXAA+
anti-IFN-B groups were injected with 1x10° CT26 GFP/luciferase cells intraperitoneally. They received an intratumoral injection of HBSS or 500 pg of
DMXAA or an intraperitoneal injection of 600 pg of anti-IFN-B every 3 days. (A) In vivo imaging of CT26 GFP/luciferase tumor in BALB/c mice at day 3 after
drug treatment. (B) Region of interest of panel A. The results are expressed as mean+SD. *p<0.05. IFN, interferon; HBSS, Hanks Balanced Salt Solution.
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ment with DMXAA. Cancer cells primarily contain neoanti-
gens, but their levels are not sufficient to stimulate the antigen
presentation due to the decreased immune potential. The tran-
sient treatment of STING agonist on macrophages increased the
expression of CD80 and CD86. In addition, type 1 IFNs induced
the activation and development of DCs. CD14" monocytes cir-
culating in the blood developed into mature DCs after treat-
ment with type 1 IFNs. The mature DC highly expresses class 1
MHC molecules as well as CD40, CD80, and CD86.% The type 1
IFNs enhance antigen recognition and engraftment.” The pro-
duction of tumor-targeting T cells was increased in the DMXAA+
CT26 antigen-treated group.

The anticancer effect can be due to the connections between
the initiation of innate immune responses with type 1 IFNs
and the induction of antigen presentation of APC. The DMX-
AA-treated macrophages express chemokines and cytokines
and were previously used in the microarray assay. The GEO
data set was re-analyzed using GSEA and DEG. The gene set
was upregulated in the IFN-related pathways [Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) and Reactome]. Among
them, the levels of chemokines were markedly increased (log-
FC >2, p<0.05). The in silico data were analyzed by mRNA and
cytokine array. As predicted, the chemokines with the highest
expression levels were CCL5 (RANTES), CCL2 (MCP1), and
CCL12 (MCP5). The expression of CCL5 and CCL2 promoted
the migration of mature or immature DCs in a dose-dependent
manner.”* The murine DCs expresses Ccr2 (ligands: CCL2,
CCLS5, and CCL12) and Ccr]1 (ligand: CCL5).* The migration of
DC could be related to the expression of the three chemokines.
In this article, we defined the DC recruitment and activation of
antigen presentation. These reactions correlated with T cell
activation and memory Th1 cell proliferation. The increase in
and activation of T cells were induced by the production of tu-
mor-killing T cells.

These results could explain the anticancer effect with ab-
scopal treatment. Our results showed a wide range of involve-
ment in the cancer-immune cycle. The cancer-immune cycle
was initially described by Chen and Mellman,® Iwasaki, et al.”®
The cycle involves cancer characterization, expression of neo-
antigens and MHC class-antigen binding, and T cell events
with cancer killing. The cancer-immune cycle is beneficial in
understanding the immuno-oncology drug treatment. All sev-
en steps are important for cancer eradication. PD-1, PD-L1,
and CTLA4 are well-known targets of cancer treatment. The
tumor-infiltrating T cells are generally abundant. However, the
induction of innate immune responses via the STING pathway
is widely involved in antigen presentation as well as T cell acti-
vation and proliferation. Our data showed the connection be-
tween innate immune responses and adaptive immune re-
sponses for cancer therapy.

Taken together, our results suggest the abscopal effect of
DMXAA treatment in peritoneal metastatic colon cancer. The
effect of STING agonist was widely elaborated in the cancer-im-
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mune cycle: antigen presentation, T cell activation, and memory
Th1 cell proliferation. An important type 1 IFN-f was partially
involved in the improvement of antigen presentation and anti-
cancer effect. This suggests that the other immune elements
play similar roles as that of IFN-f. However, significant barri-
ers to the STING pathway were observed, which have been ad-
dressed in recent clinical studies. DMXAA was administered
intratumorally. This limits the use of DMXAA to accessible tu-
mors. In addition, the effect of systemic administration of STING
agonists remains unknown, as the overactivation of STING is
associated with a wide range of autoimmune conditions. In or-
der to overcome the limitations of the STING agonist, further
studies should be conducted to elucidate the unexplained
mechanism of the STING pathway and to enhance the tumor-
specific immune response.
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