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DNA-Containing Exosomes Derived from Cancer Cells
Treated with Topotecan Activate a STING-Dependent
Pathway and Reinforce Antitumor Immunity

Yuichi Kitai,*" Takumi Kawasaki,” Takuya Sueyoshi,” Kouji Kobiyama,

8,1

Ken J. Ishii,*ﬁ’§ Jian Zou,’l’" Shizuo Akira,ﬂ’" Tadashi Matsuda,* and Taro Kawai’

Danger-associated molecular patterns derived from damaged or dying cells elicit inflammation and potentiate antitumor immune
responses. In this article, we show that treatment of breast cancer cells with the antitumor agent topotecan (TPT), an inhibitor of
topoisomerase I, induces danger-associated molecular pattern secretion that triggers dendritic cell (DC) activation and cytokine
production. TPT administration inhibits tumor growth in tumor-bearing mice, which is accompanied by infiltration of activated
DCs and CD8" T cells. These effects are abrogated in mice lacking STING, an essential molecule in cytosolic DNA-mediated
innate immune responses. Furthermore, TPT-treated cancer cells release exosomes that contain DNA that activate DCs via STING
signaling. These findings suggest that a STING-dependent pathway drives antitumor immunity by responding to tumor cell-
derived DNA. The Journal of Immunology, 2017, 198: 1649-1659.

nnate immunity is the first line of host defense against
pathogen infection and involves the recognition of conserved
molecular structures called pathogen-associated molecular
patterns (PAMPs) by pattern-recognition receptors (PRRs), such as
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TLRs, RIG-I-like receptors (RLRs), DNA sensors, Nod-like re-
ceptors, and C-type lectin receptors (1). Signaling through PRRs
results in the induction of inflammatory responses that are re-
quired for the initial elimination of pathogens and activation of
pathogen-specific adaptive immunity. In addition to their function
as PAMP receptors, recent studies revealed that PRRs respond to
endogenous alarmin or danger-associated molecular patterns
(DAMPs) that are released by dying, damaged, or infected cells;
these include extracellular ATP, extracellular matrix, heat shock
proteins, S100 proteins, nucleic acids (genomic DNA, mitochon-
drial DNA, small RNA, mRNA, RNPs), nuclear chromatin-
binding proteins (HMGB]1, histones), mitochondrial reactive
oxygen species, and uric acid (2-6). These DAMPs trigger in-
flammation and tissue repair but are also involved in chronic in-
flammatory diseases and autoimmunity.

DAMPs play important roles in shaping adaptive immune re-
sponses through the activation of innate immune cells, such as
dendritic cells (DCs) and macrophages. It was shown that HMGB1
released from viral RNA-stimulated cells promotes the activation
of DCs and contributes to enhanced Th1 responses (7). Moreover,
DAMPs trigger antitumor immunity. HMGB1 and HSP90 are
secreted by dying cancer cells after treatment with the anti-cancer
drug doxorubicin and activate TLR4-MyD88 signaling pathways
(8, 9). Simultaneously, dying cell-derived ATP activates the
NLRP3 inflammasome (5). These responses induce the expression
and maturation of IL-1B, which mediates recruitment of various
immune cells to the tumors and shapes the immune response to
tumors. Moreover, it was shown that radiation triggers the death of
tumor cells and the production of oxidized DNA, which activates
DCs via the STING-dependent signaling pathway (10). STING is
an essential signaling molecule for the production of cytokines
and type I IFNs in response to pathogen-derived DNA and is
activated by its ligand, cyclic GMP-AMP (cGAMP). cGAMP is
synthesized from GTP and ATP by cyclic GMP-AMP synthase
(cGAS) following its association with pathogenic DNA, and the
cGAS-STING axis activates the transcription factors NF-kB and
IRF3 to induce the expression of inflammatory cytokines and
type I IFNs, respectively (11). STING-deficient mice exhibit
augmented tumor growth due to the attenuation of antitumor T cell
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activation during radiation treatment (12, 13). Moreover, intra-
tumoral administration of cGAMP inhibits tumor growth in a
murine melanoma model (14). Therefore, DAMPs are therapeu-
tically important molecules that act as adjuvants to induce effec-
tive immune responses to infectious agents and tumors.

In this study, we screened various antitumor agents for their
ability to modulate antitumor immune responses and found that
topotecan (TPT) could trigger the secretion of DAMPs, which are
responsible for activation of DCs, from cancer cell lines. TPT is a
camptothecin analog that inhibits topoisomerase I and induces cell
death of proliferating tumor cells by triggering DNA double-strand
breaks and DNA damage responses; it is used as a second line of
chemotherapy against ovarian and small cell lung cancer (15). TPT
inhibited tumor growth by promoting DC maturation and CD8"
T cell activation in tumor-bearing mice. Notably, the antitumor
effects of TPT decreased in Sting®”%’ mice, which have a loss-
of-function mutation at the ligand-binding site of STING (16).
TPT treatment triggered the secretion of exosomes containing
immunostimulatory DNA, which were taken up by DCs and
activated a STING-dependent pathway. Thus, these findings
suggest that cancer cell DNA released by TPT treatment has the
potential to act as an adjuvant that elicits STING-dependent
antitumor immunity.

Materials and Methods

Animals

All animals were kept under specific pathogen—free conditions. Wild-type
(WT) C57BL/6 mice were purchased from CLEA Japan (Osaka, Japan).
MyD88-knockout (KO), TRIF-KO, TLR2-KO, TLR4-KO, and IPS-1-KO
mice were prepared as described previously (17-21). IRF3-KO mice were
purchased from the RIKEN BioResource Center (22). Sting®/#' mice were
purchased from the Jackson Laboratory (Bar Harbor, ME) (16). These mice
were backcrossed onto a C57BL/6 background for more than eight gener-
ations. All animal experiments were performed with the approval of the
Animal Research Committee of Nara Institute of Science and Technology.

Reagents and cells

LPS and polyinosinic-polycytidylic acid (polyl:C) were purchased from
InvivoGen. Antitumor drugs and murine rIFN-B were purchased from
Sigma. Nec-1 was purchased from Cayman Chemical. GSK’872 was
purchased from Calbiochem. Z-VAD was purchased from MBL. Nigericin
was purchased from WAKO. Sense and anti-sense IFN stimulatory DNA
(ISD) sequences were synthesized (Grainer Japan) and annealed (sense; 5'-
TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3').
polyl:C and ISD were mixed with Lipofectamine 2000 (Thermo Fisher
Scientific) at a 2:1 ratio (pg:pl) in Opti-MEM (Thermo Fisher Scientific)
for stimulation. EQ771 cells were purchased from CH3 BioSystems and
cultured in DMEM (Nacalai Tesque) supplemented with 10% FBS (Life
Technologies) and 0.05 mM 2-ME (Nacalai Tesque) at 37°C in a humid-
ified 5% CO,/95% air atmosphere. GM-CSF—induced DCs (GM-DCs)
were prepared by culturing bone marrow cells from femurs and tibias of
C57BL/6] mice (female, 8 wk) in RPMI 1640 (Nacalai Tesque) containing
10% FBS, 10 ng/ml GM-CSF, 0.05 mM 2-ME, and penicillin/streptomycin
(Nacalai Tesque) for 7 d.

ELISA

E0771 cells (2.0 X 10° cells per well) were seeded on 96-well plates
and treated with antitumor drugs at the indicated concentrations for 72 h at
37°C. After centrifugation, 2.0 X 10%50 wl GM-DCs or 2.0 X 10%/50 pl
mouse embryonic fibroblasts (MEFs) were cultured with 200 wl of the
supernatant (conditioned medium; CM) for 48 h, and IL-6 and CXCL10
production was measured by ELISA, according to the manufacturer’s in-
structions (R&D Systems).

Apoptosis assay

E0771 cells (1.0 X 10° cells per well) were seeded on six-well plates and
treated with 5 pwg/ml TPT for 72 h, and the cells were washed with 10 mM
HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl, and stained with APC
Annexin V (BD Biosciences) and 1 pg/ml propidium iodide (PI) (Sigma).
Stained cells were analyzed with a BD Accuri (BD Biosciences).
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MTT assay

E0771 cells (3.0 X 10 cells per well) were seeded on 96-well plates and
treated with TPT at the indicated concentrations for 72 h, after which cell
viability was measured using an MTT Cell Proliferation and Cytotoxicity
Assay Kit (BosterBio), according to the manufacturer’s instructions.

Immunoblotting

GM-DCs (5.0 X 10° cells per 125 pl) were cultured with 500 pl of CM
from EQ771 cells treated with 5 pg/ml of TPT for the indicated times. The
cells were lysed in 50 mM Tris-HCI (pH 8), 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 0.1% SDS. The samples were
separated by SDS-PAGE and immunoblotted with anti-IRF3 (D83B9),
anti—phospho-IRF3 (Ser’®®, 4D4G), anti—-NF-«kB p65 (D14E12), anti—
phospho-NF-kB p65 (Ser536, 93H1), anti-p38 MAPK, anti—phospho-
p38 MAPK (Thr'®/Tyr'®?), anti-ERK1/2, anti—phospho-ERK1/2
(Thr?*%/Tyr?*%), anti-JNK, anti—phospho-JNK (Thr'®%/Tyr'®3; all from
Cell Signaling Technolog”, anti-STAT1 (E-23; Santa Cruz Biotechnology),
anti—phospho-STAT1 (Ser’”’; Cell Signaling Technology), or anti—caspase-1
Ab (M-20; Santa Cruz Biotechnology).

Quantitative PCR

GM-DCs (2.0 X 10° cells per 500 pl) were cultured with 2 ml of CM from
E0771 cells treated with 5 pg/ml TPT for 48 h, and total RNA was isolated
using TRIzol Reagent (Invitrogen), according to the manufacturer’s in-
structions. cDNA was synthesized from the isolated RNA using ReverTra
Ace (TOYOBO) with random hexamer primers, according to the manu-
facturer’s instructions. Semiquantitative analysis of mRNA levels was
performed with a LightCycler 96 System (Roche). Primer sets for quan-
titative PCR (qPCR) analysis are listed in Supplemental Table I.

Microarray

Total RNA was isolated as for gPCR, and sample cDNA was synthesized and
biotinylated using the Ovation RNA Amplification System V2 and Encore
Biotin Module (both from NuGEN), according to the manufacturer’s in-
structions. The sample cDNA was hybridized with a GeneChip Mouse
Gene 2.0 ST Array (Affymetrix) using an Affymetrix Fluidics Station 450,
and the arrays were scanned with a GeneChip Scanner GCS2500 (Hewlett-
Packard). Gene expression profiles were analyzed with MASS5.0 (Micro-
array Suite version 5.0; Affymetrix). Microarray data presented in this
article have been submitted to GEO under accession number GSE90042
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE90042).

In vivo tumor progression

EO0771 cells (3.0 X 10° cells) were injected into the right flank of C57BL/6
mice (female, 8 wk old). After the tumor volume reached 100 mm? , mice
were treated with 20 mg/kg TPT (i.p.) every 3 d, and the tumor diameter
was measured with a caliper. Tumor volume was calculated using the
following formula: volume = 0.52 X (width)> X length.

FACS of tumor-infiltrating cells

An E0771 tumor was established as above, and 40 pl of 1 mg/ml TPT was
injected into the tumor after it reached 500 mm~. The tumor was dis-
sected 4 d after TPT treatment and dispersed in 3 ml of RPMI 1640
containing 5% FBS, 2 mg/ml Dispase II (Sigma), 0.4 Wiinsch unit/ml
Liberase TL (Roche), and 1 U/ml DNase I (Promega) for 45 min at 37°C
with shaking; subsequently, the cells were treated with 5 mM EDTA for
5 min. After tissue debris was eliminated with a 100-wm cell strainer, the
cells were suspended in PBS containing 1% BSA (Sigma) and 2 mM
EDTA and incubated with Mouse Fc Block (BD Biosciences) for 30 min
on ice. Next, the cells were stained with the following Abs for 30 min on
ice: anti-CD45 (HI30; BD Biosciences), anti-Ly-6G (1A8; BD Biosci-
ences), anti-F4/80 (BM8; BioLegend), anti-CD3 (17A2; Tonbo Biosci-
ences), anti-CD4 (GK1.5; Tonbo Biosciences), anti-CD8b (H35-17.2;
BD Biosciences), anti-NK1.1 (PK136; BioLegend), anti-CD11c (N418;
BioLegend), anti-I-A/I-E (2G9; BD), and anti-CD69 (FN50; BioLegend).
After washing twice, the cells were stained with 250 ng/ml 7-amino-
actinomycin D for 10 min and then analyzed and sorted with a BD
FACSAria II.

In vitro DC activation

GM-DCs (2.0 X 10° cells per 500 pl) were cultured with 2 ml of CM from
E0771 cells treated with 5 pg/ml TPT for 48 h, blocked as above, and
stained with anti—I-A/I-E Ab and anti-CD86 Ab (GL-1; BD Biosciences).
Stained cells were analyzed with a BD FACSAria II.
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T cell staining in tumor sections

After TPT injection into an E0771 tumor, the harvested tumor was
embedded in OCT compound and frozen with liquid nitrogen; 6-pm
sections were prepared with a cryostat (CM3050S; Leica). The sections
were fixed with 3% paraformaldehyde/PBS for 15 min at room tem-
perature (RT) and then blocked with PBS containing 5% goat serum, 5%
FBS, and 0.1% Nonidet P-40 for 30 min at RT. The samples were stained
with anti-CD3{ Ab (X200 dilution, FL163; Santa Cruz) for 1 h at RT and
then stained with anti-rabbit IgG—Alexa Fluor 568 (X500 dilution,
A11004; Thermo Fisher Scientific) and 0.5 wg/ml Hoechst 33342
(Sigma) for 30 min at RT. Stained samples were observed with a con-
focal microscope (FV10i; Olympus).

Knockdown

Knockdown of ¢cGAS was performed using short hairpin RNA (shRNA)-
expressing retroviral vectors, as described previously (23). shRNA sequences
were indicated as described below; scramble shRNA, 5'-GTAAGGCTAT-
GAAGAGATACTTCAAGAGAGTATCTCTTCATAGCCTTAC-3"; cGAS
shRNA#1, 5'-GGATTGAGCTACAAGAATATTCAAGAGATATTCTTG-
TAGCTCAATCC-3’; and cGAS shRNA#2, 5'-GCTGTAACACTTC-
TTATCATTCAAGAGATGATAAGAAGTGTTACAGC-3'".

Exosome purification

To remove exosomes from FBS, FBS was ultracentrifuged for 70 min at
100,000 X g using an SW 41 Ti Rotor (Beckman Coulter). EO771 cells
were grown in DMEM containing 10% exosome-depleted FBS, and 9.0 X
107 E0771 cells were seeded on three 150-mm dishes and treated with
5 pwg/ml TPT for 72 h at 37°C. To remove the cells and their debris, the CM
was centrifuged at 500 X g for 10 min, and the supernatant was further
centrifuged at 12,000 X g for 20 min. The resulting supernatant was fil-
tered through a 0.22-wm filter, and the exosomes were recovered by ul-
tracentrifugation at 100,000 X g for 70 min using an SW 41 Ti Rotor.
After washing the pellet with PBS, the sample was further ultracentrifuged
as above. The resulting pellet was suspended in PBS, and 40 pg of the
exosomal protein was separated by SDS-PAGE. CD63, Alix, and GM130
were detected in the sample by immunoblotting using anti-CD63 (X500
dilution, H-193; Santa Cruz Biotechnology), anti-Alix (X1000 dilution,
3A9; Cell Signaling Technology), and anti-GM130 Ab (X1000 dilution,
35/GM130; BD Biosciences).

DNA purification from CM

CM from TPT-treated E0771 cells was prepared as above, and protein in the
CM was removed by phenol/chloroform extraction. The sample was treated
with 5 pg/ml RNase A for 1 h at 37°C, and the DNA was purified by
phenol/chloroform extraction. Purified DNA was stained with SYBR Gold
(Thermo Fisher Scientific) following agarose gel electrophoresis and vi-
sualized with a UV transilluminator (MID-170; AS ONE).

Immunofluorescence

Stable STING-expressing MEFs were prepared using pMRX-STING-
EGFP-ires—bsr and Plat-E cells, as described previously (24). STING-
expressing MEFs were cultured on a cover slip and stimulated with
1 pg/ml ISD for 2 h or with CM from TPT-treated EQ771 cells for 4 h. The
cells were fixed with 3% paraformaldehyde and stained with anti-GM130
Ab (X300 dilution, 35/GM130; BD). After washing with PBS, the cells
were stained with anti-mouse IgG—Alexa Fluor 568 (X2000 dilution)
and 0.5 pg/ml Hoechst 33342 and observed as above. Plat-E cells and
pMRX-ires—bsr were kind gifts from Dr. T. Kitamura (Tokyo University)
and Dr. S. Yamaoka (Tokyo Medical and Dental University).

Results
TPT-treated E0771 cells release DAMPs that induce IL-6
production by DCs

We developed a screening system to examine whether antitumor
drugs have an impact on DC activation via release of DAMPs. We
treated the murine breast cancer cell line EQ771 with a variety of
antitumor drugs (Fig. 1B), transferred the culture supernatants
(CM) to murine bone marrow—derived GM-DCs, and measured
levels of the inflammatory cytokine IL-6 by ELISA (Fig. 1A). IL-6
production was markedly induced in the supernatant of GM-DCs
cultured with CM that had been treated with TPT, an inhibitor of
topoisomerase I (Fig. 1B). As reported previously, CM from cells
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treated with DMXAA and vinblastine was also capable of in-
ducing IL-6 production, although the levels were lower compared
with CM from cells treated with TPT (25, 26). Next, we examined
whether TPT directly induces IL-6 production by E0771 cells or
GM-DCs. IL-6 was secreted by GM-DCs in the presence of CM
from E0771 cells treated with TPT but not when GM-DCs or
EO0771 cells were exposed to TPT (Fig. 1C), suggesting that CM
from TPT-treated EO771 cells contains agonists that cause DCs to
produce IL-6. IL-6 was also found in the supernatant of GM-DCs
cultured with CM of six other TPT-treated cancer cell lines: HeLLa
(human cervix adenocarcinoma), A549 (human lung epithelial
cells), MCF7 (human breast adenocarcinoma), B16-F10 (murine
skin melanoma), LLC (murine Lewis lung carcinoma), and EL4
(murine lymphoma) (Fig. 1D). Furthermore, innate immune cells,
including FlIt3 ligand—induced DCs, peritoneal macrophages, and
M-CSF-induced macrophages, also produced IL-6 in the presence
of CM from TPT-treated EO771 cells (Fig. 1E). In addition to
IL-6, GM-DCs cultured with CM from TPT-treated E0771 cells
produced IFN-$ and CXCL10 but not IL-13, IL-18, TNF-a, or
IL-33 (Fig. 1F).

Because TPT is known to induce cell death in various cancer
cells, we evaluated cell death after TPT treatment by staining cells
with annexin V and PI. TPT treatment increased the populations of
Annexin V¥ PI” and Annexin V' PI* E0771 cells (Fig. 1G).
Furthermore, TPT treatment resulted in growth arrest of EO771
cells, as determined by MTT assay (Fig. 1H). In contrast, TPT did
not affect the viability of DCs (data not shown), suggesting that it
promotes cell death of proliferating tumor cells.

DC activation by TPT-treated EO771 cells

Next, we performed a microarray analysis to compare the gene
expression profile in GM-DCs cultured with CM from untreated
and TPT-treated E0771 cells (Fig. 2A). Genes encoding cytokines
(116 and Ifnbl), chemokines (Cxcl9), and T cell-costimulatory
molecules (Tnfsfl0 and Tnfsf9) were upregulated in GM-DCs
cultured with TPT-treated CM relative to control CM (Fig. 2B).
Expression of mRNA for chemokines (Cxcl9, Cxcll1, and Cxcl10)
and T cell—costimulatory molecules (4-1bbl, Light, Cd30l, CdS80,
and Cd86) was also upregulated, but the expression of T cell-
inhibitory molecules (B7-hl and B7-dc) was not (Fig. 2C, 2D). In
addition, surface expression of the activation markers CD86 and
I-A/I-E was upregulated on GM-DCs cultured with CM from TPT-
treated EO771 cells (Fig. 2E).

We next examined the activation of signaling molecules in
response to CM. Stimulation of GM-DCs for 2 h with CM from
TPT-treated E0771 cells resulted in phosphorylation of p65
(a component of NF-kB), IRF3, and STAT1 (Fig. 2F, 2G,
Supplemental Fig. 1A). Phosphorylation of the MAPKs ERK1/2,
p38, and JNK also increased within 15 min after stimulation (Fig.
2H). Although ERK1/2 phosphorylation was comparable in CM-
and LPS-stimulated conditions, p38 and JNK phosphorylation was
weaker in CM-stimulated cells than in LPS-stimulated cells (Fig.
2H). Taken together, these findings suggest that DC activation is
induced by CM from TPT-treated E0771 cells through the acti-
vation of NF-kB, IRF3, and MAPKs.

TPT triggers antitumor immune responses

We evaluated whether TPT enhances antitumor immune responses
in vivo. To this end, we injected EO771 cells into C57BL/6 mice to
develop tumors before administration of TPT. The tumor volume of
TPT-treated mice was lower than that of untreated mice (Fig. 3A,
3B). We then analyzed populations of immune cells infiltrated into
tumors by FACS, and found that the ratios of CD3* T cells, CD8"
T cells, neutrophils (Ly-6G* F4/80 ), and DCs (I-A/I-E* CD11c")
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FIGURE 1. TPT induces DAMP secretion from tumor cells. (A) Schematic representation of the screening for antitumor drugs that induce DAMP

secretion. (B) EO771 cells were treated with 10 uM antitumor drugs for 3 d, after which GM-DCs were cultured with CM from E0771 cells for 48 h. IL-6
production by GM-DCs was determined by ELISA. (C) GM-DCs and E0771 cells were cultured with 5 wg/ml TPT or CM from TPT-treated E0771 cells for
48 h, and IL-6 production by cells was measured by ELISA. (D) Tumor cell lines were treated with 5 wg/ml TPT for 3 d, and IL-6 production from GM-
DCs was measured as in (C). (E) Cells were cultured with CM from TPT-treated E0771 cells for 48 h, and their IL-6 production was determined by ELISA.
(F) GM-DCs were cultured as in (C), and their cytokine production was determined by ELISA. (G) E0771 cells were treated with 5 pg/ml TPT for 72 h and
then stained with annexin V and PI. Stained cells were analyzed by FACS. (H) EO771 cells were treated with 0.01, 0.1, 1, or 10 wM TPT for 72 h and then
cultured with MTT reagents for 2 h. The absorbance at 570 nm was measured. n = 3; mean values and SEs are depicted. *p < 0.05, **p < 0.01, paired

Student ¢ test.

were significantly higher in TPT-injected mice than in PBS-
injected mice (Fig. 3C, 3D). In contrast, the ratio of infiltrated
macrophages (F4/80% Ly-6G™) was comparable between PBS-
and TPT-injected mice (Fig. 3C, 3D). Increased infiltration of NK
cells (NKI1.1* CD37) and NKT cells (NKI1.1* CD3*) was not
found in TPT-treated mice (Fig. 3C, 3D). Furthermore, immuno-
staining with anti-CD3{ Ab demonstrated infiltration of CD3{*
cells into tumors (Fig. 3E). We next examined whether infiltrated
T cells and DCs are activated. Expression of Ifing in CD3* CD8*
cells and of Cd86 in CD11c" cells was higher in TPT-treated
mice than in PBS-injected mice (Fig. 3F, 3G). Collectively,
these findings suggest that TPT has the capacity to drive anti-
tumor immunity by recruiting and activating CD8" T cells and
CDl11c" DCs.

STING is involved in cytokine induction

To understand the molecular mechanisms underlying DC activation
by CM from TPT-treated E0771 cells, we used mice deficient for
individual PRRs or their signaling molecules. Initially, we eval-
uated the contributions of TLRs using TLR2 and TLR4 double-KO
(DKO) and MyD88 and TRIF-DKO mice. MyD88 and TRIF are
adapters for TLRs, and MyD88/TRIF-DKO mice are totally un-
responsive to all TLR agonists. IL-6 production was comparable
among GM-DCs derived from WT, TLR2/TLR4-DKO, and
MyD88/TRIF-DKO mice (Fig. 4A), suggesting that TLRs do not

participate in this response. Next, we investigated the contribution
of cytosolic nucleic acid sensors, such as RLRs and DNA sensors.
IPS-1 (also known as MAVS) is a sole adapter for RLRs that
mediates antiviral innate immune responses, and IPS-1-deficient
GM-DCs produced a level of IL-6 comparable to WT mice
(Fig. 4B). In contrast, IL-6 production was markedly reduced in
GM-DCs from Sting®”¢" mice (Fig. 4B). mRNA expression of 16,
Cxcli0, and Ifnbl was not impaired in IPS-1-deficient GM-DCs,
but it was impaired in Sting®”*’ GM-DCs (Fig. 4C). Furthermore,
reduced expression of CxclI0 and Ifubl mRNAs was also ob-
served in IRF3-deficient GM-DCs (Supplemental Fig. 1B, 1C),
suggesting that the STING-IRF3 axis is involved. Therefore, we
next examined whether activation of intracellular signaling mol-
ecules is impaired in Sting®”s" GM-DCs. Phosphorylation of NF-
kB and IRF3 after stimulation with CM from TPT-treated E0771
cells was abrogated in Sting®”*" GM-DCs (Fig. 4D). In contrast,
phosphorylation of ERK1/2, p38, and JNKs was not impaired in
Sting®/®" GM-DCs (Fig. 4E), suggesting the existence of a
STING-independent mechanism of MAPK activation.

It was demonstrated that STING traffics from the endoplasmic
reticulum to the Golgi upon stimulation with its agonists (11). We
visualized STING by transducing STING-EGFP into MEFs using
a retrovirus and found that STING colocalizes with the Golgi after
treatment with CM from TPT-treated E0771 cells in a manner
similar to ISD stimulation (Fig. 4F). In contrast, STING localized
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not significant.

as cytoplasmic dot structures, distinct from the Golgi, in MEFs
stimulated with CM from untreated EO771 cells (Fig. 4F).

Role of STING in TPT-induced antitumor immunity

To understand the contribution of STING to mounting TPT-
triggering antitumor immunity against EO771 cells in vivo, we
injected EO771 cells into WT and Sting®”*" mice and measured
tumor volume after treatment with TPT. Tumor growth was se-
verely inhibited by TPT treatment in WT mice, but this inhibition
was weaker in Sting®”®' mice (Fig. 5A). In contrast, tumor growth
after PBS treatment was comparable between WT and Sting”*’
mice (Fig. 5A). The number of tumor-infiltrating CD8* CD69*
T cells was higher in WT mice than in Sting®”*" mice treated with
TPT (Fig. 5B). In addition, expression of Ifng by CD3" CD8" cells
and of Cd86 by CDI11c* cells was also reduced in TPT-treated
Sting®”¢" mice compared with WT mice (Fig. 5C). These findings
suggest that STING is required for the TPT-induced mounting of
antitumor immunity in vivo.

DNA encapsulated in exosomes released by TPT-treated EQ771
cells is immunostimulatory

STING is directly bound and activated by cGAMP, which is
produced by cGAS upon DNA ligation. We investigated whether

E0771 cell-derived cGAMP or DNA is responsible for STING
activation in DCs. We evaluated the expression of Mb21d1, which
encodes cGAS, and found that it was much lower in EO771 cells
than in GM-DCs and MEFs (Fig. 6A), suggesting that cGAMP is
unlikely to be produced by TPT-treated EO771 cells. We then
addressed whether cGAS is involved in STING activation in DCs.
We suppressed cGAS expression in MEFs by retrovirus-mediated
knockdown (Fig. 6B) and found that protein expression of
CXCL10 and IL-6 and mRNA expression of /6 and Ifnb after CM
treatment were reduced in cGAS-knockdown cells compared with
control cells; their expression after polyl:C treatment was com-
parable in control and knockdown cells (Fig. 6C, 6D). These re-
sults suggest that CM activates the cGAS-STING signaling axis.
We then collected DNA from CM from untreated and TPT-treated
E0771 cells and used it to transfect GM-DCs by lipofection. IL-6
and CXCL10 production was increased in GM-DCs stimulated
with DNA derived from TPT-treated E0771 cells in a dose-
dependent manner (Fig. 6E, 6F).

Extracellular DNA is digested by DNases, and mice lacking
DNases constitutively induce type I IFNs, which is linked to in-
flammation and autoimmunity (27, 28). However, we found that
DNase treatment of CM from TPT-treated E0771 cells did not
influence IL-6 production by DCs (Supplemental Fig. 1D). This
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suggested the possibility that DNA derived from TPT-treated
EO0771 cells is tightly associated with chromatin proteins, such
as HMGBI, that protect DNA from DNase-mediated degradation;
however, an anti-HMGB1 Ab that inhibits binding between
HMGBI and its receptor RAGE did not abrogate IL-6 production
(Supplemental Fig. 1E). Exosomes are vesicles that are released
by many cell types, including cancer cells, and contain various
molecules, such as mRNA, microRNA, or membrane proteins
(29-31). Recent reports suggested that tumor cells secrete DNA-
containing exosomes, but their biological significance remains to
be elucidated (3, 32). Therefore, we examined whether DNA-
containing exosomes are released upon TPT treatment. We first
asked whether exosomes themselves are released following TPT
treatment. The exosome fraction was purified from TPT-treated
E0771 cells. As shown in Fig. 7A, TPT stimulation increased the
quantity of exosomes in the culture supernatant in a time-
dependent manner. The purity of exosomes was confirmed by
immunoblot analysis with Abs against the exosome marker pro-
teins CD63 and Alix (Fig. 7B). We next determined whether DNA
is contained in the exosomes derived from TPT-treated E0771
cells. We purified the exosome fraction and found that DNA was
present in exosomes from TPT-treated E0771 cells but not from
untreated E0771 cells (Fig. 7C). We then treated E0771 cell-
derived exosomes with DNase and observed that DNA fragments
having sizes of approximately >2 kbp disappeared after DNase
treatment, suggesting that DNA fragments < 2 kbp are trapped in
the exosomes. Next, we treated purified exosomes to GM-DCs and
examined their ability to induce cytokines. Expression of Ifnbl,
Cxcli0, and 116 was upregulated in GM-DCs treated with purified
exosomes derived from TPT-treated EO771 cells, and this upreg-
ulation was abrogated in Sting®”¢’ GM-DCs (Fig. 7D). In contrast,
WT and Sting®”#" GM-DCs induced expression of these genes in
response to polyl:C, an agonist of RLRs. Likewise, production of
IL-6 and CXCL10 was induced by stimulation with the purified
exosomes in WT, but not Sting®”%', GM-DCs (Fig. 7E). To explore
how DNA in the exosome is delivered to DCs, we analyzed en-
gulfment of the exosome by GM-DCs. We incubated GM-DCs
with CSFE-labeled exosomes purified from TPT-treated E0771
cell CM and analyzed their engulfment by FACS analysis. The

labeled exosomes were engulfed when incubated at 37°C, but not
at 4°C (Fig. 7F), suggesting that DNA-containing exosomes are
incorporated into GM-DCs through an active transport mecha-
nism, such as endocytosis, phagocytosis, or pinocytosis. Further-
more, microscopic analysis demonstrated that labeled exosomes
appeared in the cytoplasm as dot-like structures (Fig. 7G). These
results suggest that TPT induces the secretion of immunostimu-
latory DNA-containing exosomes from EQ0771 cells; these are
delivered to the cytoplasm of GM-DCs to activate a STING-
dependent pathway.

Discussion

It has become apparent that DAMPs contribute to antitumor im-
munity; for example, HSP90 and HMGBI1 derived from
doxorubicin-treated cancer cells act as TLR agonists in innate
immune cells and potentiate antitumor immunity (8, 9). Our study
showed that TLRs were dispensable for IL-6 production triggered
by TPT. This suggests that HMGB1 and HSP90 from E0771 cells
are not released by TPT stimulation, or they are released but are
unable to stimulate TLRs as a result of specific modifications or
processing that occur through TPT stimulation. In addition, tumor
cell-derived ATP was shown to drive NLRP3 inflammasome ac-
tivation and IL-1B release (5); however, CM from TPT-treated
E0771 cells failed to induce IL-18 or IL-33 production by GM-
DCs (Fig. 1F), suggesting that the inflammasome is unlikely to
participate in TPT-triggered antitumor immune responses. In the
current study, we demonstrated that CM from TPT-treated E0771
cells contains immunostimulatory DNA, which activates a STING
pathway in DCs and triggers antitumor immune responses. Nu-
merous studies indicated that self-DNA can convert to immuno-
genic DNA in pathogenic conditions (27, 28). For instance, cells
deficient for DNase show aberrant DNA accumulation that is re-
sponsible for STING or TLR9 activation and is linked to auto-
immunity (27, 28). Moreover, oxidized DNA that is synthesized in
cells during radiation exposure is protected from DNase II/Trex
I-mediated degradation and contributes to radiation-induced anti-
tumor therapy by activating a STING pathway (10, 13). Therefore,
it is thought that TPT stimulation also induces production of DNase-
resistant DNA. We found that >2-kbp DNA from TPT-treated
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E0771 cells was digested by DNase I treatment (Fig. 7C).
However, DNase I treatment failed to inhibit CM-induced IL-6
production in GM-DCs (Supplemental Fig. 1D), suggesting that
short DNA fragments in the exosome that were protected from
DNase by the exosomal membrane are capable of activating
STING. Previous studies showed that exosomes are engulfed by
cells through endocytosis or phagocytosis (31, 33). Therefore, it is
suggested that the DNA inside exosomes is incorporated into DCs
by endocytosis or phagocytosis and traffics to the cytoplasm, ac-
tivating cGAS-STING signaling.

Topoisomerase I is an enzyme that relaxes supercoiled DNA by
introducing single-strand breaks into the DNA helix. During DNA
replication, topoisomerase I covalently binds to phosphodiester
bonds in DNA, resulting in the formation of topoisomerase I-DNA
complexes and induction of single-strand breaks. Because this
transient nick is required for the relaxation of supercoiled DNA
and the formation of an optimal DNA replication fork, topo-
isomerase I activity is essential for DNA replication and cellular
proliferation (15). The topoisomerase I-induced nick is religated,
but this is inhibited by TPT through its intercalation at sites of
DNA cleavage. After a DNA-replication fork reaches a TPT-
intercalated site, the site is recognized as a DNA double-strand
break, which activates DNA damage responses via the ATM/ATR
pathway, resulting in p53-mediated apoptosis (34, 35). Our data

suggest that TPT converts cellular DNA into immunostimulatory
DNA through TPT-induced cell death and, thus, that the TPT-
topoisomerase I-DNA complex is responsible for STING activa-
tion, presumably through interaction with the DNA sensor cGAS.
Therefore, structure-based analyses of the TPT—topoisomerase
I-DNA complex are required to understand how the complex
has immunomodulatory activity.

Immunogenic cell death, including necrosis, necroptosis, and
pyroptosis, promotes DAMP secretion and innate immune acti-
vation (36, 37). TPT induces the death of EQ771 cells, but this cell
death was not blocked by treatment with caspase-3 inhibitors or
RIPK inhibitors or by cotreatment with caspase-3/RIPK inhibitors
(Fig. 1G, Supplemental Fig. 2A). These results suggest that TPT-
induced cell death is different from apoptosis and necroptosis.
Furthermore, CM from TPT-treated E0771 cells was unable to
induce IL-13 and IL-18 production and caspase-1 activation (Fig.
1F, Supplemental Fig. 2B, 2C). Therefore, TPT-induced cell death
is probably also distinct from pyroptosis. As noted above, previous
studies showed that TPT activates DNA damage responses through
the ATM/ATR pathway. Although the ATM/ATR pathway pro-
motes p53-mediated apoptosis, our data showed that TPT-induced
cell death was probably distinct from conventional caspase-3—
dependent apoptosis. Etoposide, a topoisomerase II inhibitor, re-
portedly induces DNA damage responses via the ATM/ATR
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pathway and cell death, but CM from etoposide-treated E0771
cells was incapable of activating STING signaling (Fig. 1B)
(38). These results suggest that TPT-induced activation of
previously unidentified immunogenic cell death pathways, other
than ATM/ATR, plays an important role in the production of
immunostimulatory DNA.

Numerous studies demonstrated that inflammatory cytokines,
including IL-1, IL-6, and IL-33, contribute to anti- and protumor
effects on the tumor environment (39). For instance, IL-6 pro-
motes DC maturation and recruitment of immune cells to tumor
sites, which facilitates antitumor immunity. However, it simulta-
neously increases blood vessel formation in tumors, which sup-
ports tumor growth and metastasis (40—-42). In contrast, type |
IFNs display antitumor properties through facilitating cross-

presentation of tumor Ag by DCs and producing chemokines,
such as CXCL9 and CXCL10, which recruit CD8* T cells and
promote killing of tumor cells (43—45). Moreover, type I IFNs
directly inhibit tumor cell proliferation via Rb-mediated cell cycle
arrest (46). Our data showed that TPT-treated cells induce the
production of inflammatory cytokines, chemokines, and type I
IFNs by DCs in a manner dependent on STING, and TPT treat-
ment facilitates CD8" T cell infiltration and activation in tumor
sites. Indeed, we found that CM stimulation induced type I IFN
production and STAT1 phosphorylation (Supplemental Fig. 1A).
Upregulation of cGAS, STING, and IRF7 was also observed
(Supplemental Fig. 3A). Moreover, IFN-3 treatment of DCs in-
creased the expression of 4-1bbl, Cd301, Cd86, 116, 1127, Cxcl9,
Cxcl10, and Cxcl11, suggesting that type I IFN induced through
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FIGURE 7. TPT-treated EO771 cells secrete DNA-containing exosomes. (A) EO771 cells were treated with 5 pwg/ml TPT for the indicated times, after
which the exosome fraction was collected by ultracentrifugation. Purified exosomes were quantified by the Bradford protein assay. (B) Exosomes from TPT-
treated EQ771 cells were immunoblotted with the indicated Abs. (C) Exosomes (30 g per lane) from TPT-treated E0771 cells were treated with 5 U/ml
DNase I for 1 h. After phenol/chloroform extraction, the DNA was observed by agarose gel electrophoresis. (D) GM-DCs were stimulated with 1 pg/ml
polyl:C or 5 pwg/ml EO771 cell-derived exosomes for 8 h, and target gene expression was quantified by qPCR. (E) GM-DCs were stimulated as in (D) for
48 h, and IL-6 and CXCL10 production was determined by ELISA. (F) GM-DCs were cultured with 5 pg/ml CFSE-labeled exosomes from TPT-treated
E0771 cells for 2 h at 4 or 37°C, and exosome-incorporating cells were quantified by FACS. (G) GM-DCs were cultured as in (F) at 37°C and then observed
by microscopy. n = 3; mean values and SEs are depicted. *p < 0.05, **p < 0.01, paired Student ¢ test.

the cGAS-STING axis may play central roles in TPT-induced immune
responses (Supplemental Fig. 3B). The contribution of neutrophils and
macrophages to antitumor immunity remains controversial; numerous
reports suggested that they display anti- and protumor effects. They
alter the tumor environment by promoting angiogenesis, metastasis,
tumor cell killing, and immunosuppression via the production of
TGF-B, ROS, VEGEF, and leukotrienes (39, 47). TPT treatment did not
enhance macrophage infiltration but slightly enhanced neutrophil in-
filtration into the tumor site (Fig. 3C). These findings implied that
neutrophils contribute to TPT-induced antitumor immunity; however,
Stingg”#" mice did not exhibit any obvious changes in neutrophil in-
filtration (data not shown). Therefore, the antitumor effects of TPT may
depend primarily on CD8* T cells (Fig. 5).

We found that TPT promotes the release of exosomes that contain
immunostimulatory DNA. Tumor cell-derived exosomes are known
to promote proliferation and metastasis of tumor cells and contain
various molecules, such as mRNA, microRNA, or membrane pro-
teins (29-31). Recently, it was reported that several tumor cell lines
secrete DNA-containing exosomes, but the biological significance
of these observations remains unknown (3, 48, 49). It was suggested
that DNA and RNA encapsulated in the exosome play a role in host
defense against viral infection. RNA of hepatitis C virus is released
as exosomes by infected cells and incorporated by DCs, where it is

recognized by TLR7 and promotes type I IFN—dependent antiviral
immunity (33). Moreover, cGAMP was shown to be encapsulated in
the exosome in HIV-infected cells and transferred to DCs, which
induce type I IFNs via the cGAS-STING pathway (50). Therefore,
exosome-mediated nucleic acid recognition in DCs may be a gen-
eral mechanism to reinforce innate immune responses. Previous
studies reported that derivatives of DNA and RNA, including CpG
DNA, cGAMP, polyl:C, and ARNAX, activate antitumor immunity
by inducing type I IFN production and inhibit tumor growth
in murine tumor models (14, 51-53). We presume that DNA-
containing exosomes also act as immunostimulators against
tumors, because they contain tumor-derived proteins and immu-
nostimulatory DNA and induce modest type I IFN production.
Because exosomes generally circulate in blood and have no toxicity,
they are ideal carriers of tumor Ags and immunostimulating mol-
ecules that are thereby delivered to DCs to efficiently mount
antitumor immunity. Taken together, our findings provide an
unidentified immunogenic cell death pathway that acts together
with secretion of DNA-containing exosomes, which have the pos-
sibility to function as unique immunostimulating vesicles.

A previous report suggested that TPT differentially affects the
activation of monocyte-derived human DCs, depending on the
condition of the DCs. TPT treatment resulted in increased migration
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and costimulatory molecule expression of unstimulated DCs, and
it prevented the maturation of DCs induced by proinflammatory
cytokines through inhibition of NF-kB activity (54). Although
the mechanisms underlying how TPT directly activates unsti-
mulated DCs remain unclear, it is possible that the TPT-induced
killing of a proportion of DCs, and the subsequent release of
DNA, activates surviving DCs. Moreover, a recent report showed
that TPT is able to prevent endotoxin-induced septic shock be-
cause it inhibits PAMP-induced inflammatory cytokine expres-
sion by perturbing topoisomerase I-mediated nucleosome
remodeling (55). We also found that cells treated with a high
concentration of TPT (>15 pg/ml) only modestly induced IL-6
production by DCs (data not shown). Thus, excess amounts of
TPT may inhibit innate immune activation because it either pro-
motes excessive cell death, thus producing insufficient immu-
nostimulatory DNA, or it induces topoisomerase [-mediated
nucleosome remodeling. Furthermore, in vivo, high levels of TPT
may suppress antitumor immunity by inducing cell death of pro-
liferating immune cells, such as T cells, which is a common oc-
currence during treatment with chemotherapeutic agents (56).
Therefore, the balance between TPT-induced immune activation
and suppression should be carefully controlled to optimize anti-
tumor immunity.
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