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Original research

Hyperbaric oxygen facilitates
teniposide-induced cGAS-STING
activation to enhance the antitumor
efficacy of PD-1 antibody in HCC

Kun Li,' Yihang Gong," Dongbo Qiu,? Hui Tang,' Jian Zhang,' Zenan Yuan,’

Yinggi Huang,® Yunfei Qin,® Linsen Ye

ABSTRACT

Background Emerging evidence indicates that the

cyclic GMP-AMP synthase-stimulator of interferon

genes (cGAS-STING) axis plays a pivotal role in intrinsic
antitumor immunity. Previous studies demonstrate that the
conventional chemotherapy agent, teniposide, effectively
promotes the therapeutic efficacy of programmed cell
death protein-1 antibody (PD-1 Ab) through robust cGAS-
STING activation. Unfortunately, the cGAS expression

of tumor cells is reported to be severely suppressed by
the hypoxic status in solid tumor. Clinically, enhancing
chemotherapy-induced, DNA-activated tumor STING
signaling by alleviating tumor hypoxia might be one
possible direction for improving the currently poor
response rates of patients with hepatocellular carcinoma
(HCC) to PD-1 Ab.

Methods Teniposide was first screened out from several
chemotherapy drugs according to their potency in inducing
CGAS-STING signaling in human HCC cells. Teniposide-
treated HCC cells were then cultured under hypoxia,
normoxia or reoxygenation condition to detect change

in CGAS-STING signaling. Next, oxaliplatin/teniposide
chemotherapy alone or combined with hyperbaric oxygen
(HBO) therapy was administered on liver orthotopic mouse
tumor models, after which the tumor microenvironment
(TME) was surveyed. Lastly, teniposide alone or combined
with HBO was performed on multiple mouse tumor models
and the subsequent anti-PD-1 therapeutic responses were
observed.

Results Compared with the first-line oxaliplatin
chemotherapy, teniposide chemotherapy induced stronger
cGAS-STING signaling in human HCC cells. Teniposide-
induced cGAS-STING activation was significantly inhibited
by hypoxia inducible factor 1o in an oxygen-deficient
environment in vitro and the inhibition was rapidly
removed via effective reoxygenation. HBO remarkably
enhanced the cGAS-STING-dependent tumor type I
interferon and nuclear factor kappa-B signaling induced
by teniposide in vivo, both of which contributed to the
activation of dendritic cells and subsequent cytotoxic

T cells. Combined HBO with teniposide chemotherapy
improved the therapeutic effect of PD-1 Ab in multiple
tumor models.

Conclusions By combination of two therapies approved
by the Food and Drug Administration, we safely
stimulated an immunogenic, T cell-inflamed HCC TME,

,' Yang Yang'

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Stimulator of interferon genes (STING) activation in
the tumor microenvironment induced by agonists
has been proven to result in potent tumor regression
in multiple animal models.

= Clinically, how to efficiently trigger tumor STING sig-
naling via existing therapies or therapeutic combi-
nations remains to be further described.

WHAT THIS STUDY ADDS

= In this study, we verified that the combination of
two therapies approved by the Food and Drug
Administration, hyperbaric oxygen and teniposide
chemotherapy, could synergistically trigger efficient
tumor STING activation and eventually stimulate a
robust adaptive antitumor immune response in he-
patocellular carcinoma.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings might enrich therapeutic strategies
for clinical practice and we can boost DNA-activated
STING signaling by effective tumor reoxygenation.

leading to further sensitization of tumors to anti-PD-1
immunotherapy. These findings might enrich therapeutic
strategies for advanced HCC andwe can attempt to
improve the response rates of patients with HCC to PD-1
Ab by enhancing DNA-activated STING signaling through
effective tumor reoxygenation.

INTRODUCTION

As an important signaling pathway of innate
immunity, the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING)
axis has been revealed to play a pivotal role
in intrinsic antitumor immunity in recent
years.' > When cGAS senses abnormal frag-
ments of double-stranded DNA (dsDNA) in
the cytoplasm, it catalyzes the synthesis of
cyclic dinucleotides (CDNs) to initiate signal
transduction. CDNs then bind to STING and
the activated STING recruits TANK-binding
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kinase 1 to subsequently activate both interferon regula-
tory factor 3 (IRF3) and nuclear factor kappa-B (NF-xB),
eventually resulting in the secretion of interferon-o./[3
(IFN-0./B), proinflammatory cytokines and chemok-
ines.” Together, these factors promote the recruitment
and maturation of dendritic cells (DCs), leading to
tumor infiltration and activation of cytotoxic T lympho-
cytes (CTLs) b7 Activation of the cGAS-STING axis inside
the tumor microenvironment (TME) is an effective way
to inhibit tumor growth; thus, many researchers attempt
to directly inject CDNs (endogenous ligands for STING)
into the tumors or develop novel types of potent exog-
enous STING agonists for oral or intravenous use.*"
Although these efforts exhibit ideal antitumor ability in
various animal tumor models, they are only staying at the
preclinical stages.'

Chemotherapyis routinely used in cancer treatmentand
could cause tumor cell DNA breaks and damages. Thus,
chemotherapy might be a clinically applicable method
to induce tumor cellintrinsic STING activation.! ' 2
Teniposide is a DNA topoisomerase II inhibitor mainly
used for treatment of lymphoma and glioblastoma. As a
traditional chemotherapy agent, teniposide was recently
demonstrated to induce efficient cGAS-STING signaling
in multiple tumor models."”” Considering the poor effi-
cacy of the chemotherapy regimen currently used for
hepatocellular carcinoma (HCC),'"* we were eager to
know whether teniposide has potential therapeutic pros-
pect in HCC chemotherapy.

As a major cytosolic DNA sensor, cGAS is responsible
for the initiation of cGAS-STING type I interferon (IFN-I)
signal transduction. Unfortunately, cGAS expression was
reported to be suppressed in the oxygen-deficient envi-
ronment in breast cancer, allowing tumor cells to escape
immunological responses induced by damage-associated
molecular pattern molecules.”” Thus, restoring cGAS
expression in tumor cells by overcoming the anoxic status
inside the TME might be a potential antitumor strategy.
As HCC is a solid tumor characterized by severe TME
hypoxia,'® we aim to determine whether tumor cGAS-
STING activation could be promoted by alleviating tumor
hypoxia in HCC.

Hyperbaric oxygen (HBO) has been used in clinical
practice for many years. When operating at an elevated
air pressure, generally 2.5-3atmosphere absolute (ATA),
HBO can safely increase the partial pressure of blood
oxygen and facilitate tissue oxygen delivery in a non-
invasive manner.'” As a conventional therapy, HBO has
attracted much attention in cancer treatment in recent
years."™™ Here, to maximize cGAS-STING activation in
HCC, we combined two therapies approved by the Food
and Drug Administration (FDA): teniposide and HBO.
By implementing teniposide chemotherapy, we achieved
stronger STING activation than routine HCC chemo-
therapy drugs. By subsequently repeated HBO adminis-
tration, we further enhanced the cGAS-STING signaling
induced by teniposide chemotherapy. Thus, the combi-
nation of HBO with teniposide synergistically activated

the antitumor immune response in HCC and sensitized
tumor response to antiprogrammed cell death protein-1
(anti-PD-1) immunotherapy.

METHODS AND MATERIALS

Mice, cell lines and reagents

Six-week-old male C57BL/6] mice were purchased from
the Model Animal Research Center of Nanjing University
(China). All mice were raised under specific pathogen-
free conditions.

The Hep3B, Huh7, THP-1, Hepal-6, MC38, B16 and
HEK293 cell lines were obtained from ATCC. All cells
were tested negative for mycoplasma. Cells were cultured
with either high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco) or Roswell Park Memorial
Institute (RPMI)-1640 (Gibco), supplemented with 10%
fetal bovine serum (FBS) (PAN-Biotech) at 37°C in 5%
CO,. Hypoxia culture was conducted in a hypoxic incu-
bator (New Brunswick Galaxy 48R) at 1% O,, 5% CO, and
94% N,.

The following chemical reagents were used in this study:
Lipofectamine 3000 (Invitrogen, L.3000015), herring
testes (HT) DNA (Sigma-Aldrich, D6898), teniposide
(MCE, HY-13761), oxaliplatin (MCE, HY-17371), cisplatin
(MCE, HY-17394), doxorubicin (MCE, HY-15142),
sorafenib (MCE, HY-10201) and b5-fluorouracil (MCE,
HY-90006).

Immunoblotting

The procedure for immunoblotting analyses was
performed as previously described.”’ The following
antibodies were used for immunoblotting analyses:
cGAS (Novus, NBP1-86761), IRF3 (HUABIO, ET1612-
14), P65 (CST, 6956), p-IRF3 (Abcam, ab76493), p-P65
(CST, 3033), HIF-1ow (CST, 14179), B-actin (Santa Cruz,
sc-47778), anti-mouse IgG (CST, 7076) and anti-rabbit
IgG (CST, 7074). Protein bands were visualized by a
Tanon 5200 chemiluminescence image analysis system
(China).

Immunohistochemistry and immunofluorescence
Forimmunohistochemistry (IHC), slides of tumor sections
were prepared as previously described.?' Sections were
incubated with primary antibodies against p-IRF3 (CST,
29047), CD11c (CST, 97585), CD8 (Abcam, ab217344)
and HIF-1oo (Abcam, ab114977) at 4°C overnight. After
incubation with a secondary antibody (Dako) for 1hour
at 37°C, the signal was revealed by the DAB Chromogenic
Kit (Dako).

For immunofluorescence, tumor tissues were prepared
as described for IHC and sections were incubated with
primary antibodies against p-IRF3 (CST, 29047) and
HIF-loo (Santa Cruz, sc-13515) at 4°C overnight. After
washing with phosphate buffered saline (PBS), sections
wereincubatedwith CF488-conjugated goat-anti-rabbitlgG
(Biotium, 20019) or CF568-conjugated goat-anti-mouse
IgG (Biotium, 20101) atroom temperature for 1 hour. The
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nuclei were revealed by 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, D9542) staining. Fluorescence
images were collected using a fluorescence microscope
(Leica DM4000B, Germany).

Multiplex immunohistochemistry (mIHC) staining was
performed using tyramide signal amplification (TSA) Plus
Fluorescence Kits (PerkinElmer, USA) combined with
IHC (TSA-IHC). Various primary antibodies, including
pIRF3 (CST, 29047), CD11c (CST, 97585), CD3 (Abcam,
ab16669) and CD8 (Abcam, ab217344), were sequen-
tially applied at 37°C for 1hour, followed by horseradish
peroxidase-conjugated secondary antibody incubation
and TSA. The slides were microwave heat-treated after
each TSA operation. The nuclei were counterstained
with DAPI and images were acquired using tissue FAXS
SL spectra (TissueGnostics, Austria).

Real-time PCR and ELISA analysis
The total RNA of tumor cells and tumor tissues was
extracted using an RNA Quick Purification Kit (Yishan
Biotech) according to the manufacturer’s instructions.
The RNA was then reverse-transcribed to complementary
DNA (cDNA) using HiScript III RT SuperMix for real time
quantitative PCR (RT-qPCR) with gDNA wiper (Vazyme,
R323-01). SYBR Green III (Vazyme, Q711-02/03) was used
for the RT-qPCR of non-TagMan primers, and Universal
Master Mix II with UNG (Thermo Fisher, 4440038) was
used for the RT-PCR of TagMan primers. The primer
sequences are listed in online supplemental table 1.
Supernatant levels of human IFN§ (R&D Systems,
DIFNBO) and mouse IFN§ (R&D Systems, MIFNBO)
were measured by ELISA kits following the manufactur-
er’s instructions.

Flow cytometry analysis

Fluorochrome-labeled antibodies employed in flow
cytometry were used according to the manufacturer’s
protocol. The following antibodies were used for cell
staining: calreticulin (CST, 62304), PD-L1 (BD, 563741),
CD4 (Biolegend, 100411), CD8a (BD, 561095), F4/80
(BD, 565787), CD11b (Biolegend, 101207), CDllc
(BD, 562949), CD86 (Biolegend, 105013), CD206
(Biolegend, 141703), MHC-I (Biolegend, 114613),
MHC-II (Biolegend, 107627), IFN-y (BD, 560660), TNF-o.
(BD, 563387), granzyme B (Biolegend, 372206) and Ki67
(Biolegend, 652410). Fluorescence data were acquired
on a BD LSRFortessa cytometer and analyzed using
FlowJo V.X.

shRNA knockdown

The expression of ¢GAS, STING and HIFIA was knocked
down by the indicated short hairpin RNA (shRNA) in
HCC tumor cells. Briefly, shRNA lentiviral vectors were
cotransfected with psPAX2 and pMD2.G packaging plas-
mids into 293T cells. The supernatants were harvested 48
hours after transfection and used for infection of tumor
cells followed by puromycin selection for 2days. The
knockdown effect was assessed by immunoblotting using

cellular protein extracts. The shRNA sequences are listed
in online supplemental table 1.

HBO therapy

The experimental HBO chamber was manufactured by
Shanghai 701 Yang Garden Hyperbaric Oxygen Chamber
(Shanghai, China). Mice labeled by group were placed
into the HBO chamber and the door of the chamber was
tightly closed. The chamber was ventilated with high-flow
100% oxygen before pressurization. The oxygen concen-
tration in the chamber was monitored by an oximeter.
During HBO therapy, the oxygen concentration and air
pressure in the chamber were consistently maintained
above 90% and 2.8 ATA, respectively, for 2hours by
continuous low-flow oxygen ventilation. At least 10 min
of pressurization and 20min of depressurization were
required to allow the mice to adapt to the rapid air pres-
sure changes.

In vivo tumor experiments

For TME survey experiments, Hepal-6 cells suspended in
PBS were mixed with Matrigel matrix (Corning, 354234)
in a volume ratio of 2:1 and tumor cells (1x10° cells per
50pL) were orthotopically inoculated into the hepatic
subcapsular of the rightliver lobe of B6 mice. Tumors were
allowed to grow for 5days and the mice were then treated
with DMSO (Ctrl), teniposide (10mg/kg, intraperitoneal
injection), oxaliplatin (10mg/kg, intraperitoneal injec-
tion), HBO, HBO-+oxaliplatinand HBO+teniposide at
the indicated time points (n=3 per group).

For anti-PD-1 sensitization experiments, 100pL of
Matrigel matrix premixed with Hepal-6, MC38 or B16
cells were subcutaneously injected into the left flank of
B6 mice (0.5x10° cells per mouse). Tumors were allowed
to grow for bdays and the mice were then treated with
DMSO (Ctrl), teniposide (10mg/kg, intraperitoneal
injection) or HBO+teniposide at the indicated time
points, followed by three intraperitoneal injections of
PD-1 antibody (Ab) (Bio X Cell, 200 pg per mouse) every
3days (n=5 per group). Tumor diameter was measured
by a vernier caliper and tumor volume was calculated as:
V (mm®)=0.5 x tumor length (mm) x (tumor width, in
mm)>.

Safety evaluation

Serum samples and the major organs of tumor-bearing
mice in each group were obtained after treatment with-
drawal. Blood biochemical parameters were analyzed by
an automatic analyzer (Hitachi 3100, Japan). The major
organs were fixed for H&E staining to assess pathological
changes.

Patient sample collection and evaluation of IHC

Fresh clinical tumor samples were acquired from three
patients with HCC who underwent open hepatectomy
at the Third Affiliated Hospital, Sun Yat-sen University.
Samples for IHC were collected from 120 patients who
underwent laparoscopic or open hepatectomy at the
Third Affiliated Hospital, Sun Yatsen University from
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January 2013 to December 2016. None of these patients
had received antitumor therapy before surgery. Informed
consent forms were signed by all study participants.

The staining intensity of tumor p-IRF3 expression
was scored as 0 (negative), 1 (weak), 2 (moderate) or 3
(high). The percentage of positive cells was categorized
as 0 (0%), 1 (1%-25%), 2 (26%-50%), 3 (561%-75%) or
4 (76%-100%). The THC staining score was blindly calcu-
lated by different individuals using the staining intensity
multiplied by the positive cell percentage. Staining scores
between 0 and 5 were defined as p-IRF3 low expression
and scores between 6 and 12 were considered as p-IRF3
high expression.

Statistical analysis

GraphPad Prism V.7 and IBM SPSS Statistics V.24 were
used to analyze the data. Comparisons between two
groups were analyzed using a two-tailed unpaired
Student’s t-test. Cox regression analysis with the log-rank
test was performed to determine overall survival (OS)
and disease-free survival (DFS). Statistical significance
was defined as a p value less than 0.05.

RESULTS

Teniposide robustly activates the cGAS-STING axis in human
HCC cells

Several chemotherapy drugs have been reported to
induce the damage and leakage of nuclear DNA in
tumor cells, which are sensed by cytosolic DNA sensors,
thereby triggering downstream innate immune signaling.
Although teniposide has been proven to effectively
induce IFN-I and NF-xB signaling in various mouse tumor
models via the cGAS-STING activation, whether it works
in human HCC remains to be determined. To verify the
innate immune signaling inductive potency of tenipo-
side in human HCC cells, we selected sorafenib, doxoru-
bicin, b5-fluorouracil, cisplatin and oxaliplatin, which are
commonly used systemic or local chemotherapy drugs in
HCC treatment, for comparison. We treated Hep3B and
Huh?7 cells with these drugs at their respective 50% inhib-
itory concentration for 24hours (online supplemental
figure 1A). We then detected the cellular protein levels
of p-IRF3 and p-P65, two pivotal transcription factors for
inducing IFN-I and NF-«B signaling. The results showed
that teniposide induced the strongest p-IRF3 and p-P65
expression among these six drugs tested in human HCC
cells (online supplemental figure 1B).

Because oxaliplatin is the major component of the first-
line HCC chemotherapy regimen recommended by the
National Comprehensive Cancer Network,'* ?* we next
compared teniposide with oxaliplatin in detail in terms of
innate immune signaling induction in human HCC cells.
Consistent with the cellular p-IRF3 and p-P65 protein
expression levels, teniposide treatment significantly
increased the IFN- secretion and the mRNA expres-
sion of IFITI, IFIT2, CCL5 and CXCLI0 in Hep3B and
Huh?7 cells (figure 1A-C). These data further confirmed

the robust activation of IFN-I and NF-kB signaling in
human HCC cells after teniposide chemotherapy, but
not oxaliplatin. As IFN-I and NF-xB signalings could
be induced via multiple pathways, including the cGAS-
STING pathway, the RIG-I-MAVS pathway and the Toll-
like receptor pathway, we knocked down ¢GAS or STING
in HCC cells using shRNA and observed that teniposide-
induced p-IRF3 and p-P65 expressions were significantly
weakened in the cGAS-STING-deficient cells (figure 1D,E
and online supplemental figure 2A,B). These data
indicate the activation of IFN-I and NF-kB signaling in
human HCC cells induced by teniposide depended on
the cGAS-STING axis. Furthermore, we also detected
the increased expression of two immunogenic cell death
(ICD) biomarkers, namely calreticulin and programmed
cell death ligand 1 (PD-L1), after teniposide treatment
(online supplemental figure 2C,D), indicating teniposide
might also induce stronger ICD effects in human HCC
cells than oxaliplatin.

These data showed that, in addition to inhibiting the
proliferation of tumor cells, teniposide robustly activated
cGAS-STING-dependent IFN-I and NF-kB signaling in
human HCC cells, suggesting that teniposide might serve
as a potential chemotherapeutic drug in HCC treatment,
especially when combined with immune checkpoint
inhibitors (ICIs).

Hypoxia inhibits teniposide-induced cGAS-STING activation by
suppressing cGAS expression in human HCG cells

A previous study has revealed that hypoxia suppressed
cGAS expression in breast cancer cells.”” As hypoxia is a
prominent hallmark of the HCC TME, we thus verified
this phenotype in human HCC cells. First, we cultured
tumor cells under a normoxic (21% O,) or a hypoxic (1%
O,) condition and observed that hypoxic culture attenu-
ated cGAS expression in human HCC cells (figure 2A).
To further determine the influence of hypoxia on the
downstream signal transduction of cGAS, we next trans-
fected HCC cells with HI-DNA before hypoxic culture
and found that p-IRF3 expression was remarkably
decreased under oxygen-deficient conditions, indicating
that hypoxia inhibited DNA-induced cGAS-STING activa-
tion in human HCC cells (figure 2B). Similarly, we also
observed the inhibition of cGAS expression and down-
stream p-IRF3 activation in THP-1 human mononuclear
immune cells under hypoxia (online supplemental figure
3A).

Because teniposide induced potent innate immune
signaling in a cGAS-dependent manner, we next inves-
tigated the effects of hypoxia on the IFN-I and NF-«xB
signaling induction after teniposide treatment. Consis-
tent with the results of HT-DNA transfection, lower
cellular p-IRF3 protein expression and IFN-B secretion,
decreased interferon-stimulated genes (ISG) mRNA
expression indicated that hypoxia markedly suppressed
the activation of IFN-I signaling induced by teniposide
(figure 2C-E). Furthermore, cellular p-P65 protein and
chemokine mRNA expressions were also significantly
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Figure 1 Teniposide triggered type I interferon and NF-«xB signaling through the cGAS-STING activation in human HCC cells.
(A-C) Hep3B and Huh7 cells were treated with oxaliplatin or teniposide at each IC50 for 24 hours and the supernatant IFN-§ was

then measured by ELISA (A) and the mRNA expression of IFIT-

1 and IFIT-2 (B) and CCL5 and CXCL10 (C) was measured by RT-

gPCR. (D) Hep3B and Huh7 cells transduced with cGAS-shRNA or scramble-shRNA were treated with teniposide at each IC50

for 24 hours and the cellular protein expression of p-IRF3 and

p-P65 was then detected by immunoblotting; -actin was used

as a loading control. (E) Hep3B and Huh7 cells transduced with STING-shRNA or scramble-shRNA were treated as in (D) and
the cellular protein expression of p-IRF3 and p-P65 was then detected by immunoblotting. Data in (D) and (E) are representative
of three independent experiments. Data in (A), (B) and (C) are shown as mean+SD of three independent experiments. *P<0.05,

**P<0.01,**P<0.001. cGAS-STING, cyclic GMP-AMP synthas

e-stimulator of interferon genes; Ctrl, control; HCC, hepatocellular

carcinoma; IC50, 50% inhibitory concentration; IFN-B, interferon B; IRF3, interferon regulatory factor 3; NF-kB, nuclear factor
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;RT-gPCR, real time quantitative PCR; sh-SCR, short hairpin RNA-

scrambled; sh-cGAS, short hairpin RNA-cGAS; Teni, teniposide.

restricted under hypoxia (figure 2C,F). Additionally, we
also observed that hypoxia inhibited teniposide-induced
IFN-B secretion in multiple murine tumor cell lines
(online supplemental figure 3B-D). Together, these data
illustrate the negative influence of hypoxia on cGAS-
STING activation induced by teniposide chemotherapy
in human HCC cells.

Reoxygenation promotes teniposide-induced cGAS-STING
activation by rescuing cGAS expression in human HCC cells
We next investigated the dynamic change of cGAS expres-
sion in human HCC cells when the oxygen-deficient status
was removed. We reoxygenated tumor cells by transfer-
ring culture flasks from hypoxic conditions to normoxic

conditions and observed that, with the degradation of
hypoxia inducible factor 1o, (HIF-1o), cGAS expression
was rapidly rescued within 8 hours (figure 3A). As a conse-
quence, teniposide-induced cGAS-STING activation was
also promoted by reoxygenation as cellular p-IRF3 and
p-P65 protein levels, IFN-B secretion levels, and ISG
mRNA and chemokine mRNA expression levels in the
reoxygenation group were notably higher than those in
the absolute hypoxia group (figure 3B-D).

As HIF-lo is a key transcription factor that plays a
crucial role in the cellular response to hypoxia, we thus
investigated whether HIF-lo. mediates the suppression
of cGAS-STING activation under hypoxia. Knockdown
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Figure 2 Hypoxia inhibited teniposide-induced cGAS-STING activation in human HCC cells. (A) Hep3B and Huh7 cells were

cultured under a normoxic (21%

0,) or a hypoxic (1%

0,) condition for 18 hours and the cellular protein expression of HIF-

1o and cGAS was then detected by immunoblotting; B-actin was used as a loading control. (B) Hep3B and Huh7 cells were
transfected with HT-DNA (5 pg/mL) and the cells were then cultured under either normoxic or hypoxic condition for 24 hours; the
cellular protein expression of p-IRF3 was detected by immunoblotting. (C) Hep3B and Huh7 cells were treated with teniposide
at each IC50, followed by either normoxic or hypoxic culture for 24 hours, and the cellular protein expression of p-IRF3 and
p-P65 was then detected by immunoblotting. (D) Hep3B and Huh7 cells were treated as in (C) and the supernatant IFN- was
then measured by ELISA. (E-F) Hep3B and Huh7 cells were treated as in (C) and the mRNA expression of IFIT-1 and IFIT-2 (E)

and CCL5 and CXCL10 (F) was then measured by RT-gPCR. Data in (A), (B) and (C) are representative of three independent

experiments. Data in (D), (E) and (F) are shown as mean+SD of three independent experiments. *P<0.05, **P<0.01,**P<0.001.

cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; HCC, hepatocellular carcinoma; HIF-1a, hypoxia
inducible factor 10; HT-DNA, herring testes-DNA; IC50, 50% inhibitory concentration; IFN-B, interferon 3; IRF3, interferon
regulatory factor 3; Rel. expression, relative expression; RT-qPCR, real time quantitative PCR; Teni, teniposide.
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Figure 3 Reoxygenation restored teniposide-induced cGAS-STING activation in human HCC cells. (A) Hep3B and Huh7 cells
were cultured under either a normoxic (21% O,) or a hypoxic (1% O,) condition for 18 hours and the cells were then transferred
to normoxic (21% O,) culture for 1hour, 2hours, 4hours and 8hours, respectively; the cellular protein expression of HIF-1o
and cGAS was detected by immunoblotting at indicated time points and 3-actin was used as a loading control. (B-D) Hep3B
and Huh7 cells were treated with teniposide at each IC50, followed by hypoxic culture for 18 hours, and the cells were then
transferred to normoxic culture for another 6 hours, and the cellular protein expression of p-IRF3 and p-P65 was detected

by immunoblotting (B), the supernatant IFN-B was measured by ELISA (C), and the mRNA expression of CCL5 and CXCL10
was measured by RT-gPCR (D). (E-G) Hep3B and Huh7 cells transduced with HIF1A-shRNA or scramble-shRNA were treated
with teniposide at each IC50, followed by either normoxic or hypoxic culture for 24 hours and the cellular protein expression

of p-IRF3 and p-P65 was then detected by immunoblotting (E), the supernatant IFN-B was measured by ELISA (F), and the
mRNA expression of CCL5 and CXCL10 was measured by RT-gPCR (G). Data in (A), (B) and (E) are representative of three
independent experiments. Data in (C), (D), (F) and (G) are shown as mean+SD of three independent experiments. “P<0.05,
**P<0.01,**P<0.001. cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; HCC, hepatocellular carcinoma;
HIF-10, hypoxia inducible factor 1¢; IC50, 50% inhibitory concentration; IFN-B, interferon B; IRF3, interferon regulatory factor
3; Rel. expression, relative expression; RT-gPCR, real time quantitative PCR; sh-SCR, short hairpin RNA-scrambled; Teni,
teniposide.
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of HIFIA in human HCC tumor cells using shRNA abol-
ished the hypoxia-induced suppression of cGAS, and as a
result downstream p-IRF3 and p-P65 activation induced
by teniposide was also rescued (figure 3E). Accordingly,
teniposide-induced IFN-B secretion and ISG mRNA and
chemokine mRNA expressions were all restored when
HIFIA expression was silenced in human HCC cells
(figure 3F,G).

These data suggest that the inhibition of cGAS-STING
activation by hypoxia was dependent on HIF-1ot and that
reoxygenation promoted teniposide-induced IFN-I and
NF-kB signaling by rapidly restoring cGAS-STING activa-
tion in human HCC cells.

HBO facilitates teniposide-induced activation of cGAS-STING
in a mouse HCC tumor model

Our observations confirmed that hypoxia significantly
suppressed teniposide-induced cGAS-STING activation,
which was restored if the hypoxic condition was removed.
To overcome the oxygen-deficient environment inside
the tumor, we conducted repeated HBO therapy to a
mouse HCC model and then evaluated the therapeutic
effect and cGAS-STING signaling induction of oxaliplatin
and teniposide chemotherapy after TME reoxygenation.

Hepal-6 tumor cells were orthotopically transplanted
into C57BL/6] mouse liver and the tumor-bearing mice
were then randomly divided into six groups as follows:
DMSO (Ctrl), hyperbaric oxygen (HBO), oxaliplatin
chemotherapy (Oxa), teniposide chemotherapy (Teni),
HBO+oxaliplatin  (HBO+Oxa) and HBO+teniposide
(HBO+Teni). The brief treatment schedule is described
in figure 4A. Body weights were monitored daily when
treatment started (online supplemental figure 4A).
After the final HBO administration, all mice were sacri-
ficed and orthotopic tumors were excised and weighed.
The tumor weights of the control group and the HBO
group were significantly higher than those of the chemo-
therapy groups, and HBO therapy alone did not affect
tumor growth. Groups receiving oxaliplatin or tenipo-
side chemotherapy showed an obvious tumor inhibition
effect; however, HBO did not observably enhance the
tumor inhibition effect of both chemotherapy drugs in
the combination treatment groups by the end of the
experiment (online supplemental figure 4B,C).

Serum biochemical parameters including alanine trans-
aminase, aspartate aminotransferase, creatinine and blood
urea nitrogen of the mice in each group were all within the
normal ranges (online supplemental figure 4D-F). Histolog-
ical examinations also showed no histopathological lesions
in the major organs of mice receiving combined HBO and
chemotherapy (online supplemental figure 4G). These
results confirmed that HBO treatment did not increase the
toxicity of both chemotherapeutic drugs.

By further analyzing the tumor tissues of each treatment
group, we observed the notable degradation of tumor
HIF-1o in the HBO group, indicating the definite removal
of tumor hypoxia after HBO administration (figure 4B,C).
Therefore, we next investigated tumor cGAS-STING

signaling after TME reoxygenation using the p-IRF3
expression level as an indicator based on our previous
results. Using immunohistochemical staining, we observed
stronger tumor p-IRF3 expression in the HBO+teniposide
group than that in the teniposide chemotherapy group,
suggesting that HBO helped teniposide to effectively
trigger tumor cGAS-STING signaling. However, both the
oxaliplatin chemotherapy group and the HBO+oxaliplatin
group exhibited lower p-IRF3 expression than the groups
containing teniposide chemotherapy (figure 4D). Consis-
tently, we also detected significantly increased Ifn-b, Ccl5
and Cxcl10 mRNA expression in the tumor tissues of the
HBO-+teniposide group (figure 4E).

To evaluate the correlation between tumor p-IRF3
expression and the prognosis of HCC, we conducted Cox
regression analyses to examine the prognostic impact of
tumor p-IRF3 expression level for 120 patients with HCC
(online supplemental table 2). Notably, higher tumor
pIRF3 expression level was associated with prolonged
OS and DFS in patients with HCC (figure 4F,G). Using
publicly available microarray databases of human patients,
including the Gene Expression Omnibus, The Cancer
Genome Atlas and the European Genome-phenome
Archive, we further verified that higher expression of
HIFIA was correlated with worse prognosis while higher
expression of IFNB1, CCL5 and CXCLI10 indicated better
survival in patients with HCC (figure 4H,I).

These data demonstrate that by alleviating tumor
hypoxia effectively, HBO therapy facilitated the cGAS-
STING activation induced by teniposide chemotherapy
in a mouse HCC tumor model. Therapeutic methods
which could restrict tumor HIF-1o expression or promote
tumor cGAS-STING activation might bring a better prog-
nosis for patients with HCC.

HBO synergizes with teniposide chemotherapy to activate the
antitumor response in a mouse HCC tumor model

Our results showed that although a higher p-IRF3 expres-
sion level did not significantly inhibit tumor growth in a
rodent tumor model, it was associated with better prognosis
in patients with HCC, suggesting that p-IRF3 expression
might affect the TME in the long term. It is widely accepted
that sufficient IFN-I signaling in TME plays an essential
and sufficient role to bridge innate and adaptive antitumor
immune responses, which is necessary for the recruitment
and activation of proinflammatory immunocytes.” ** Using
multiplex immunohistochemistry (mIHC), we also verified
in human HCC tissues that large numbers of CD11c" cells
and CD8' T cells accumulated in regions with high p-IRF3
expression. In contrast, few immune cells were recruited
in the adjacent p-IRF3 low expression regions (figure 5A).
This prompted us to further evaluate the immunocellular
composition of the Hepal-6 HCC TME of the mice from
each treatment group.

First, we examined the tumor infiltration of innate
immune cells including macrophages and DCs in each
treatment group. We observed that HBO promoted
the recruitment of macrophages into the tumor after
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Figure 4 HBO facilitated teniposide to induce cGAS-STING signaling in mouse HCC tumor model. (A) Schematic illustration
of the tumor microenvironment survey experiments in mouse HCC tumor model. Hepa1-6 liver orthotopically tumor-bearing
mice were intraperitoneally injected with DMSO (Ctrl), oxaliplatin (10 mg/kg) and teniposide (10 mg/kg) twice at indicated time
points. HBO therapy was administrated alone or after chemotherapy for a total of five times (n=3 per group). Tumors were
resected and weighed after the final HBO administration. (B—C) HIF-1a expression of mice tumor tissues was determined by
immunohistochemical staining (B) and immunoblotting (C) after HBO administration. Scale bars: 50 um. (D) p-IRF3 expression
of mice tumor tissues from different treatment groups was determined by immunohistochemical staining. Scale bars: 50 um.

(E) Ifn-b, Ccl5 and Cxcl10 mRNA expression of mice tumor tissues from different treatment groups was detected by RT-qPCR.
(F) Representative images and quantitative analysis of p-IRF3"°" (n=60) and p-IRF3"" (n=60) staining in tumor tissues from

120 patients with HCC. Scale bars: 50 um (upper) and 25 um (lower). (G) Disease-free survival (left) and overall survival (right)
analyses of 120 patients with HCC showed a positive correlation between high p-IRF3 expression level and favorable prognosis.
The prognostic significance was assessed by Cox regression analysis. (H-I) Kaplan—Meier curves were generated from the
public microarray databases of human patients using an online software (kmplot.com/analysis/). Low expression levels of HIF1A
(H) and high expression levels of IFN-B1, CCL5 and CXCL10 (l) were positively correlated with better survival of patients with
HCC. Data in (C) are representative of three independent experiments. Data in (E) are shown as mean+SD of three independent
experiments. *P<0.05, **P<0.01,"*P<0.001. cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; Cirl,
control; HBO, hyperbaric oxygen; DMSO, Dimethyl sulfoxide; HCC, hepatocellular carcinoma; HIF-1c, hypoxia inducible factor

10; IRF3, interferon regulatory factor 3; Oxa, oxaliplatin; Rel. expression, relative expression; RT-qPCR, real time quantitative
PCR; Teni, teniposide.
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Figure 5 HBO helped teniposide to activate the antitumor response in mouse HCC tumor model. (A) Multiplex
immunofluorescence staining of p-IRF3 (green), CD11c (red), CD3 (yellow), CD8 (purple) and DAPI (blue) in p-IRF3 high
expression regions and adjacent p-IRF3 low expression regions of human HCC tissues. Scale bars: 50 um. (B) Tumor-
infiltrating macrophages, M1-like macrophages (CD11b*F4/80*/CD86") and M2-like macrophages (CD11b*F4/807/CD206") of
each treatment group were identified by FACS. (C) Tumor-infiltrating CD11c" cells of each treatment group were detected by
immunohistochemistry. Scale bar: 50 um. (D-E) Expression of CD86, MHC-I and MHC-II on the surface of CD11c" cells in the
liver orthotopic tumor from each treatment group was detected by FACS. (F) Tumor-infiltrating CD8" cells of each treatment
group were detected by immunohistochemistry. Scale bar: 50 um. (G) Total infiltrating CD8" cells and the intracellular expression
of IFN-y, TNF-o, GZMB and Ki67 of CD8" T cells in the liver orthotopic tumor from each treatment group were detected by
FACS. Data in (B), (E) and (G) are shown as mean+SD of three independent experiments. *P<0.05, **P<0.01, **P<0.001. Ctrl,
control; DAPI, 4’,6-diamidino-2-phenylindole; FACS, fluorescence-activated cell sorting; GZMB, granzyme B; HBO, hyperbaric
oxygen; HCC, hepatocellular carcinoma; IFN-y, interferon vy; IRF3, interferon regulatory factor 3; MFI, mean fluorescence
intensity; MHC, major histocompatibility complex; Oxa, oxaliplatin; Teni, teniposide; TNF-c., tumor necrosis factor-o.

teniposide chemotherapy. Moreover, M1-like macrophage  with reduced immunosuppressive capacity (figure 5B and

phenotype was significantly upregulated in tumors from online supplemental figure 5A,B). For DCs, IHC staining
the HBO+teniposide combination group, while M2-like showed a significantly increased infiltration of CD11c"
macrophage accumulation was markedly diminished, cells toward the tumor after HBO+teniposide treatment
suggesting repolarization or recruitment of macrophages (figure 5C). Flow cytometry also revealed tumor-derived
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DCs showed upregulated expression levels of CD86,
major histocompatibility complex (MHC)-I and MHC-II
molecules compared with other groups (figure 5D,E),
suggesting the promotion of maturation and antigen-
presenting function of DCs. These results supported
that HBO could boost teniposide-induced, cGAS-STING-
dependent IFN-I and NF-xB signaling activation in HCC
tumor cells, which in turn recruited and activated DCs.

Second, we evaluated the profiles of tumor-infiltrating
CTLs of each group. We found that HBO+teniposide also
promoted CD8" cell infiltration toward the tumor tissues
(figure bBF,G). Furthermore, IFN-y, tumor necrosis
factor-o. (TNF-o), granzyme B production and Ki67
expression by CD8" T cells from the tumors that received
combined HBO+teniposide treatment displayed signifi-
cant increase compared with that from other treatment
groups (figure 5G and online supplemental figure 5C).
These results support HBO could help teniposide chemo-
therapy to effectively invigorate tumor-infiltrating CTLs.

Thus, the combination of HBO and teniposide treat-
ment significantly increased the tumor infiltration of
proinflammatory innate immunocytes, which finally stim-
ulated an immunogenic, T cell-inflamed TME.

Combined HBO with teniposide chemotherapy sensitizes
tumor response to anti-PD-1 immunotherapy
Encouraged by the robust cellular immunity induced by
the combined HBO with teniposide treatment, we next
evaluated the efficiency of this combined therapy in sensi-
tizing tumor response to anti-PD-1 treatment. We estab-
lished subcutaneous Hepal-6 mouse tumor models, which
were randomly divided into the following four groups:
DMSO (Ctrl), PD-1, teniposide+PD-1 (Teni+PD-1) and
HBO+teniposide+PD-1 (HBO+Teni+PD-1). The brief
treatment schedule is described in figure 6A. Tumor
growth of mice in the HBO+Teni+PD-1 group was signifi-
cantly inhibited compared with that of the Teni+PD-1
group, indicating the combination therapy of HBO and
teniposide sensitizes tumor response to anti-PD-1 treat-
ment (figure 6B and online supplemental figure 6A).
Further verification of this combined therapy on mouse
colon adenocarcinoma and melanoma tumor models
also demonstrated similar tumor suppressive effects
(figure 6C,D and online supplemental figure 6B,C).
Collectively, these results show that HBO promoted the
IFN-I and NF-xB signaling induced by teniposide chemo-
therapy, leading to the tumor infiltration of proinflam-
matory innate immunocytes and invigorated CTLs, which
eventually enhanced the antitumor efficacy of anti-PD-1
immunotherapy (figure 6E).

HBO boosts teniposide-induced STING signaling toward the
clinical samples

To support our previous experimental results, we also
investigated if HBO promoted teniposide-induced cGAS-
STING activation in clinical samples. To that end, we tested
HBO and teniposide in surgically resected fresh tumor
tissues from patients with HCC (online supplemental

figure 6D and online supplemental table 3). Fresh tumor
tissues were cut into pieces (4-6mm) in a sterile plate. All
tumor pieces were randomized into four groups and the
time point was recorded as Ohour. The groups were as
follows: DMSO, HBO, teniposide (Teni) and HBO+teni-
poside (HBO+Teni). The DMSO and teniposide groups
were persistently incubated in a hypoxic incubator (37°C,
1% O,, 5% CO,) to maintain the oxygen-deprived status
inside the tumor. The HBO and HBO+teniposide groups
received one-time HBO treatment (2.8 ATA, 2hours) at
Ohour and were then transferred into a hypoxia incu-
bator. At the time points of 12 and 24hours, the HBO
and HBO+teniposide groups received another two HBO
treatments. All tumor samples were collected after the
final HBO administration. Consistent with the findings
in murine models, the expression of HIF-1o in clinical
samples decreased substantially after three-time HBO
treatment. Meanwhile, both teniposide-induced p-IRF3
and p-P65 activation levels were significantly enhanced,
indicating HBO boosted teniposide to induce cGAS-
STING signaling toward the clinical samples (figure 7A,B).
As a consequence, the mRNA expression of IFNB1, IFIT],
IFIT2, CCL5 and CXCLIO was also increased markedly,
indicating the superior immunostimulatory activity of the
HBO+teniposide combination (figure 7C). These results
were also verified in tumors from another two different
patients with HCC (figure 7D-G), supporting the poten-
tial use of the HBO+teniposide combination as a strategy
to increase the immunogenicity of human tumors.

DISCUSSION

Multiple studies have demonstrated direct activation
of ¢cGAS-STING axis in the TME could lead to potent
tumor regression and immune response in various tumor
models, indicating cGAS-STING pathway might serve as
a promising therapeutic target in HCC treatment.” *°
Because no STING agonist has been approved for clinical
use so far, we resorted to promote tumor cGAS-STING
signaling through the combination of existing thera-
peutic methods.

Theoretically, chemotherapy is a clinically feasible way
to induce tumor dsDNA-cGAS-STING type I IFN signal
transduction.' In fact, the potency of different chemo-
therapy agents in triggering tumor STING signaling
might vary quite a lot. In this study, we verified that
commonly used systemic or local chemotherapy drugs
for HCC were ineffective in inducing tumor cell-intrinsic
cGAS-STING activation, while the traditional topoisom-
erase II inhibitor, teniposide, was excellent in activating
cGAS-STING-mediated IFN-I and NF-kB signaling in
HCC cells. Considering the prominent immunostimula-
tory ability exhibited, teniposide might have some pros-
pects in HCC treatment, especially when combined with
immunotherapies.

It is widely acknowledged that hypoxic status inside the
TME could aggravate tumor resistance to chemotherapy
via multiple mechanisms.? % Here, we illustrated another
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Figure 6 Combined HBO with teniposide chemotherapy sensitized tumor response to PD-1 antibody. (A) Schematic illustration
of anti-PD-1 sensitization experiments in vivo. Mice with subcutaneously established tumors were intraperitoneally injected

with DMSO (Ctrl) and teniposide (10 mg/kg) twice at indicated time points, and HBO therapy was administrated after teniposide
chemotherapy in the HBO+teniposide+PD-1 combination group for a total of five times. PD-1 antibody (200 ug per mouse)

was intraperitoneally injected every 3days at indicated time points (n=5 per group). (B-D) Tumor growth curves of Hepal-6

(B), MC38 (C) and B16 (D) bearing mice during anti-PD-1 sensitization experiments. (E) Schematic diagram of the combination
therapy based on HBO and teniposide. *P<0.05, **P<0.01, **P<0.001. cGAS, cyclic GMP-AMP synthase; CTL, cytotoxic T
lymphocyte; Ctrl, control; DC, dendritic cell; DMSO, Dimethyl sulfoxide; HBO, hyperbaric oxygen; IFN-I, interferon type I; IFN-,
interferon v; IRF3, interferon regulatory factor 3; NF-xB, nuclear factor kappa-B; PD1, programmed cell death protein-1; STING,
stimulator of interferon genes; Teni, teniposide; TNF-o, tumor necrosis factor-o..

negative influence of hypoxia on chemotherapy from the
perspective of cGAS-STING signaling transduction. In
HCC cells treated with teniposide, hypoxia inactivated
the cGAS-STING-mediated IFN-I and NF-xB signaling by
inducing the accumulation of HIF-1lo.. As HCC is a typi-
cally solid tumor that contains a large number of hypoxic
regions, we sought to restore the proinflammatory innate
immune signaling by alleviating tumor hypoxia.

Many studies were devoted to improving the hypoxia
status inside the tumor. For example, to elevate tumor
O2 concentration by catalyzing tumor cell endogenous
H202 using MnO2 nanostructures™ > ; to block HIF
signaling by delivering HIF-1ow siRNA nanocarriers into
the tumors®®** All these efforts were undoubtedly efficient
to alleviate tumor hypoxia and also showed synergistic

effects in antitumor treatment; however, many steps
needed to be completed before clinical translation.™
Recent studies focused on the role of HBO in the adju-
vant treatment of cancer, confirming that HBO therapy
could sensitize tumor cells to doxil chemotherapy by
modulating cell cycle arrest and elevating intracellular
doxil concentration.'® Furthermore, HBO also promoted
immune responses against solid tumors by enhancing
PD-1 Ab delivery and subsequent T cell infiltration."
Based on the excellent tissue oxygenation capability of
HBO, we wondered whether teniposide-induced cGAS-
STING activation could be promoted after HBO adminis-
tration. By reoxygenating hypoxic tumor cells in vitro, we
observed the rapid rescue of cGAS expression and reac-
tivation of teniposide-induced cGAS-STING signaling,
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Figure 7 HBO boosted teniposide-induced cGAS-STING activation in surgically resected human HCC tumor tissues. (A)
Representative immunofluorescence staining images of HIF-1a, p-IRF3 and DAPI in clinical tumor samples resected from
patient 1 with HCC. Scale bar: 50um. (B, D, F) Clinical tumor samples were treated as in (A) and the tissular protein expression
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which provided a therapeutic basis for HBO application.
By repeating HBO administration after chemotherapy
in vivo, we verified the apparently higher tumor p-IRF3
expression and downstream proinflammatory signaling
in the HBO+teniposide group than that in the tenipo-
side group, indicating that HBO helped teniposide to
activate cGAS-STING signaling in the Hepal-6 mouse
tumor model. Interestingly, HBO therapy did not signifi-
cantly enhance p-IRF3 and downstream proinflammatory
gene expression after oxaliplatin chemotherapy, which
might result from the too weak cGAS-STING activation
induced by oxaliplatin chemotherapy, preventing clear
observation of the facilitating effect brought by HBO.
Although HBO-+teniposide treatment did not signifi-
cantly inhibit tumor growth within a short time, survival
analyses of p-IRF3, an indicator of STING activation for
human patients with HCC, revealed a positive correlation
between STING activation and better prognoses. Thus, a
higher level of tumor STING signaling might favor the
survival of patients with HCC by affecting the TME over
along time.

Further analyses of the tumor-infiltrating immune
cells of each treatment group also revealed teniposide
chemotherapy exhibited superior inflammatory chemo-
taxis compared with oxaliplatin chemotherapy. Moreover,
once combined with repeated HBO treatment, tumor
infiltration of M1-like macrophages and mature DCs was
remarkably promoted in groups receiving teniposide
chemotherapy rather than oxaliplatin. These findings
were also consistent with the tumor STING activation
levels in each treatment group. As T cell priming is a crit-
ical step in the activation of adaptive antitumor immunity,
further evaluation regarding tumor-infiltrating T cells also
revealed the amount of total CD8" T cells and the propor-
tion of CD8" T cell subsets with killing functions were also
enhanced by HBO after teniposide chemotherapy. The
increased recruitment of invigorated cytotoxic T cells
indicated the conversion of the TME from the ‘cold and
noninflamed’ status to the ‘hot and inflamed’ one, which
provided the TME basis for the application of ICIs.*

Anti-PD-1 treatment has been approved for HCC treat-
ment for several years,”® but the poor response rate of
patients with HCC to PD-1 antibody remains a problem.”’
One possible direction for treating tumors that do not
respond to ICIs is to modulate the innate immune
signaling within the TME.” Specific to the cGAS-STING
axis, cGAS itself is considered to be essential for the anti-
tumor efficacy of ICIs,”® while numerous studies have
also demonstrated that the combination of direct STING
agonists with PD-1/PD-L1 antibody shows powerful anti-
tumor effects in animal models.**' As for chemotherapy,
recent animal studies have verified some chemoimmu-
notherapy combinations could result in potent tumor
inhibition through cGAS-STING activation.'" ** Clinically,
chemotherapy might also serve as an optional way to
enhance the therapeutic effect of ICIs, for clinical trials
of several chemoimmunotherapies have already shown
satisfactory results.”*** Here, we proved that repeated

HBO treatments remarkably enhanced teniposide
chemotherapy-induced tumor cGAS-STING signaling,
which further promoted the efficacy of anti-PD-1 immu-
notherapy in multiple tumor models.

Until now, hepatectomy and liver transplantation are still
the most effective radical treatments for patients with HCC.
For patients with initially unresectable HCC, providing them
a chance to receive curative resection by conducting tumor-
downstaging conversion treatments was an effective way to
improve survival time.* In recent years, with the application
of ICIs in the downstaging treatment of advanced HCC,
more and more patients have become eligible to receive
curative surgery."’ " In this study, we successfully enhanced
the antitumor efficacy of PD-1 antibody by combining two
FDA-approved therapy. Such a triple therapy based on tumor
reoxygenation and chemoimmunotherapy might support
a feasible conversion therapy strategy for patients with
advanced HCC. Thus, to further determine the safety and
efficacy of HBO plus teniposide with subsequent PD-1 anti-
body in patients with unresectable HCC was of great signifi-
cance in clinical translation.

It is also worth mentioning that multiple studies reported
that some other therapeutic methods such as radiotherapy
or DNA damage response inhibitors could also lead to the
generation and accumulation of cytosolic DNA, which might
trigger tumor cell cGAS activation.' ** This reminds us to
broaden the mechanism revealed in this study by combining
HBO with these dsDNA-inducing methods. So it is necessary
to verify the amplification effect of HBO on the cGAS-STING-
type I IFN cascade by conducting further basic or transla-
tional research in the future.

In summary, our study focused on the elevation of
tumor cGAS-STING signaling in HCC. By combination
of two FDA-approved therapies, we effectively stimulated
an immunogenic, T cell-inflamed TME which sensitized
the tumor response to anti-PD-1 treatment. These find-
ings may enrich therapeutic ideas for advanced HCC
so that we could increase the response rates of patients
with HCC to anti-PD-1 immunotherapy by enhancing
DNA-activated, cGAS-mediated innate immune signaling
through effective tumor reoxygenation.
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