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Checkpoint blockade antibodies have been approved as immunotherapy for multiple types of cancer, but the response rate
and efficacy are still limited. There are few immunogenic cell death-inducing (ICD-inducing) drugs available that can kill
cancer cells, enhance tumor immunogenicity, increase in vivo immune infiltration, and thereby boost a tumor response to
immunotherapy. So far, the ICD markers have been identified as the few immunostimulating characteristics of dead cells,
but whether the presence of such ICD markers on tumor cells translates into enhanced antitumor immunity in vivo is still
being investigated. To identify anticancer drugs that could induce tumor cell death and boost T cell response, we performed
drug screenings based on both an ICD reporter assay and a T cell activation assay. We showed that teniposide, a DNA
topoisomerase Il inhibitor, could induce high-mobility group box 1 (HMGB1) release and type | IFN signaling in tumor cells
and that teniposide-treated tumor cells could activate antitumor T cell response both in vitro and in vivo. Mechanistically,
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Introduction

Cancer immunotherapy has become the major theme of cancer
treatment regimens in the last few years, testifying to the gen-
uine capability of the immune control of cancer (1, 2). Among
the few highly successful immunotherapeutic approaches, anti-
PD1 antibody has demonstrated impressive efficacy across sev-
eral different cancer types (3, 4). Mechanistically, anti-PD1 or
anti-PD-L1 blocking antibodies block the interaction between
PD-L1/L2 and PD1 receptor and the immunosuppressive signal
on T cells, thus restoring the antitumor function of exhausted
T cells (5-7). Despite the prevalent success in different types
of cancers, the response rate of anti-PD1 antibody therapy is
quite low, ranging from 20% to 40%, and reliable biomarkers
for predicting therapeutic response or efficacy are still lacking
(2, 3). Accumulating evidence suggests that the tumor response
to anti-PD1 is highly dependent on tumor immunogenicity (i.e.,
tumor mutation burden, neoantigen abundance), intratumor
PD-L1 expression, and an immune-active tumor microenviron-
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teniposide induced tumor cell DNA damage and innate immune signaling, including NF-kB activation and stimulator of
IFN genes-dependent (STING-dependent) type | IFN signaling, both of which contribute to the activation of dendritic
cells and subsequent T cells. Furthermore, teniposide potentiated the antitumor efficacy of anti-PD1 in multiple types of
mouse tumor models. Our findings showed that teniposide could trigger tumor immunogenicity and enabled a potential
chemoimmunotherapeutic approach to potentiating the therapeutic efficacy of anti-PD1immunotherapy.

ment (8-11). Immunogenic cell death-inducing (ICD-inducing)
drugs may enhance tumor antigen exposure, boost the release of
immune-stimulating tumor cell content, and elicit immune cell
infiltration, thus converting the immune “cold” tumor into “hot”
tumor. The combination of such drugs with immunotherapy, i.e.,
anti-PD1, may enhance the antitumor efficacy and expand the
benefit of immunotherapy (12, 13). Thus, identifying drugs that
can both enhance tumor immunogenicity and potentiate tumor
response to anti-PD1 therapy is needed.

Recent studies have shown that some chemotherapeutic
drugs could induce tumor cell ICD, which could potentially elicit
or enhance an antitumor immune response (13-17). The common
features of ICD are upregulated expression or release of dam-
age-associated molecular patterns (DAMPs) by the dying tumor
cells (13). The release of high-mobility group box 1 (HMGB1) and
ATP could serve as chemoattractant signals to recruit the anti-
gen-presenting cells (APCs), such as DCs and macrophages. In
addition, the membrane translocation of calreticulin (CRT) on the
dying tumor cells serves as “eat me” signaling to promote phago-
cytosis or efferocytosis by the APCs, which process and present
the tumor antigens to T cells (18, 19). Also, innate immune signal-
ing activation, such as that by the NF-«B pathway, and IFN-I sig-
naling activation in dying tumor cells induce inflammatory cyto-
kines, chemokines, and IFN-I production, which in turn promote
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DC maturation and T cell activation (13, 20, 21). Accordingly, the
dying tumor cells work as an in situ vaccine by attracting APCs
and inducing their activation and maturation to present tumor
antigens to T cells, which subsequently undergo proliferation and
attack tumor cells specifically (13). In this way, ICD-inducing che-
motherapy drugs not only kill cancer cells, but also activate anti-
cancer immunity that may potentiate the therapeutic efficacy of
immunotherapy (22). However, all the known ICD markers do not
always translate into strong in vivo antitumor immunity, and sys-
temic evaluation of the ICD features of currently approved drugs
have yielded inconsistent results due to tumor-intrinsic variation
of capacities of some cellular functions such as autophagy or
necroptosis (19, 23, 24).

Currently, there are several reporter systems used for ICD
inducer drug screening, such as fluorescent biosensor of CRT-
GFP or HMGBI1-GFP, ATP, and ELISA measurement of HMGBI1
(25). As cells undergo ICD, CRT will translocate from the peri-
nuclear ER to the cell surface, and HMGB1 will be released from
the nucleus to the extracellular space. Such intracellular translo-
cation can be tracked by the fused GFP fluorescent signal change
that can be detected with fluorescent microscopy (17). However,
ICD features cannot be reflected by a single marker; therefore,
positive hits from one assay may not convincingly enhance
tumor immunogenicity. Furthermore, the ICD phenotype of
tumor cells may not always induce immune cell activation. To
accurately measure drug-induced tumor immunogenicity, we
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Figure 1. T cell-based drug screening
identified ICD inducers. (A) Outline

of drug-screening protocol. B16-0VA
tumor cells were seeded on 96-well
plates and treated with drugs for 16
hours, then cocultured with BMDC and
B3Z cells for 24 hours. LacZ reporter
activity was measured as a surrogate
marker for T cell activation. (B) Illustra-
tion of the principle of the HMGB1-Gluc
reporter system. Once drugs or inhibi-
tors induce tumor cell ICD, HMGB1-Gluc
is released from the nucleus into the
supernatant, and supernatant lucif-

L ™ erase activity is detected. (C) MC38
(HMGB1-Gluc) cells were treated with
different Top inhibitors or DMSO for
g 20 hours; then HMGB1-Gluc luciferase

Gluc luc activity (fold)
o N B O
o

%é @e:. oé,\(\' o“e;\‘o\‘\l \&\' .\Q,' (Gluc luc) activity was measured. (D).
oéqoe\\éo\ {(}(\\‘ R ,Qo'” MC38 and B16 cells were treated as in
S & ° & C, and then the mRNA expression level

of CXCL10 was measured by gPCR.
Rel., relative. Data in Cand D are
shown as mean + SD of 3 independent
experiments.

designed a T cell activation assay as well as an HMGB1-Gaussia
luciferase (HMGB1-Gluc) reporter assay. In the T cell activation
assay, T cells and DCs were cocultured with tumor cells pretreat-
ed with different drugs, and then T cell activation was measured
by detecting extracellular IL-2 levels (detected by ELISA) or IL-2
promoter-driven B-galactosidase (LacZ) reporter gene activity.
In the HMGBI1-Gluc assay, the HMGBI1 release, one hallmark of
ICD, was detected by measuring HMGB1-fused Gluc activity. By
combining 2 screening assay results, we showed that the DNA
topoisomerase II (Top II) inhibitor teniposide was capable of
eliciting tumor cell ICD and subsequent T cell activation. Fur-
ther investigations revealed that teniposide could induce DCs
and T cell activation and protect against tumor growth when
used in a vaccine setting. Teniposide could also upregulate the
antigen presentation machinery on tumor cells. More impor-
tantly, teniposide induced NF-xB and type I IFN pathway acti-
vation through the cyclic GMP-AMP synthase/stimulator of IFN
gene (cGAS/STING) axis and potentiated DC-mediated antigen
presentation to T cells. On both immunotherapy-sensitive and
-resistant mouse tumor models, teniposide promoted the tumor
infiltration and activation of CD8* T cells and boosted the anti-
tumor efficacy of anti-PD1 therapy. Our findings suggest that
teniposide could increase tumor immunogenicity, boost anti-
tumor immunity, and provide a potential chemoimmunothera-
peutic approach for cancer treatment by teniposide in combina-
tion with anti-PD1 antibody.
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Table 1. Drugs that elicited highest LacZ activity
and HMGB1-Gluc activity

Drugs Bioactivity LacZ activity HMGB1-Gluc activity
(o0,,,) (fold)
Acrisorcin Antifungal 2.21 15
Teniposide Antineoplastic 212 5.97
Prednisolone tebutate Antiinflammatory 2.06 144
Algestone acetophenide Antiacne 1.82 138
Methscopolamine bromide  Anticholinergic 1.81 115
Flurandrenolide Antiinflammatory 093 0.86

Results

Combined drug-screening assays identified teniposide as an ICD
drug. ICD drug screening has been reported by several groups, but
so far, the known ICD markers cannot directly reflect the T cell
activation induced by dead tumor cells. To circumvent this issue,
we adapted an antigen presentation assay to directly examine T
cell activation upon tumor cell death. We treated OVA-express-
ing B16 mouse melanoma cells (B16-OVA) with an FDA-approved
drug library for 16 hours, cocultured with bone marrow-derived
DCs (BMDCs) and OVA-specific CD8* T cell hybridoma B3Z
cells for 24 hours, then measured IL-2 promoter-driven LacZ
activity, which reflected IL-2 expression (Figure 1A). Among the
1280 drugs tested, we identified a few drugs that could activate
LacZ activity in B3Z cells in this assay (Table 1). To corroborate
the results, we also designed an HMGBI1-Gluc reporter assay to
screen for drugs that could elicit the release of HMGBI, which is
one of the hallmarks of ICD. In this HMGBI1-Gluc reporter assay,
HMGBI was fused with a Gluc, and drug-induced HMGB1-Gluc
release elicited luciferase activation (Figure 1B and Supplemental
Figure 1, A-C; supplemental material available online with this
article; https://doi.org/10.1172/JCI127471DS1). In this report-
er assay, acrisorcin and teniposide induced the highest level of
HMGBI1-Gluc activation above the basal level (Table 1). As teni-
poside was the only FDA-approved antineoplastic drug that we
identified from both screening assays, we chose to focus on this
drug for the subsequent experiments.

Teniposide is a Top II inhibitor currently used for treating
several types of cancer, including childhood acute lymphocytic
leukemia. Interestingly, a few Top II inhibitors, such as mitoxan-
trone and doxorubicin, have been previously identified as a proto-
type of drugs eliciting cancer cell ICD features (18). We therefore
compared the capabilities of these topoisomerase inhibitors for
activating HMGBI release. Among the 6 inhibitors tested, teni-
poside elicited the highest HMGBI1-luc activity (Figure 1C). As
drug-induced chemokine CXCL10 release has been recently con-
sidered as a new ICD marker, we measured CXCL10 expression
in cancer cells after treatment with the topoisomerase inhibitors.
Consistently, teniposide was found to be able to induce the highest
CXCL10 expression in both B16 mouse melanoma cells and MC38
mouse colon cancer cells (Figure 1D).

Teniposide induces tumor cell ICD. The ability of teniposide to
stimulate cancer cell ICD was then investigated. Teniposide treat-
ment induced HMGBI1-luc activity in a dose-dependent fashion
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(Figure 2A and Supplemental Figure 2, A and B). Moreover, it also
induced tumor cell death, which was detected by flow cytometry,
lactate dehydrogenase (LDH) release (Figure 2B and Supplemen-
tal Figure 2, C and D), and surface expression of CRT, another
known ICD marker (Figure 2C and Supplemental Figure 2E).
When mice bearing CT26 tumors were treated with teniposide,
CRT expression levels in tumor tissues also increased (Supple-
mental Figure 2F). To unambiguously validate the in vivo effect
of the tumor immunogenicity elicited by teniposide, we examined
the immunogenicity of teniposide-treated tumor cells in a vacci-
nation setting (26). We treated CT26 tumor cells with teniposide
in vitro and injected the dead cells into the left flank of immuno-
competent BALB/c mice. The mice were then rechallenged with
live CT26 cell inoculation into the right flank 8 days later. We
observed 100% tumor-free survival among mice immunized with
teniposide-treated dead tumor cells in the 30 days after challenge,
while all mice that were vaccinated with freeze-thawed tumor
cells developed tumors (Figure 2D). As a comparison, vaccination
with tumor cells pretreated by another Top II inhibitor, etopo-
side, only showed partial and temporary protection against tumor
growth from live tumor cell rechallenge in such a setting. These
results together confirmed teniposide as a bona fide ICD inducer.

Teniposide upregulated expression of tumor cell antigen presen-
tation machinery. As tumor antigen expression on the tumor cell
surface is essential for T cell recognition and killing, we inves-
tigated the influence of teniposide on the expression of tumor
antigen presentation machinery components. Teniposide treat-
ment increased MHC-I and MHC-II expression on the tumor cell
surface (Figure 3, A and B). Specifically, genes encoding mouse
B2m (B2m), an essential component of MHC-I, were upregulat-
ed in teniposide-treated tumor cells, as were the genes directing
peptide cleavage (Erapl), peptide transporters (Tapl and Tap2),
and transporter-MHC interactions (Tapbp) (Figure 3C). Further-
more, teniposide treatment increased the surface expression of
MHC-I-bound SIINFEKL (OVA epitope peptide) complex on
OVA-expressing mouse tumor cell lines (B16-OVA and MC38-
OVA) (Supplemental Figure 3A). Ex vivo analysis of CT26 tumors
also verified increased levels of MHC-I, MHC-II, and antigen pre-
sentation machinery gene expression after teniposide treatment
(Supplemental Figure 3B). Taking these data together, teniposide
was found to have the potential to enhance the expression of
tumor antigen presentation machinery molecules.

Tumor cells treated with teniposide induce T cell activation and DC
activation. We next determined the activation of T cellsand DCs when
they were cocultured with teniposide-treated tumor cells. We treated
B16-OVA cells with DMSO vehicle or teniposide for 20 hours, then
cocultured them with BMDCs and B3Z T cells for 24 hours. Consis-
tent with the increased LacZ activity (Figure 4A), the supernatant lev-
els of T cell-derived cytokines IL-2 and IFN-y significantly increased
in T cells cocultured with tumor cells pretreated with teniposide (Fig-
ure 4, B and C). Meanwhile, the proportion of T cells expressing the
activation marker CD69 and effector molecule granzyme B (Gzm B)
also increased after coculture (Figure 4D and Supplemental Figure
4A). Similar results were obtained when primary OT-I T cells were
used instead of B3Z cells (Figure 4, E-G, and Supplemental Figure
4B). Collectively, these data demonstrate that teniposide could boost
T cell activation. As DCs play a key role in the recognition of DAMPs
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Figure 2. Teniposide induced ICD of tumor cells. (A)
MC38 (HMGB1-Gluc) and CT26 (HMGB1-Gluc) cells

were treated with increasing doses of teniposide for

20 hours, and HMGB1-Gluc luciferase activity was
measured. (B and C) CT26 cells were treated with teni-
poside or DMSO for 20 hours, and cell apoptosis (B) and

Gluc luc activity (fold)

o N » O

surface expression of CRT(C) were detected by FACS.
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(D) CT26 tumor cells were pretreated with teniposide,
etoposide, or freeze-thawed, followed by subcutane-
ous inoculation into BALB/c mice as a vaccine (n = 8 for
control group with no tumor cell vaccine administered,
teniposide group, and freeze-thawed group; n =5 for
etoposide group). After 8 days, mice were rechallenged
with live CT26 cells. Shown are the percentages of
tumor-free mice 30 days after rechallenge. Data in A-C
are shown as mean + SD of 3 independent experi-
ments. **P < 0.01; ***P < 0.001, 1-way ANOVA with
Bonferroni’s post test (A), unpaired Student’s t test
(B), log-rank (Mantel-Cox) test (D).
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associated with ICD and the subsequent uptake and presentation
of tumor antigens to T cells, we next examined the activation sta-
tus of DCs cocultured with teniposide-treated tumor cells. Tenipo-
side-treated B16 or MC38 tumor cell coculture markedly increased
the surface expression of activation markers, including CD80,
CD86, MHC-I, MHC-1I, and CD40 on BMDCs (Figure 4, H-L, and
Supplemental Figure 4C). Moreover, the surface expression level
of MHC-I-bound SIINFEKL complex also significantly increased
(Figure 4M). These data showed that teniposide-killed tumor cells
induced BMDC maturation, antigen presentation, and subsequent T
cell activation.

Teniposide induces tumor cell immunogenicity by activating
NF-kB and type I IFN signaling. Recent studies have shown that
some types of chemotherapy or irradiation could induce tumor
cell DNA damage, cell death, and inflammatory response, which
could subsequently activate antitumor immunity, depending on
the specific context (12, 27, 28). DNA damage marker y-H2AX
expression was detected in tumor cells after teniposide treatment
(Figure 5A and Supplemental Figure 5A). Consistently, genomic
DNA was detected in cytoplasm after teniposide treatment (Sup-
plemental Figure 5B). Interestingly, teniposide induced the high-
est levels of genomic DNA leaked in cytoplasm among the few
inhibitors tested. At the molecular level, both phosphorylated and
total STAT1 protein levels were found to increase after teniposide
treatment (Supplemental Figure 5C), indicating IFN-I signal-
ing activation. Interestingly, cGAS protein levels also increased
after teniposide treatment (Supplemental Figure 5D). In addition,

NF-«B signaling was also activated, as evidenced by increased
levels of p65 phosphorylation (Supplemental Figure 6A). As
a consequence of the IFN-I and NF-«B activation, significant
increases in mRNA and protein levels of downstream cytokines
CCL5 and CXCL10 were detected in B16, CT26, and MC38 cells
and in tumor tissues after teniposide treatment (Figure 5, B and
C, and Supplemental Figure 5, E-G).

The cGAS/STING pathway has been previously shown to be
able to sense and respond to cytoplasmic DNA or micronuclei,
both of which are indicative of damaged DNA that has escaped
the nucleus (29, 30). To investigate the role of this pathway in
IFN-I activation, we generated Sting”/- B16 and MC38 cell lines
using the clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 gene-KO technique and confirmed that
STING protein expression was absent in these cells (Supplemen-
tal Figure 5I). The KO of STING abolished teniposide-induced
IFN-I pathway activation (Figure 5D and Supplemental Figure
5H). More importantly, IL-2 production and CD69 expression
on T cells were markedly attenuated when cells were cocultured
with teniposide-treated Cgas”- and Sting”/- B16-OVA cells as com-
pared with T cells cocultured with teniposide-treated WT B16-
OVA cells (Figure 5, E and F). Interestingly, tumor cells pretreated
with IKK inhibitor BAY-117082 or transduced with shRNA target-
ing IKKp also induced significantly lower levels of T cell activa-
tion upon teniposide treatment (Supplemental Figure 6, B-D).
Knockdown of TBK1 or IRF3 expression by gene-specific ShRNAs
partially inhibited T cell activation (Supplemental Figure 6, E and
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Figure 3. Teniposide enhanced
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F). In comparison, the pretreatment of tumor cells with inhibitors
blocking RIPK1 (Nec-1), JNK (SP600125), ROS (NAC), or caspase
(zVAD-FMK) did not have any effect on T cell activation (Supple-
mental Figure 6G). Thus, both NF-xB and ¢cGAS/STING signal-
ing are required for teniposide-induced tumor immunogenicity.
To confirm that IFN-I activation in tumor cells could contribute
to the DC function, we then treated B16-OVA cells with tenipo-
side and cocultured them with WT or Ifnar’- BMDCs together
with B3Z cells. We observed significantly attenuated LacZ acti-
vation and IL-2 and IFN-y secretion in B3Z cells cocultured with
Ifnar’- BMDCs (Figure 5, G-I). These results together suggest
that teniposide could induce NF-kB and cGAS/STING pathway-
dependent IFN-I signaling activation in tumor cells, which in turn
activate DCs and T cells.

Teniposide sensitizes tumor response to anti-PDI treatment.
Our observations indicated that teniposide could enhance the
immunogenicity of tumor cells, which prompted us to examine
the impact of teniposide treatment on the tumor microenviron-
ment. Treatment with teniposide demonstrated significant tumor
growth inhibition in CT26 and B16 tumor models (Figure 6, A and
B, and Supplemental Figure 7A). Using flow cytometry analysis of
single cells isolated from tumor tissues, we found that teniposide

jci.org  Volume129  Number1l  November 2019
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treatment increased the percentage of tumor-infiltrating T cells
and the number of tumor-infiltrating CD8" T cells, but not that of
CD4" T cells (Figure 6, C-E). A similar trend was observed, as CD8*
T cell infiltration in B16, MC38, and the pancreatic ductal adeno-
carcinoma (PDAC) pancreatic tumor model was found to increase
(Supplemental Figure 7, A and B). Moreover, a higher proportion
of tumor-infiltrating T cells in the treatment group expressed the
T cell activation marker CD69 and effector molecules Gzm B and
IFN-y, but not TNF-q, as compared with the control group (Figure
6, F-J, and Supplemental Figure 7C). Tumor tissue-derived DCs
showed increased levels of MHC-I, MHC-II, CD40, and CD86
after teniposide treatment (Figure 6, K-N). Importantly, CD8" T
cells are required for antitumor efficacy of teniposide, as pretreat-
ment with anti-CD8 depletion antibody, but not anti-CD4 deple-
tion antibody, abolished teniposide-induced CT26 tumor inhibi-
tion in BALB/c mice (Figure 60).

Interestingly, teniposide also increased the PD-L1 surface
expression on tumor cells (Supplemental Figure 7D). As intra-
tumor PD-L1 expression and T cell infiltration are the 2 major
hallmarks of tumors responding to anti-PD1 therapy in the clinic
(3), we next tested the therapeutic efficacy of combining tenipo-
side with anti-PD-1 treatment in the CT26 tumor model, which
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contains the K-Ras GI12D mutation and is known as not sensitive ~ ment partially inhibited tumor growth, and teniposide in combi-
to checkpoint-blockade antibody therapy (31). Mice with estab-  nation with anti-PD1 achieved the best tumor growth inhibition
lished subcutaneous CT26 tumors were treated with teniposide  (Figure 6P). A similar result was observed in the MC38 and PDAC
and anti-PD1 antibody alone or in combination. Teniposide treat-  tumor mouse models (Supplemental Figure 7E). Strikingly, when

jci.org  Volume129  Number1l  November 2019 4855


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/11
https://www.jci.org/articles/view/127471#sd

RESEARCH ARTICLE

The Journal of Clinical Investigation

A yH2A> DAPI B IFNB CCL5 CXCL10
4 *% 4 *% 2 Kk ODMSO
_é 3 _i_ 53 !_ 59 -I- W Teniposide
[ %] % | %
z 22 m 9o s [ ]
3 g g
2 11 &, <« o 3
s g
o 01— T T T 01— T
i)
8
k! D CCL5 CXCL10
g 49 wxx Fkk 1 kkk Fkk oWT
= S 3 _%_ S 451 —?Z— mSTING KO
7] n
o o e s}
C 150, g 2000 & 2 810
F L] 5 e £ ile e
o € —— _ HETeniposide < T 97
S =, 1500 [} o}
5100 " 2 - “ o * “ole -
~ © 1000 Teniposide - + - +  Teniposide - + - +
cu_'; 50 - 8
(&) é 500 AZOO' *kk *kk 31200' *kk KKk oWT
)
£
£ E A
olfe o0 E o0 = 2o 4 BSTING KO
~—~100+ o
E 100+ Kk 3 3 400
*EE 8 50 Q- Q
~ 80- @ oWT o
E mcGAS KO 0 0 R
2 60+ ASTING KO Teniposide - + - +  Teniposide - + - +
o 404 G H
20 e e 2.0 %% o WT / 3150 - oWT -
oles mw  aa 15 F M g e
Teniposide - + - + - + 210 * g
S} Y 50
F w157 *kk 0.51-Q¢- -Am = &
3 *% OWT
£ QB H cGAS KO 0 ——— L - 7
X104 A STING KO DMSO Teniposide DMSO Teniposide
2 S
[
= Ak
+8 5 1 a 80 " 2\/,;” /
- nar'-
8, E &0 54
KR Vlep—rer—
= 240
-4
B16-OVA S ée i 20
o =
sgRNA & ¢ =) 0
IB:cGAS DMSO

Teniposide

DMSO

Figure 5. Teniposide activated cGAS/STING-dependent IFN-I signaling in tumor cells. (A) B16 cells were treated with teniposide or DMSO for 24 hours;
then yH2AX expression was detected by immunofluorescence staining. Scale bar: 10 um. (B) B16 cells were treated as in A; then the expression levels

of IFN-B, CCL5, and CXCL10 were measured by gPCR. (C) Cells were treated as in A; then the supernatant levels of CCL5 and CXCL10 were measured by
ELISA. (D) B16/WT and B16/STING KO cells were treated with teniposide or DMSO for 24 hours; then the levels of mRNA and protein expression of CCL5
and CXLC10 were measured by gPCR and ELISA, respectively. (E and F) B16-0OVA/WT, B16-0VA/cGAS-KO and B16-0VA/STING-KO cells were treated with
teniposide or DMSO for 16 hours, then cocultured with B3Z+BMDCs for an additional 24 hours. T cell activation was measured by supernatant IL-2 levels
and surface expression of CD69. Protein expression of cGAS or STING was measured by Western blot. Actin was used as a loading control. (G-1) B16-0VA
cells were treated with teniposide or DMSO for 16 hours, then cocultured with B3Z in the presence of WT or Ifnar’- BMDCs for an additional 24 hours, after
which LacZ activity and the supernatant levels of IL-2 and IFN-y were determined. Data shown in A are representative of 1 of 3 independent experiments.
Data shown in B-I are represented as mean + SD of 3 independent experiment. **P < 0.01; ***P < 0.001, unpaired Student’s t test (B, C, G-1); 1-way ANO-

VA with Bonferroni’s post test (D-F).

STING expression was knocked down by shRNA in CT26 cells,
the therapeutic efficacy of teniposide alone or in combination
with anti-PD1 was markedly impaired, further supporting the
idea that teniposide-induced tumor ICD and antitumor immunity
were dependent on tumor-intrinsic STING activation (Figure 6Q
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and Supplemental Figure 7F). Collectively, these results showed
that teniposide could induce immunogenic tumor cell death and
activate the immune cells inside the tumor microenvironment,
which may pave the way for the enhanced efficacy of anti-PD1
therapy on different tumor types.
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Discussion

The known parameters reflecting ICD include the translocation of
CRT, the secretion of ATP, the release of HMGBI, and the recent-
ly added IFN-I and CXCL10 (13, 19). However, these markers only
represent the hallmark changes on tumor cells, but do not directly
reflect or guarantee immune activation. Therefor, the gold stan-
dard for validating the ICD features of a drug is in vivo vaccination
using such drug-treated tumor cells (13). Such in vivo tests generate
more reliable results, but are often intensively laborious. Moreover,
some of the ICD features rely on the functional capacity of specific
intracellular signaling pathways, such as ER stress or the necropto-
sis pathway, that are required for in vivo tumor immunogenicity
(23,32). However, various cancer cell lines may have defects in one
or many of these pathways and may not always derive consistent
results in testing immunogenicity. Therefore, direct measurement
on immune cell activation could circumvent the variation and
uncertainty from measurements of markers on tumor cells. In this
study, we adapted an antigen-presentation assay to measure T cell
activation induced by drug-treated tumor cells. In combination
with a report assay measuring the release of HMGBI, a prototype
ICD marker, we identified teniposide, a Top Il inhibitor, as a candi-
date ICD inducer. Indeed, in vivo vaccination experiments validat-
ed the capacity of teniposide as a bona fide ICD drug.

Interestingly, a number of Top II inhibitors have been identi-
fied as ICD drugs, including mitoxantrone and doxorubicin (18).
A liposomal form of irinotecan, a Top I inhibitor, was recently
identified as an antitumor drug enhancing efficacy of T cell-
based cancer immunotherapy (33). However, other topoisom-
erase inhibitors, including camptothecin and etoposide, did not
elicit tumor cell ICD in our and others’ assays (25). Thus, Top
I protein dysfunction per se is unlikely the original trigger of
immunogenicity. On the other hand, many chemotherapeutic
drugs, including topoisomerase inhibitors, induced DNA dam-
age in tumor cells, but most of them do not elicit tumor ICD,
suggesting that DNA damage is insufficient to induce ICD fea-
tures. Instead, recent findings suggest that the downstream
innate immune signaling activation following DNA damage,
such as NF-kB and IFN-I signaling, is more pertinent to tumor
cell immunogenicity (20, 27, 28).

IFN-I signaling activation has been recently considered as a
key feature of ICD (13). It is known that increased IFN-I not only
enhances the immunogenicity of tumor cells, such as promoting
antigen presentation, but also regulates the tumor microenvi-
ronment by recruiting and activating DCs and antitumor T cells
(34). The IFN-I pathway expression signature has been linked
to positive prognosis in response to chemotherapy (21, 35, 36).
Treatment of various tumor types with the anthracycline class of
chemotherapy induces cancer cell-autonomous IFN-I activation,
which is dependent on tumor TLR3 and contributes to chemother-
apy efficacy (21). Radiation therapy can also induce IFN-I in the
tumor microenvironment, which in contrast, is dependent on the
c¢GAS/STING pathway in DCs (27, 37). Direct intratumor injection
of STING agonists boosted tumor immunogenicity (38, 39), and
in such a scenario, tumor-intrinsic STING expression seemed less
critical, but STING expression in APCs was more important for
ensuing antitumor immunity (40). Similarly, oxaliplatin combined
with cyclophosphomide boosted tumor immunogenicity through
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stromal myeloid TLR4 signaling (12). Our results suggest that
tumor-intrinsic STING expression is essential for enhanced anti-
tumor therapeutic efficacy when using teniposide in combination
with anti-PD1. Consistent with our findings, a recent study report-
ed that a poly ADP ribose polymerase (PARP) inhibitor activated
the tumor cell-intrinsic STING pathway to promote DC activation
and T cell recruitment in BRCAI-deficient triple-negative breast
cancer tumor models (41). The discrepancy about the role of stro-
ma activation following chemotherapy or irradiation therapy may
derive from different treatment regimens or tumor models, but it
is most likely that innate immune signaling, including NF-kB and
IFN-I pathway activation, would involve both cancer cell-intrin-
sic sensitivity and stroma activation, especially when combined
with immunotherapy. Our findings highlight an essential role of
tumor-intrinsic STING expression for tumor response to chemo-
immunotherapy using DNA damaging agents, such as teniposide.
As STING expression is often dysregulated in human cancers (42),
an immunohistochemical test of intratumoral STING expression
may help predict patient response to such combination treatment.

A previous report showed that Top II inhibitors induced IFN-I
pathway activation through the ATM and ¢cGAS/STING pathway,
which can prevent the Ebola virus infection (43). Consistent with
these findings, teniposide-induced IFN-I pathway activation in both
tumor cells and tumor tissues depended on the cGAS/STING path-
way, as knocked out STING or cGAS blocked IFN-I pathway acti-
vation. Intriguingly, a recent work reported that etoposide, another
type of Top II inhibitor, elicited NF-kB activation in a STING-de-
pendent but cGAS-independent fashion (44). In our study, tenipo-
side-induced IFN-I activation required both ¢cGAS and STING in
tumor cells. Interestingly, functional cGAS was also essential for
tumor immunogenicity recognized by NK cell-mediated antitumor
immunity (45). It is possible that etoposide and teniposide induced
different signaling pathways that induce DNA damage, or they may
have additional unknown targets besides Top II (46). Moreover, we
observed that IFNAR receptor deficiency on DCs attenuated the
activation of T cells. This result indicated the essential role of IFN-I
in DC activation in antitumor immune response. However, [IFNAR
deficiency did not completely inhibit T cell activation, suggesting
that other innate immune signaling could also be involved in DC
activation and function.

Indeed, we also detected NF-xB activation in tumor cells
following teniposide treatment, and NF-kB inhibition in tumor
cells by knocking down IKKp also attenuated teniposide-induced
immunogenicity. NF-kB activation was required for tumor immu-
nogenicity induced by RIPK1-mediated necroptosis (20). Further-
more, NF-kB signaling also controlled several types of IFN-I gene
expression, such as IFN-B (47). Teniposide was therefore identi-
fied as being able to induce the activation of NF-kB and cGAS/
STING-mediated IFN-I signaling in tumor cells, both of which
contributed to enhanced tumor immunogenicity.

Although both NF-kB and IFN-I signaling have an immune-
stimulating function, they also induce expression of inhibitory
immune molecules, such as PD-L1 (35, 47). We found that tenipo-
side induced PD-L1 expression on multiple tumor cells in vitro. In
vivo experiments showed that teniposide treatment induced T cell
infiltration and activation in the tumor microenvironment. Anti-
PD1 treatment has been shown to have superior therapy efficacy
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on multiple tumor types, but the response rate is still much lower
than desired. The nonresponder tumors are often found with low
intratumor T cell infiltration or PD-L1 expression and form a cold
microenvironment, preventing T cell reactivation following anti-
PD1 treatment (3). Therapies that can boost T cell infiltration or
PD-L1 expression inside tumors may have the potential to convert
an immune cold tumor to a hot tumor, thereby increasing the tumor
response to PD-L1/PD1 blockade and expanding the benefits of
anti-PD1 therapy. Recent studies have shown that the CDK inhibi-
tors abemaciclib and dinaciclib can potentiate antitumor immunity
and enhance the efficacy of checkpoint blockade (16, 48). On the
other hand, radiation therapy can also enhance the inhibition of
tumor progress by checkpoint blockade therapy, but the effect was
limited to specific tumor types (49, 50). Here, we demonstrated that
teniposide in combination with anti-PD1 resulted in enhanced anti-
tumor efficacy in several mouse tumor models.

Overall, our findings suggest that teniposide could induce
both NF-«B activation and cGAS/STING-mediated IFN-I signal-
ing within tumor cells, in turn eliciting tumor immunogenicity and
activating tumor microenvironment, which could sensitize tumor
response to anti-PD1 treatment. As several clinical trials testing the
efficacy of chemoimmunotherapy based on ICD-inducing drugs
and checkpoint blockade antibodies are ongoing, our findings
provide a potential chemoimmunotherapeutic approach for can-
cer treatment by using teniposide in combination with anti-PD1
antibody and suggest that a test of intratumoral STING expression
may help predict patient response to such chemoimmunotherapy.

Methods

Mice and reagents. Six- to eight-week-old female C57BL/6] and BALB/c
mice were purchased from the Charles River Laboratory. OT-I mice
and Ifnar’- mice were obtained from Jackson Laboratory. All the mice
were maintained under specific pathogen-free conditions.

The B16 (C57BL/6 mouse melanoma), LSV174T (human colon
adenocarcinoma), CT26 (BALB/c mouse colon adenocarcinoma), and
HEK293 cell lines were obtained from ATCC. MC38 (C57BL/6 mouse
colon adenocarcinoma) was provided by Yang Xuanming (Shanghai
Jiaotong University, Shanghai, China). B16-OVA cells were construct-
ed by stably expressing OVA ¢cDNA on B16 cells. PDAC murine pan-
creatic cancer cells were derived from spontaneous pancreatic can-
cer tissues of K-ras(G12D); p537/~ mice (51). DC2.4, a murine DC line,
was provided by Kenneth Dock (University of Massachusetts Medical
School, Worcester, Massachusetts, USA). B3Z hybridoma cells were
provided by Nilabh Shastri (University of California, Berkeley, Berke-
ley, California, USA). All cell lines were tested and found mycoplas-
ma free. The cells were maintained either with DMEM (Invitrogen)
supplemented with 10% FBS and 1% penicillin-streptomycin or RPMI
1640 (Invitrogen) supplemented with 1% penicillin-streptomycin and
10% FBS in a humidified atmosphere at 37°C and 5% CO,.

For primary cell cultures, single-cell suspensions of mouse bone
marrow cells were cultured in RPMI-1640 medium containing 10%
FBS, supplemented with 20 ng/ml GM-CSF and IL-4 (Peprotech, 315-
03, 214-14). The culture media was refreshed every 2 days. DMSO was
from MilliporeSigma (D2650); TNF-o was from Peprotech (315-01A);
birinapant (A4219), LCL161 (A3541), z-VAD-FMK (A1902), mitox-
antrone (B2114), teniposide (A8532), etoposide (A1971), doxorubicin
(A3966), daunorubicin (B1099), nec-1 (A4213), SP600125 (A4604),
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NAC (A8356), and Bay 117082 (A4210) were all purchased from Apex-
bio Inc. Anti-mouse PD1 antibody (clone G4) was provided by Lieping
Chen (Yale University, New Haven, Connecticut, USA) (52).

LacZ activity measurement. The procedures for lacZ activity mea-
surement were performed according to previously described protocols
(53). Briefly, after activation, B3Z cells in the wells of a cell-culture
plate were lysed and freeze-thawed and then added to 50 pL/well PBS
containing 0.5% BSA and 100 pL/well substrate solution (1 mg/mL
chlorophenolred B-p-galactopyranoside) dissolved in B-galactosidase
buffer. The plate was incubated at 37°C for 12 to 18 hours until color
development reached a proper level, followed by color intensity read-
ing at 590 nm using a microtiter plate reader.

Gluc measurement. HMGB1-Gluc reporter was stably transfected
into tumor cells by a lentiviral-based backbone, and the stably trans-
fected cells were treated with drugs for indicated time points. A 50 pL
culture medium was collected from each sample to measure lucifer-
ase activity by using the Renilla Luciferase Assay (PromegaE2820)
according to the manufacturer’s instructions (54).

Detection of genomic DNA in cytosolic extracts. The procedure for
genomic DNA detection in cytoplasm was performed as previous-
ly described (55). Cytosolic DNA was extracted and quantified via
quantitative PCR (qQPCR) using the primer specific for genomic DNA
(Polgl). The primer sequence of polgl was as follows: forward primer,
5-GATGAATGGGCCTACCTTGA-3', and reverse primer, 5-TGGG-
GTCCTGTTTCTACAGC-3'.

CRISPR/Cas9 KO and shRNA knockdown. STING-deficient and
cGAS-deficient cells were constructed through the CRISPR/Cas9 sys-
tem (56). The sgRNA sequences were designed using the Optimized
CRISPR Design (http://chopchop.cbu.uib.no/). The guide sequenc-
es used were 5-GACGCAAAGATATCTCGGAGG-3' for cGAS and
5'-GTACCTTGGTAGACAATGAGG-3' for STING. The sgRNA was
inserted into the LentiCRISPR v2 vector, which also contained the
Streptococcus pyogenes Cas9 nuclease gene. The cells were transiently
transfected with plasmids, followed by selection with puromycin for 2
days, and then the KO effect was confirmed by Western blot analysis
of whole-cell protein extracts.

Expression of IKKp, TBK1, and IRF3 was knocked down by indi-
cated shRNA in tumor cells. Briefly, ShRNA lentiviral vectors were
cotransfected with pspax2 and pMD2.G packaging plasmids in 293T
cells. The supernatants were harvested 48 hours after transfection and
used for infection with tumor cells, followed by puromycin selection
for 2 days. The knockdown effect was assessed by Western blot analy-
sis of whole-cell protein extracts.

Western blot, immunofluorescence, and immunohistochemistry. The
procedures for protein sample preparation from cell cultures, pro-
tein quantification, Western blot, and data analyses were performed
as previously described (57). The following antibodies were used for
Western blot analyses: Gaussia (NEB, catalog E8023), actin (Milli-
poreSigma, catalog A3854), cGAS (CST, catalog 31659), STING (CST,
catalog 13647), STAT1 (CST, catalog 14994), p-STAT1 (CST, catalog
9167), p-p65 (CST, catalog 3036), p65 (CST, catalog 8248), TBK1
(CST, catalog 3504), p-IRF3 (CST, catalog 29047), and IRF3 (CST,
catalog 4302). Protein bands were visualized by chemiluminescence
using an ECL detection kit (Thermo Scientific, 32106).

For immunofluorescence, the cells were fixed in 4% parafor-
maldehyde (PFA) in PBS for 20 minutes at room temperature (RT),
washed twice with PBS, and permeabilized with 0.5% Triton X-100 in
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PBS for 10 minutes. After 2 additional washes, the cells were blocked
with 2% BSA and 2% FBS in PBS (IFF) for 1 hour at RT. The cells were
then incubated with yH2AX antibody (CST, 9718) in IFF at 4°C over-
night. They were then washed 3 times with PBS, each for 10 minutes,
followed by incubation with FITC-conjugated secondary antibodies
(CST, 4412) and 1 pg/ml of DAPI in IFF for 1 hour at RT. After that, the
cells were washed again 3 times with PBS, and the slides were exam-
ined using fluorescent microscopy.

For immunohistochemistry, the tissue sections were deparaffin-
ized in xylene rehydrated by incubation in serial ethanol baths (95%-
30%, 2 minutes per bath). Epitope retrieval was performed through
incubation in 10 mM citrate buffer (pH = 6.0) for 30 to 40 minutes.
Endogenous peroxidase activity was inhibited by treatment with 3%
H,0, for 10 minutes. The tissue slides were then incubated overnight
at 4°C with anti-CD8 (dilution: 1:200, CST, catalog 70306) or anti-
CRT (dilution: 1:100, Abcam, catalog ab2907) primary antibodies.
After washes in PBS, the slides were incubated for 30 minutes at RT
with a secondary antibody (Dako), and the signal was subsequently
detected by the chromogenic substrate (Dako).

Detection of apoptosis, surface CRT staining, and LDH assay. Tumor
cell lines were seeded in 24-well multiple plates, then treated with
teniposide or DMSO at indicated time points. Tenipside-induced
tumor cell death was assessed using the Annexin V-Propidium Iodide
Apoptosis Detection Kit (BD, 556547), and detection of surface CRT
(Abcam, ab2907) and measurement of LDH release used the Cyto-
Tox96 Non-Radioactive Assay Kit (Promega, G1780). The procedures
were performed following the manufacturers’ instructions. Briefly,
LDH is a cytosolic soluble enzyme and will leak into culture medium
when cells undergo cell death. Afterwards, the enzyme activity in the
medium could be quantified by a colorimetrical assay.

T cell and DC activation assay. B16-OVA tumor cells were treated
with teniposide for 16 hours. Treated tumor cells were then cocultured
with DCs and T cells (B3Z or OT-I cells) for additional indicated time
points. LacZ activity assay was performed as previously described.
Supernatant levels of IL-2 and IFN-y were measured by ELISA kits
(eBioscience, 88-7024-88, 88-7314-22). T cells were stained with
fluorescence-labeled antibodies against CD8 (eBioscience, 11-0081-
82), CD69 (BioLegend, 104514), IFN-y (eBioscience, 25-7311-82),
and GZMB (eBioscience, 48-8898-82). DCs were stained with CD11c
(eBioscience, 61-0114-82), MHC-II (eBioscience, 11-5321-82), CD40
(eBioscience, 12-0401-82), CD86 (eBioscience, 12-0862-82), CD8O
(eBioscience, 46-0801-82), MHC-I (eBioscience, 48-5999-82), and
MHC-I SIINFEKL (eBioscience, 17-5743-80). After antibody staining,
cells were then analyzed using flow cytometry.

Real-time PCR and ELISA analysis. Total RNA was isolated using
TRIzol (Invitrogen, 15596018) according to the manufacturer’s instruc-
tions. RNA was reverse transcribed using the PrimeScript Reverse Tran-
scriptase Reagent KitwithgDNA Eraser (Takara, RRO36A). Real-time PCR
was performed using the SYBR Premix Kit (Genstar, A301) and analyzed
using the Bio-Rad CFX96 thermal cycler. The primer sequences used for
the investigated mouse genes were as follows: actin, forward: 5-AGAG-
GGAAATCGTGCGTGAC-3/, actin, reverse: 5-CAATAGTGATGACCT-
GGCCGT; CCLS5, forward: GCTGCTTTGCCTACCTCTCC-3/, CCL5,
reverse: 5-TCGAGTGACAAACACGACTGC-3; CXCL10, forward:
5-CCAAGTGCTGCCGTCATTTTC-3', CXCL10, reverse: 5-GGCTC-
GCAGGGATGATTTCAA-3'; IFN-B, forward: 5-CAGCTCCAAGAAAG-
GACGAA-3', IFN-B, reverse: 5’-GGCAGTGTAACTCTTCTGCAT-3'.
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Supernatant levels of CCL5 and CXCL10 were measured by ELI-
SA kits (R&D Systems, DY478, DY466) following the manufacturer’s
instructions.

Tumor growth and treatments and analytics. For the immuniza-
tion study, 3 x 10° CT26 cells, either freeze-thawed 3 times in liquid
nitrogen or treated with 50 pM teniposide or 50 pM etoposide, were
inoculated subcutaneously into the lower left flank of BALB/c mice.
Eight days later, 5 x 10° live CT26 cells were inoculated into the right
flank, and the tumor growth was monitored. For immunophenotyp-
ing analysis of tumor microenvironment, CT26 (5 x 10° cells) or B16
(1 x 106 cells) tumor cells were subcutaneously injected into the flank
of BALB/c or B6 mice. Tumors were allowed to grow for 6 or 7 days,
and teniposide (dissolved in 10% Cremophor EL in PBS, MilliporeSig-
ma) or vehicle was administered by i.p. injection (10 mg/kg) twice
at indicated time points. For analysis of immune cell populations,
mouse tumors were dissociated by gentleMACS (Miltenyi Biotec)
and filtered through 70 um cell strainers to generate single-cell sus-
pensions, then stained with CD45 (eBioscience, catalog 48-0451-82),
CD3 (eBioscience, catalog 46-0031-82), CD4 (eBioscience, catalog
47-0041-82), CD8 (eBioscience, catalog 11-0081-82), CD69 (BioLeg-
end, catalog 104514), IFN-y (eBioscience, catalog 25-7311-82), GZMB
(eBioscience, catalog 12-8898-82), and TNF-u (eBiosicence, catalog
17-7321-82) for T cell analysis. For DC analysis, cells were stained
with CD11c (eBioscience, catalog 61-0114-82), MHC-II (eBioscience,
catalog 47-5321-82), CD86 (eBioscience, catalog 11-0862-82), CD40
(eBioscience, catalog 12-0401-82), and MHC-I (eBioscience, catalog
48-5999-82). Fluorescence data were acquired on a BD LSR Fortes-
sa Cytometer and analyzed using FlowJo, version 7.6.5. For in vivo
study, CT26 (5 x 10° cells), MC38 (1 x 10° cells), or PDAC (1 x 106 cells)
tumor cells were subcutaneously injected into the flank of BALB/c or
B6 mice. The growth of the tumors was observed for 6 to 7 days, after
which teniposide or vehicle was administered by i.p. injection (10 mg/
kg) twice at indicated time points, followed by 3 i.p. injections of anti-
PD1 (100 pg/mouse, once every 3 days). Tumor volume was calculat-
ed as 0.5 x tumor length x (tumor width)?, where the longer dimension
was considered as tumor length.

Anti-CD4 (catalog BEO003-1), anti-CD8 (catalog BE0004-1),
and isotype (catalog BEOO89) depletion antibodies were purchased
from Bio X Cell. Depletion antibodies were i.p. injected on days 3, 6,
and 9 (100 pg/mice), after tumor cells were inoculated, and depletion
effect was confirmed by flow cytometry.

Statistics. Data were analyzed using GraphPad Prism 5 (Graph-
Pad Software). Comparisons between 2 groups were analyzed using
a 2-tailed unpaired Student’s ¢ test. Comparisons between multiple
groups were analyzed using 1-way ANOVA with Bonferroni’s post test
or 2-way ANOVA with Bonferroni’s post test for tumor growth study.
Statistical significance was defined as a P value of less than 0.05.

Study approval. All mice were maintained under specific patho-
gen-free conditions and in accordance with the animal experimen-
tal guidelines of Sun Yat-sen University. All animal procedures were
approved by the Institutional Animal Care and Use Committee of Sun
Yat-sen University.
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