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Pharmacological activation of STAT1-GSDME
pyroptotic circuitry reinforces epigenetic
immunotherapy for hepatocellular carcinoma
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ABSTRACT

Background Genomic screening uncovered interferon-
gamma (IFNvy) pathway defects in tumours refractory to
immune checkpoint blockade (ICB). However, its non-
mutational regulation and reversibility for therapeutic
development remain less understood.

Objective We aimed to identify ICB resistance-
associated druggable histone deacetylases (HDACs) and
develop a readily translatable combination approach for
patients with hepatocellular carcinoma (HCC).

Design We correlated the prognostic outcomes of HCC
patients from a pembrolizumab trial (NCT03419481)
with tumourous cell expressions of all HDAC isoforms
by single-cell RNA sequencing. We investigated the
therapeutic efficacy and mechanism of action of selective
HDAC inhibition in 4 ICB-resistant orthotopic and
spontaneous models using immune profiling, single-
cell multiomics and chromatin immunoprecipitation-
sequencing and verified by genetic modulations and
co-culture systems.

Results HCC patients showing higher HDACT1/2/3
expressions exhibited deficient IFNy signalling and poorer
survival on ICB therapy. Transient treatment of a selective
class-1 HDAC inhibitor CXD101 resensitised HDAC 1/2/3"%"
tumours to ICB therapies, resulting in CD8'T cell-dependent
antitumour and memory T cell responses. Mechanistically,
CXD101 synergised with ICB to stimulate STAT1-driven
antitumour immunity through enhanced chromatin
accessibility and H3K27 hyperacetylation of IFNy-responsive
genes. Intratumoural recruitment of IFNy*GZMB™ cytotoxic
lymphocytes further promoted cleavage of CXD101-induced
Gasdermin E (GSDME) to trigger pyroptosis in a STAT1-
dependent manner. Notably, deletion of GSDME mimicked
STAT1 knockout in abolishing the antitumour efficacy and
survival benefit of CXD101-ICB combination therapy by
thwarting both pyroptotic and IFNy responses.
Conclusion Our immunoepigenetic strategy harnesses
IFNy-mediated network to augment the cancer-
immunity cycle, revealing a self-reinforcing STAT1-
GSDME pyroptotic circuitry as the mechanistic basis

for an ongoing phase-|l trial to tackle ICB resistance
(NCT05873244).
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint blockade (ICB)-resistant
hepatocellular carcinoma (HCC) has been
primarily linked to the immunosuppressive
tumour microenvironment (TME) characterised
by immune exclusion of cytotoxic lymphocytes.

= The deficiency of IFNy signalling confers
immune evasion by affecting multiple steps
of the cancer-immunity cycle, especially the
immune effector cell trafficking/infiltration,
antigen presentation and tumour cell
recognition.

= The output of IFNy signalling in HCC is lower
than in other solid tumours, but genetic
mutations in the IFNy pathway and its
downstream effectors are rarely reported in
patients with HCC.

= Although the histone deacetylase (HDAC)
family represents promising druggable targets
to reprogram TME, the lack of in-depth
characterisation of epigenomic reprogramming
hinders the development of selective HDAC-

targeted immunotherapy.

INTRODUCTION

Hepatocellular carcinoma (HCC), currently the
third-leading cause of cancer death worldwide,
is estimated to directly affect ~1million people
annually by 2025." Although immune checkpoint
blockade (ICB) therapies such as antibodies against
programmed cell death-1 (PD-1) or its ligand (PD-
L1) have revolutionised the treatment paradigm for
HCC, the immunosuppressive tumour microenvi-
ronment (TME) characterised by immune exclusion
of cytotoxic lymphocytes (CTLs) in tumour stroma
restricts the clinical benefits of ICB therapies to a
minority of HCC patients.” The clinical success
of atezolizumab (anti-PD-L1) plus bevacizumab
(anti-vascular endothelial growth factor A),?> which
has become the new standard of care for HCC,*
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WHAT THIS STUDY ADD

= HCC patients with HDAC1/2/3"%" tumours exhibited lower
levels of IFNy and T-cell exclusion gene signatures and poorer
survival on ICB therapy.

= A selective class-I HDAC inhibitor CXD101 re-sensitised
HDAC1/2/3"" tumours to ICB by concomitant restoration of
multiple rate-limiting steps of the cancer-immunity cycle.

= CXD101 synergised with ICB to stimulate STAT1-driven
antitumour immunity through enhanced chromatin
accessibility and H3K27 hyperacetylation of IFNy-responsive
genes.

= CXD101-ICB combination therapy-induced tumour cell
pyroptosis by cooperative functions of CXD101-induced
GSDME expression and IFNy/STAT1-mediated cleavage by
cytotoxic lymphocytes.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= The successful conversion of the immune-excluded into
an inflamed immunotype through epigenetic activation of
STAT1-GSDME pyroptotic circuitry provides a mechanistic
basis of CXD101 plus anti-PD-1 treatment in patients with
ICB-resistant HCC.

= The application of single-cell multiomics analysis in the
new phase-Il clinical trial (NCT05873244) will advance
precision medicine with immuno-epigenetic therapy through
identification of predictive biomarkers for responsiveness and
durability.

highlights the importance of cotargeting by combination immu-
notherapy in the context of TME. However, the fact that less
than one-third of patients respond remains a major challenge,
which demands more effective strategies against the rate-limiting
steps of the cancer-immunity cycle for the generation of antitu-
mour immune responses.5

Among cancer-intrinsic and cancer-extrinsic mechanisms
underlying immunotherapy resistance,’ the deficiency of
interferon-gamma (IFNy) signalling confers immune evasion by
affecting multiple steps of antitumour immunity, especially the
immune effector cell trafficking/infiltration, antigen presenta-
tion and tumour cell recognition.”” In HCC, the output of IFNy
signalling is lower than in other solid tumours.'” Importantly,
patients with higher baseline IFNy responsive genes (IRGs)
expression have been found to exhibit good response to ICB
therapy.!' Since genetic mutations in the IFNy pathway and its
downstream effectors are rarely reported in patients with HCC,
understanding the non-mutational regulation of IFNy responses
may help reinforce the cancer-immunity cycle and augment effi-
cacy of immunotherapy.

Alterations in epigenomic landscapes have now been
recognised to drive the development and progression of
cancers.'? Histone deacetylases (HDACs) responsible for histone
deacetylation have become important targets for cancer thera-
peutic development.’® Several HDAC inhibitors (HDACi) such
as vorinostat, panobinostat and romidepsin have been approved
by Food and Drug Administration for the treatment of haemato-
logical malignancies.'* However, the non-selective HDACi used
in most studies have also shown immunosuppressive side effects
in patients.”” We and others have recently demonstrated the
potential of selective HDACi in enhancing ICB efficacy through
TME remodelling using preclinical models of solid tumours
including HCC.'*™* Further in-depth characterisation of the

cellular and molecular mechanisms by which specific epigenomic
reprogramming elicits antitumour immunity is instrumental in
rational development and clinical translation of selective HDAC-
targeted immunotherapy.

Elucidating the tumour ecosystem at single-cell resolution has
markedly improved our understanding of intratumour hetero-
geneity, cellular and molecular wiring of TME, and therapeutic
resistance.”” Here, we charted the prognostic outcomes of HCC
patients in relationship with all the human HDAC isoforms
using single-cell RNA sequencing (scRNA-seq) data from an ICB
therapy cohort and identified epigenetic drivers associated with
ICB resistance. Elucidating the treatment-induced epigenomic
remodelling in our preclinical models through single-cell assays
for transposase-accessible chromatin-sequencing (scATAC-seq)
and chromatin immunoprecipitation-sequencing (ChIP-seq)
further revealed the mechanism of action of a selective HDAC
inhibitor plus ICB in revitalising IFNy responses and a highly
immunogenic cell death, thus providing a readily translatable
strategy to expand the spectrum of patients who can benefit
from ICB therapy.

MATERIALS AND METHODS
A detailed description of all methods used in this study can be
found in online supplemental information.

RESULTS

Single-cell transcriptomics of HCC patient biopsies identifies
HDACT1I2I3 as predictive markers for poor responders of ICB
therapy

To develop a mechanism-based combinatory ICB strategy
with selective HDACI, we integrated single-cell analysis of an
HCC patient cohort with functional and mechanistic delin-
eation using our established ICB-resistant mouse models and
co-culture systems (figure 1A). Based on scRNA-seq of tumour
biopsies from our previous phase-II study of pembrolizumab
in patients with HBV-related HCC (NCT03419481),*' we
correlated the baseline expression levels of all 18 human
HDAC isoforms in tumour cells with the survival outcomes of
patients by Cox proportional hazard models with optimal cut-
offs (figure 1B). The results showed that patients with higher
expression of HDAC10, NAD-dependent deacetylase Sirtuin
(SIRT) 1 and SIRTS were correlated with better patient survival
on anti-PD-1 treatment (figure 1B and online supplemental
figure 1), which are consistent with their immunoregulatory
roles in cancer.??%*

In contrast, higher expression of three class-1 HDACs, namely
HDAC1, HDAC2 or HDAC3, was significantly associated with
poorer survival of HCC patients (figure 1B,C). In line with
the observed differences in survival outcome, we also noted
that HDAC1/2/3 was highly expressed in the tumour cells of
ICB non-responders compared with responders (figure 1D).
Notably, we found that HDAC1/2/3"" tumour cells uniformly
exhibited lower levels of IFNy gene signature (figure 1E). More-
over, Tumour Immune Dysfunction and Exclusion (TIDE) anal-
ysis® of bulk RNA-seq dataset from The Cancer Genome Atlas
(TCGA) also demonstrated highly significant associations of
HDAC1/2/3"#" patients with predicted ICB non-responsiveness
(figure 1F), further evidenced by the higher TIDE, T cell exclu-
sion and myeloid-derived suppressor cell (MDSC) gene signa-
tures (figure 1G). Overall, these data support the isoform-specific
roles of HDAC1/2/3 in antagonising the immune responses of
HCC patients to ICB therapy.
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Figure 1  Tumour cell-intrinsic HDACs correlate with ICB therapy efficacy and survival outcome in patients with HCC. (A) Overview of this study. (B)
Dot plot depicting the relationship between the baseline expression levels of tumour cell-intrinsic HDAC isoforms and the survival outcomes of HCC
patients treated with pembrolizumab. Each plot represents a p value obtained from the Kaplan-Meier survival analysis of the patients according to
their baseline tumourous cell HDAC expression levels. (C) Kaplan-Meier survival analyses of patients with HCC undergone pembrolizumab treatment
according to their baseline tumourous cell HDACT, HDAC2 and HDAC3 expression levels. (D) Expression levels of HDACT, HDAC2 and HDAC3 in
tumour cells of the patients according to pembrolizumab treatment outcomes. (E) GSEA of the genes between the HDAC 1/2/3"9" and HDAC1/2/3"°"
tumour cells. Tumour cells were stratified by top (high) and bottom (low) 25% based on the expression levels of HDACT, HDAC2 or HDAC3. (F, G)
TCGA HCC samples with high (n=92) and low (n=92) mRNA levels of HDACT, HDAC2 or HDAC3 stratified by top and bottom 25% in 369 patients
were selected for subsequent analysis. (F) Prediction of potential clinical ICB response in patients between the HDAC1/2/3"" and HDAC1/2/3"
tumour cells using the TIDE signature. R, responders; NR, non-responders. (G) Analysis of TIDE, T cell exclusion and MDSC scores by TIDE algorithm in
patients between the HDAC1/2/3"" and HDAC1/2/3°" tumour cells. Statistical significance was assessed by two-sided log-rank (Mantel-Cox) test for
(B, C), by Wilcoxon rank sum test for (D), by Kolmogorov-Smirnov test for (E), by two-sided y? test for (F) or by unpaired two-tailed Student's t-test
for (G). ***p<0.001; ****p<0.0001. HCC, hepatocellular carcinoma; HDAC, histone deacetylase; ICB, inmune checkpoint blockade; MDSC, myeloid-
derived suppressor cell; NR, non-responders; R, responders; TIDE, Tumour Immune Dysfunction and Exclusion.
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A selective class-I HDAC inhibitor resensitises HDAC1/2/3"%"
tumours to ICB by triggering robust antitumour immunity

To recapitulate the insensitivity of ICB in HCC patients, we have
established Hepal-6 and RIL-175 derived anti-PD-L1-resistant
(PD-L1R) models by serial orthotopic implantation of HCC
cells through anti-PD-L1-treated syngeneic, immunocompetent
mice.”’ We also generated RIL-175 derived anti-PD-1-resistant
(PD-1R) model using the same in vivo selection approach (online
supplemental figure 2A), in which anti-PD-1 treatment no longer
exerted a significant effect on the PD-1R tumours (online supple-
mental figure 2B). Compared with the parental ICB-sensitive
HCC cells, the PD-(L)1R-induced TME was composed of fewer
CTLs, namely CD4"T, CD8"T, natural killer (NK) and NKT
cells with less cytotoxic marker expressions but more MDSCs
(online supplemental figure 2C,D).*' Notably, HDAC1/2/3 was
highly expressed in the tumour cells of ICB-resistant mouse
models (figure 2A and online supplemental figure 3A,B), which
also showed reduced levels of IRG expressions (online supple-
mental figure 2E) as observed in HDAC1/2/3"8" HCC patients
exhibiting poor response to ICB therapy.

Given the pivotal role of IFNy signalling in cancer immuno-
therapy,”” we hypothesised that HDAC1/2/3 may confer ICB
resistance through dysregulated hepatoma-intrinsic IFNy signal-
ling. We first investigated the functional effects of a selective
HDAC1/2/3 inhibitor, CXD101/zabadinostat,*® ?” in combina-
tion with PD-(L)1 blockade in three ICB-resistant orthotopic
models (figure 2B). While CXD101 monotherapy showed
limited effect, the tumour growth was substantially abrogated
when CXD101 treatment was combined with anti-PD-(L)
one antibody (figure 2C,D, and online supplemental figure 4),
without observable side effect of weight loss or internal organ
abnormality (online supplemental figure SA-G). Moreover, the
combination therapy significantly decreased the serum alanine
transaminase and aspartate transaminase levels to the extent
comparable to that of age-matched normal mice (online supple-
mental figure SH). As evidence of CTL-mediated antitumour
immunity, coblockade of HDAC1/2/3 and PD-(L)1 signifi-
cantly increased the intratumoural levels of a key chemokine
CXCL10* (online supplemental figure 6) and CD4S positive
leukocytes (figure 2E, online supplemental figure 7A,8A), mainly
composed of CD8*T, CD4*T, NK and NKT cells (figure 2F,
online supplemental figure 7A, 8A) which exhibited significantly
negative correlations with tumour burden (figure 2G). Of note,
the combination of CXD101 and anti-PD-(L)1 also significantly
augmented the antitumour functions of CD8*T cells as demon-
strated by the increased proportions of IFNy™ and granzyme
B* (GZMBY) cells (figure 2H and online supplemental figure
7B,8B). Notably, depletion of CD8'T cells, but not NK cells,
significantly impeded the combination therapy-induced intra-
tumoural CD45 "immune cells infiltration and lytic tumour cell
death, leading to abolishment of the therapeutic efficacy (online
supplemental figure 9). These findings suggest that the antitu-
mour CD8*T cell functions mediate the combination therapy.

Remarkably, the combination treatmentsignificantly prolonged
the mouse survival and resulted in tumour eradication in >50%
of mice in the Hepal-6-PD-L1R model (figure 21,]). These find-
ings suggest that transient treatment of CXD101 synergises with
ICB to induce long-lasting protection that may prevent future
recurrence. Indeed, in contrast to the treatment-naive mice
of the same age, all mice cured by prior coblockade survived
after a secondary tumour challenge implanted into their livers
(figure 2K), which were accompanied by significant increases in
effector memory CD8T cells (CD8T,,,) and CD4"T,,, cells in

the peripheral blood (figure 2L). Overall, these data suggest that
HDAC1/2/3 inhibition induces strong antitumour immunity for
effective and durable ICB therapies via promoting CTL recruit-
ment, activation and memory formation.

Single-cell multiomics reveals reactivation of IFNy/STAT1
signalling by CXD101-ICB combination therapy

To decode the molecular and epigenetic reprogramming leading
to the therapy-induced antitumour immunity, we performed
single-cell multiomics®® using tumour tissues from the Hepal-
6-PD-L1R model at an earlier treatment time point (day 11)
(figure 3A and online supplemental figure 10). We obtained tran-
scriptomic and open chromatin profiles for ~5700-7000 single
cells in each of the four control/single/combination treatment
groups and identified clusters of tumour cells, lymphocytes,
myeloid cells, endothelial cells and fibroblasts based on the
canonical markers (figure 3B-D and online supplemental figure
11A,B). While the immune cell proportions were markedly
increased by the combination treatment, the tumour cell propor-
tion was greatly reduced (figure 3E). However, reclustering of
the tumour cells based on RNA expression (figure 3F and online
supplemental figure 12A) and chromatin accessibility profiles
(figure 3G and online supplemental figure 12B) revealed distinc-
tive increases in the C6-RNA and C6-ATAC subclusters, respec-
tively (figure 3H-K), which were enriched in interferon-related
immue effector functions (figure 3L,M). Moreover, >70% (433)
of genes associated with the C6-ATAC subcluster overlapped
with the C6-RNA genes (figure 3N) and similarly enriched in
response to type Il interferon and MHC class-1 peptide loading
complex (figure 30). Transcriptional Regulatory Relationships
Unravelled by Sentence-based Text mining*® further predicted
that the overlapping genes were predominantly regulated by
transcription factors crucial for IFNy-dependent immunity
(figure 3P), namely signal transducer and activator of tran-
scription 1 (STAT1) and interferon regulatory factor 1 (IRF1)
that were concomitantly upregulated in the C6-RNA subcluster
(figure 3Q).

Gene set enrichment analysis (GSEA) confirmed the signifi-
cant enrichment of IFNy response as the top pathway induced
by the CXD101-ICB combination therapy when compared
with the control group (figure 3R). In concord, the expres-
sions of IRGs related to antigen processing and presentation
(B2m, Cd74, Tap1 and Tapbp), lymphocyte recruitment (Cxc/9
and Cxcl10) and signalling transduction (Stat1 and Irf1) were
synergistically upregulated (figure 3S and online supplemental
figure 13A-C) and accompanied by increased chromatin acces-
sibilities (figure 3T). ATAC-based motif analysis further high-
lighted remarkable enrichments of the STAT/IRF families, which
were not observed in the comparisons with single treatment by
CXD101 or anti-PD-L1 (figure 3U and online supplemental
figure 14). Collectively, these data demonstrate that CXD101
synergises with ICB to reactivate IFNy/STAT1 signalling to
induce IRG expressions in a subset of tumour cells, which may
contribute to the antitumour responses.

H3K27 hyperacetylation by CXD101 primes IRG activation in
response to ICB-induced IFNy

IFNy augments the transcriptional activation of IRGs by opening
and priming chromatin with positive histone marks at the gene
regulatory elements.® Surprisingly, the intratumoural IFNy levels
induced by anti-PD-(L)1 were not significantly different from
anti-PD-(L)1 plus CXD101 in ICB-resistant models (online
supplemental figure 15A,B), indicating that IFNy immune

4

TuY, et al. Gut 2024;0:1-15. doi:10.1136/gutjnl-2024-332281

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
1sanb Aqg Gzoz ‘2 11dy uo /woo fwginby/:diy wolj papeojumod ‘720z 18qWISAON T U0 T8ZZEE-7202-|ulinb/9gTT 0T se paysiignd 1s1iy 1N


https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
https://dx.doi.org/10.1136/gutjnl-2024-332281
http://gut.bmj.com/

A Hepal-6-PD-LIR RIL-175-PD-1R B
‘Non-tumor Tumor Non-tumor Tumor Intrahepatic injection
T - =——= mals = ARV VNNV
HDACL Lt e — O ¥+ _VVVVVVVVVe
HDAC: (SR HDAC2 -—— [CB-resistant cells Dayo 56 0 B
HDACI [~ ———=—] HDAG [——— ————— ¥ Anti-PD-(L)1/IgG Y CXD101/Vehicle
GAPDH | e e s s s s s as | GAPDH 10 mg/ke, i.p. 10 mg/kg, p.o.
Hepal-6-PD-LIR RIL-175-PD-1R
c P o cul Anti-PD-L1 D cul Anti-PD-1
R
4 i —
—
]
z €]
) z \
E] )
4 CXD101 Combo e CXD101 Combo
s 5
= ’ £
@ E} Q ’
e
E F
ik =
— L ! X
Curl Anti-PD-LI  CXDI0l  Combo  $10 ey P =1 Cul
T D R ey 8 - = e 1 Anti-PD-L1
o Se 3 I = CXDI01
Bl ., w v Combo
2 4 = N [
£ £ L v IS R
o2 5 iF‘ ; f CoRhEL Bl Fd
o Al L bl man A
g, g LELE 1B oda ama Lma DEIL Rl RES
Y =
St I S S N S
ST 55 & O e W &
SC o SO s W
CD4S* cell Anti-PD-L1 Cul Anti-PD-L1
CDS*T cell @
ce 712 . £ 12.40 20.00 S
CD4'T cell g S g
NK cell o Lo 3 = S Zg
NKT cell = = %
MDSC Combo é CXD101 Combo 8
DC - - ens 9.60 23.70 g [2180 47.90 i
Macrophage E 3
- —~ = s S
SO>S C_ <

RCEGECECIN
Correlation coefficient

CD8

1 RIL-175-PD-1R J Hepal-6-PD-LIR
1007 —Ctrl ~100 —Crl " Tumor cell hall —
< —Anti-PD-1 4 e & —Anti-PD-L1 ¥ g
3 % —CxXD101 e |[Eff g %0 —CXD101 qq F|¥ Z % )
£ ~—Combo ]§ i 2 ~—Combo ]* Cured mi s 60 ~— Cured mice :F:
g 60 E 60 N @ ured mice E — Naivemice 4%
< Z z a
Hi z % PD-LIR cells < 40
20 g 20 S 20
5
= | Naive mice = .
0 20 40 60 80 100 0 20 40 60 80 100 120 140 0 50 100 150 200 250
Days Days Days
L s . = - ) S ok
Naive mice Cured mice £ o20p B0 Naive mice Cured mice TS —
3 cpas cDaa* 2 15 M I cpas forry 2 14 B
a 306 354 3 10 a 14, 177 38 12
o » 4 P o = 10 &
= L s 3 2 x g
2 ] a
R : ] 2 e @
2 ! 2 & 9 . T &
3 2 & =z [ &
3 £ oS 3 LIRS
= O 3 e
= | /——— % B B
% | a X =2
a1k = Lla -
o8 £ o4 SHR-] S
CCR7*, CD62L* CCR7*, CD62L* :m 0.3- ] CCRT*, CD62L*| CCR7Y, CD62L* 2 0.3
" 018 3o 1. 1. g , 025 E 0.2
¥ : L 04 = 5 oo
s1q 14.95 E gl 83 L 2 0o
CCRT. CDéaL- Ry CheaL- o o CCR7, CD62L CCRT, CD62L [SH
2 - p & - & &
ccr7 = &S ———————> w1 &S
Z & & ) @§
= o = &

Gl cancer

Figure 2 A selective class-1 HDAC inhibitor overcomes ICB resistance in HCC models. (A) Western blot analysis of HDAC1, HDAC2 and HDAC3
levels in orthotopic Hepa1-6-PD-L1R (left) and RIL-175-PD-1R (right) tumour and non-tumour liver tissues isolated from mice. GAPDH was used as
loading control. (B) Treatment schedule of CXD101 and anti-PD-(L)1 antibody in C57BL/6 mice bearing PD-(L)1R tumours. (C, D) Tumour weights and

representative images of livers and tumours from indicated groups in Hepa1-6-PD-L1R (C) and RIL-175-PD-1R (D) models (n=8-10). (E) Representative

CD45 immunohistochemistry images and statistical analysis of positively stained cells in Hepa1-6-PD-L1R tumours from indicated groups (n=4). Scale
bars, 100 pm. Black boxes indicate regions shown in enlarged inset. (F) Proportions (%) of tumour infiltrating CD45"cells, CD45*CD3*CD8T cells,
CD45*CD3*CDA4'T cells, CD45"NK1.1*NK cells, CD45"CD3*NK1.1*NKT cells, CD45*CD11b*Gr1*MDSCs, CD45*CD11b*Gr1~CD11c*dendritic cells,
CD45*CD11b*Gr17F4/80*Ly6C™ macrophages of total cells in Hepa1-6-PD-L1R tumours from indicated groups were determined by flow cytometry
(n=7-9). (G) Correlation analysis between tumour weights and the proportions of indicated cells in Hepa1-6-PD-L1R tumours. (H) Representative
flow cytometry dot plots and proportions of IFNY* or GZMB™ cells in tumour infiltrating CD8*T cells from indicated groups in Hepa1-6-PD-L1R model
(n=7-9). (1, J) Kaplan-Meier survival analysis of mice from indicated groups in RIL-175-PD-1R (I) and Hepa1-6-PD-L1R (J) ICB-resistant models
(n=12-15). (K) Combination therapy cured mice (from J) and naive mice with same age were challenged with Hepa1-6-PD-L1R cells at 140 days after
initial tumour cell inoculation (n=7). Kaplan-Meier survival analysis of mice from indicated groups are shown. (L) Representative flow cytometry dot
plots and proportions of CD8*CD44*CCR7*CD62L*central memory CD8'T cells (CD8*T,,,) and CD8*CD44"CCR7-CD62L effector memory CD8'T cells
(CD8'T,,) in circulating CD8'T cells, and the corresponding CD4'T_,, and CD4'T,,, in circulating CD4'T cells from combination therapy cured mice
and naive mice (n=7). Data are represented as mean=SD. Statistical significance was assessed by one-way ANOVA with Tukey's multiple comparisons
correction for (C-F, H), by single-tailed Pearson’s correlation for (G), by two-sided log-rank (Mantel-Cox) test for (I-K) or by unpaired two-tailed
Student’s t-test for (L). ns, no significance; *p<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of variance; HCC, hepatocellular carcinoma; HDAC,

histone deacetylase; ICB, immune checkpoint blockade.
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Figure 3  Single-cell multiomics reveals reactivation of IFNy/STAT1 signalling by CXD101-ICB combination therapy. (A) Treatment schedule of
CXD101 and anti-PD-L1 antibody in mice bearing Hepa1-6-PD-L1R tumours for single-cell multiomics analysis. Fresh tumour tissues from three
representative mice per group were employed to avoid the interindividual variability. (B) t-SNE plot showing identified cell clusters within tumour
from all merged groups. Cell annotations were derived from RNA analysis according to representative lineage markers. (C) Dot plot showing the

RNA expression levels of representative marker genes in annotated cell clusters. (D) Visualisation of the pseudo bulk chromatin accessibility tracks of
representative marker gene loci in annotated cell clusters. (E) Distribution fraction of distinct cells in the indicated groups. (F, G) t-SNE plot showing
the identified subclusters of tumour cells from RNA (F) and ATAC (G). (H, 1) t-SNE plots (H) and proportions (1) of the identified tumour sub-clusters

in indicated groups from RNA analysis. (J, K) t-SNE plots (J) and proportions (K) of identified tumour subclusters in indicated groups from ATAC
analysis. (L, M) Pathway enrichment of differentially expressed genes for RNA-based cluster 6 (C6 (RNA)) (L) and ATAC-based cluster 6 (C6 (ATAC))
(M), respectively. (N) Overlapping genes between C6 (RNA) and C6 (ATAC). (0) Pathway enrichment of overlapping genes in (N). (P) TRRUST analysis
showing the key transcription factors for regulating the overlapping genes. (Q) Violin plots showing the RNA expression levels of Stat! and Irf across
the six tumour cell subclusters based on scRNA-seq analysis. (R) GSEA of the genes in combination group versus control group. (S, T) Heatmap for

the RNA expression (S) and chromatin accessibility (T) levels of the top 30 IRGs (upregulated in combination therapy-treated group) in tumour cells
from indicated groups. (U) Transcription factor-binding motif enrichment analysis showing the key transcription factors in tumour cells of the indicated
groups versus control group. ICB, immune checkpoint blockade; TRRUST, Transcriptional Regulatory Relationships Unravelled by Sentence-based Text

mining.
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stimulus alone is not sufficient to elicit full antitumour responses,
which may be due to alterations of the epigenomic landscape
in the ICB-resistant tumour cells. To understand how CXD101
resensitises tumourous responsiveness to ICB-induced IFNy stim-
ulation, we investigated the chromatin remodelling of tumour
tissues from the Hepal-6-PD-L1R model by ChIP-seq of histone
H3 lysine 27 acetylation (H3K27ac), H3K4 monomethylation
(H3K4me1) and H3K4me3 that distinguish active from inactive/
poised enhancer and promoter elements.’’ Intriguingly, treat-
ment with CXD101 alone or in combination with anti-PD-L1
did not obviously alter the genomic distribution of H3K27ac
abundance (figure 4A), but substantially increased the H3K27ac
levels around the transcription start site of the IRGs (figure 4B)
whose chromatin was highly accessible after the combina-
tion therapy (figure 3T). For example, CXD101 elevated the
H3K27ac level of the H3K4me3-marked promoter of Cd74, a
crucial effector for antigen presentation,** and its H3K27ac level
and accessibility were further increased by combination therapy
(figure 4C). These results suggest that CXD101-induced H3K27
hyperacetylation primes IRGs for increased chromatin accessi-
bility and robust transcription in response to ICB-induced IFNy.
The expression, phosphorylation and the subsequent auto-
regulation of the primary IFNy signalling mediator STAT1
play a critical role in IRG expressions.>> As ChIP-seq revealed a
CXD101-induced H3K27 hyperacetylation pattern in the open
chromatin of the Stat1 promoter and enhancer (figure 4D),
we further investigated the regulatory effect of CXD101 on
STAT1 in PD-(L)1R cells with or without IFNy stimulation that
modelled ICB in vivo. We found that CXD101 dose-dependently
amplified STAT1 expression and phosphorylation in the pres-
ence of IFNy (figure 4E, online supplemental figure 16A,B),
leading to synergistic upregulation of IRGs (figure 4F, online
supplemental figure 6C,D) that mimicked the combination
therapy in vivo (online supplemental figure 13A-C). However,
CXD101 treatment alone could not activate STAT1 signalling
and IRG transcription to the same extent (figure 4E,F and online
supplemental figure 16), suggesting that chromatin priming by
CXD101 is necessary but not sufficient for full IRG activation
in PD-(L)1R cells. Notably, CRISPR-mediated knockout (KO)
of STAT1 (figure 4G) abrogated H3K27ac induction by IFNy
and diminished H3K27ac hyperacetylation in the combined
treatment with CXD101 in the Stat1 promoter and enhancer
(figure 4H), leading to the abolishment of synergistic activation
of Stat1 and the other IRG expressions (figure 4I). Altogether,
these results provide a synergy mechanism whereby CXD101
cooperatively creates a primed chromatin environment with
IFNy/STAT1 signalling to augment IRG transcription.

CXD101 and IFNy/STAT1 signalling coordinate CD8*T cell-induced
pyroptosis

Given the synergistic activation of IRGs, we next determined
whether and how CXD101 and IFNy/STAT1 signalling coor-
dinate tumour cell killing by CTLs. We briefly cultured the
pretreated Hepa1-6-PD-L1R tumour cells with activated CD8*T
cells (6hours) isolated from mice bearing the same parental
tumour (figure SA). We noted that single or combined CXD101
and IFNy treatment per se did not affect tumour cell viability,
whereas concomitant treatment with the CD8*T cells signifi-
cantly induced tumour cell killing (figure 5B). Notably, the dying
tumour cells exhibited swelling and membrane blebbing resem-
bling pyroptotic cell death® (figure 5C). Indeed, CXD101 and
IFNy synergistically increased the extracellular level of lactate
dehydrogenase (LDH), an enzyme released through membrane

permeabilisation by dead or dying cells during pyroptosis, in
the presence of CD8*T cells (figure SD). Moreover, the tumour
cell viability was restored in STAT1-KO cells (figure SE), while
the membrane blebbing (figure SF) and LDH release were also
abolished (figure 5G), illustrating that IFNy/STAT1 signalling is
instrumental in CD8*T cell-induced pyroptosis.

Tumour cell recognition by CD8*T cells mediated through
IFNy/STAT1 signalling is fundamental to successful ICB
therapy.”” Given the synergistic upregulation of IRGs crucial for
MHC class-I complex and antigen presentation (figure 3S and
online supplemental figure 13), we next determined the func-
tional effects of CXD101 and IFNy treatment on tumour cell
recognition using an ovalbumin (OVA)-specific, CD8*T (OT-I)
cell model (online supplemental figure 17A,B). We found that
single or combined CXD101 and IFNy treatment per se did not
affect tumour cell viability, whereas concomitant treatment with
the OT-I cells significantly induced OVA-specific tumour cell
killing (online supplemental figure 17C). Moreover, the tumour
cell viability was restored in STAT1-KO cells (online supple-
mental figure 17D), illustrating that IFNy/STAT1 signalling is
instrumental in tumour cell recognition by CDS*T cells for
effective combination treatment.

As a lytic proinflammatory type of cell death, pyroptosis is
induced by the activation and cleavage of pore-forming effector
proteins called gasdermins (GSDMs).>* The family comprises
GSDMA, GSDMB, GSDMC, GSDMD and GSDME in humans,
while mice lack Gsdmb.* Integrated omics analysis of the
PD-L1R model revealed chromatin accessibility and H3K27ac
occupancy in the regulatory elements of Gsdmd and Gsdme
(online supplemental figure 18). While GSDMD was constitu-
tively expressed in PD-L1R tumour cells in vitro (figure SH),
GSDME was inducible by CXD101 (figure SI and online
supplemental figure 19) with elevated H3K27ac levels at its
promoter and enhancer (figure 5]). Intriguingly, GSDME was
further cleaved to form its cytotoxic N-terminal domain when
the CXD101 and IFNy-pretreated cells were exposed to CD8*T
cells (figure SH). Moreover, deletion of STAT1 abrogated
GSDME cleavage without influencing its induction (figure SK).
Collectively, these results suggest that tumour cell pyroptosis
occurs by cooperative functions of CXD101-induced GSDME
expression and IFNy/STAT1-mediated cleavage by CD8™T cells
on tumour cell recognition.

GSDME upregulation by CXD101 renders CTL-induced
pyroptosis

We further investigated the role of CXD101-induced GSDME
expression on CTL-mediated tumour cell pyroptosis using the
NK92 cell model,*® which acquires the capability to recognise
and kill mouse tumour cells’’. We found that pretreatment
of Hepal-6-PD-L1R cells with CXD101 markedly enhanced
NK92 cell-induced morphological changes (figure 6A) and
LDH release (figure 6B), which phenocopied the pyroptotic
effects of GSDME overexpression (figure 6C-E). Consistent
with the CD8'T cell model, CXD101 induced cleavage of
GSDME, but not GSDMD, and release of a pyroptosis marker
high mobility group box 1 (HMGB1)*® in the medium when the
pretreated Hepal-6-PD-L1R cells were co-cultured with NK92
cells (figure 6F). Notably, CRISPR-mediated KO of GSDME
abolished CXD101-induced release of HMGB1 (figure 6G) and
LDH (figure 6H) as well as pyroptotic morphological changes
even in the presence of NK92 cells (figure 6I). These data
suggest that GSDME upregulation by CXD101 renders CTL-
induced pyroptosis.
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Figure 4 CXD101-induced histone hyperacetylation primes IRG activation in response to IFNy. (A, B) Heatmaps depicting the H3K27ac intensity in
genome-wide scale (A) and in IRGs (B) in tumour tissues from the indicated groups as shown in figure 3A. (C, D) Overlapping tracks of ATAC-seq and
nanoscale ChIP-seq (H3K27ac, H3K4me1 and H3K4me3) at the Cd74 (C) and Stat7 (D) loci. ATAC-seq data were extracted from the in vivo scATAC-seq
of tumour cells. (E) Western blot analysis of STAT1 and p-STAT1 levels in Hepa1-6-PD-L1R cells treated with the indicated concentrations of CXD101
or vehicle control in the presence or absence of IFNy (10 ng/mL) for 48 hours. GAPDH was used as loading control. (F) RT-gPCR analyses of mRNA
levels of the indicated genes in Hepa1-6-PD-L1R cells treated with CXD101 (2 M) or vehicle control in the presence or absence of IFNy (10 ng/mL)

for 48 hours. Gapdh was used as normalisation control. (G) Western blot analysis of STAT1 levels in Hepa1-6 derived PD-L1R-WT and STAT1-KO cells
treated with IFNy (10 ng/mL) for 48 hours. GAPDH was used as loading control. (H) ChIP-qPCR analyses of H3K27ac occupancy in the enhancer and
promoter regions of Stat? in Hepa1-6 derived PD-L1R-WT or STAT1-KO cells treated with CXD101 (2 pM) or vehicle control in the presence or absence
of IFNy (10 ng/mL) for 48 hours. Stat? enhancer (site 1) and promoter (site 2) loci for ChIP-gPCR analysis as shown in figure 4D. (I) RT-gPCR analyses of
mRNA levels of the indicated genes in Hepa1-6 derived PD-L1R-WT or STAT1-KO cells treated with CXD101 (2 pM) or vehicle control in the presence
or absence of IFNy (10 ng/mL) for 48 hours. Gapdh was used as normalisation control. Data are represented as mean=SEM. Statistical significance
was assessed by one-way ANOVA with Tukey’s multiple comparisons correction. *p<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of variance; ChlP,

chromatin immunoprecipitation.
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Figure 5 CXD101 and IFNY/STAT1 signalling coordinate CD8'T cell-induced pyroptosis. (A) Schematic illustration of CD8*T cell/tumour cell co-
culture cytotoxicity system. (B—D) Hepa1-6-PD-L1R cells were pretreated with CXD101 (2 uM) or vehicle control in the presence or absence of IFNy
(10ng/mL) for 42 hours. CD8'T cells at an effector/target ratio (E/T) of 10:1 were co-cultured with drug washed out cells for 6 hours. Cell viabilities (B)
morphological changes (C) and LDH release (D) of tumour cells were measured by the corresponding assays. (C) Red arrowheads indicate pyroptotic
cells, while blue arrowheads indicate representative CD8*T cells binding on pyroptotic tumour cells. Scale bar=20 pym. (E-G) Hepal-6 derived PD-
L1R-WT or STAT1-KO cells were pretreated with CXD101 (2 M) or vehicle control in the presence or absence of IFNy (10 ng/mL) for 42 hours, CD8*T
cells at an E/T of 10:1 were co-cultured with drug washed out cells for 6 hours. Cell viabilities (E) morphological changes (F) and LDH release (G) of
tumour cells were measured by the corresponding assays. (F) Red arrowheads indicate pyroptotic cells, scale bar=20 pm. (H) Hepa1-6-PD-L1R cells
were pre-treated with CXD101 (2 uM) or vehicle control in the presence or absence of IFNy (10 ng/mL) for 42 hours. CD8*T cells at an E/T of 10:1
were co-cultured with drug washed out cells for 6 hours, followed by Western blot analysis of the indicated proteins. (I) Hepa1-6-PD-L1R cells were
treated with DMSO or CXD101 at the indicated concentrations for 48 hours, the Gsdme mRNA and GSDME protein levels were measured by RT-qPCR
and Western blot assays, respectively. (J) ChIP-gPCR analysis of H3K27ac occupancy in the enhancer and promoter regions of Gsdme in Hepa1-6-PD-
L1R cells treated with CXD101 (2 uM) or vehicle control for 48 hours. Gsdme enhancer and promoter loci for ChIP-gPCR analysis are shown in online
supplemental figure 18. (K) Hepa1-6 derived PD-L1R-WT or STAT1-KO cells were pretreated with CXD101 (2 pM) or vehicle control in the presence or
absence of IFNy (10ng/mL) for 42 hours. CD8"T cells at an E/T of 10:1 were co-cultured with drug washed out cells for 6 hours, followed by Western
blot analysis of the indicated proteins. Data are represented as mean=SEM. Statistical significance was assessed by one-way ANOVA with Tukey's
multiple comparisons correction. *p<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of variance; ChIP, chromatin immunoprecipitation; LDH, lactate
dehydrogenase.

We next examined whether tumour cell pyroptosis occurred
on CXD101 and ICB treatment in vivo, by which tumour
regression was accompanied by significant recruitment of CTLs
(figure 2H). In PD-(L)1R models, we found that the combina-
tion treatment induced upregulation and cleavage of GSDME

(figure 6],Kand online supplemental figure 20) and increased
proportions of  7-aminoactinomycin  (7-AAD)*Annexin
V*CD45cells (figure 6L,M) representing pyroptotic tumour
cells,” which were accompanied with elevated HMGB1 levels
in the TME (figure 6N,O). Taken together with the in vitro data,

TuY, et al. Gut 2024;0:1-15. doi:10.1136/gutjnl-2024-332281
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Figure 6 Epigenetic upregulation of GSDME renders CTL-induced tumour cell pyroptosis. (A) Hepa1-6-PD-L1R cells were pretreated with DMSO

or CXD101 at 2 pM for 42 hours. NK92 cells at an E/T of 2:1 were co-cultured with drug washed out cells for 5 hours. The representative images are
shown. Red arrowheads indicate pyroptotic cells. Scale bar=20 pm. (B) Hepa1-6-PD-L1R cells were pretreated with DMSO or CXD101 at 2 M for

42 hours. NK92 cells at indicated E/T were co-cultured with drug washed out cells for 5hours. The LDH release levels of tumour cells are shown.
(C—E) Hepa1-6 derived PD-L1R-empty vector (EV) and GSDME-overexpressed (OE) cells were co-cultured with NK92 cells at an E/T of 2:1 for 5 hours.
The indicated protein levels (C) morphological changes (D) and LDH release (E) of tumour cells were measured by the corresponding assays. (D) Red
arrowheads indicate pyroptotic cells. Scale bar=20 pm. (F) Hepa1-6-PD-L1R cells were pretreated with DMSO or CXD101 at 2 uM for 42 hours. NK92
cells at an E/T of 2:1 were co-cultured with drug washed out cells for the indicated times, followed by Western blot analysis of the indicated proteins.
(G) Hepa1-6 derived PD-L1R-WT or GSDME-KO cells were pretreated with DMSO or CXD101 at 2 uM for 42 hours. NK92 cells at an E/T of 2:1 were
co-cultured with drug washed out cells for 5hours. The indicated protein levels (G) LDH release (H) and morphological changes (I) of tumour cells
were measured by the corresponding assays. #, non-specific bands. (1) Red arrowheads indicate pyroptotic cells. Scale bar=20pm. (J, K) The total and
cleaved GSDME levels in Hepa1-6-PD-L1R (J) and RIL-175-PD-1R (K) tumours from indicated groups were measured by Western blot assays. GAPDH
was used as loading control. (L, M) The proportions of CD457AAD*Annexin-V*cells in Hepa1-6-PD-L1R (L) and RIL-175-PD-1R (M) tumours from the
indicated groups were detected by flow cytometry assay (n=5-8). (N, 0) HMGB1 levels in Hepa1-6-PD-L1R (N) and RIL-175-PD-1R (O) tumours from
the indicated groups are shown (n=6-9). Data are represented as mean+SEM (B, E, H) or SD (L-0). Statistical significance was assessed by one-way
ANOVA with Tukey's multiple comparisons correction. **p<0.01; ***p<0.001. 7-AAD, 7-aminoactinomycin; ANOVA, analysis of variance; LDH, lactate
dehydrogenase.
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these findings suggest that intratumoural recruitment and activa-
tion of CTLs promote cleavage of CXD101-induced GSDME to
trigger pyroptosis in the ICB combination therapy.

Deletion of GSDME abolishes CXD101-ICB combination
therapeutic effects by thwarting pyroptotic and IFNy
responses

To investigate the significance of GSDME-triggered pyro-
ptosis and STAT1-mediated IFNyresponses on the combination
therapy, we determined the therapeutic efficacy in the Hepal-
6-PD-L1R model derived from wild-type (WT), GSDME-KO
and STAT1-KO tumour cells (figure 7A). Notably, deletion
of GSDME abolished the antitumour effect of CXD101 and
anti-PD-L1 combination treatment to the same extent as the
STAT1 KO (figure 7B). Intriguingly, GSDME KO not only abro-
gated tumour cell pyroptosis as reflected by 7-AAD*Annexin
V*CD45 cell proportions (figure 7C,D), but also attenuated the
intratumoural IFNy induction (figure 7E) and IRG upregulations
for antigen processing and presentation (Cd74, H2-k1, Tap2 and
Tapbp) by the combination therapy (figure 7F). In addition,
the intratumoural recruitment and activation of CTLs were
dramatically reduced (figure 7G,H) that ultimately culminated
in worsened survival of mice (figure 7I). These findings empha-
sise the crucial role of GSDME-triggered pyroptosis in tumour
cell killing and IFNy responses for the therapeutic benefits of
CXD101 plus anti-PD-L1 treatment.

On the other hand, although deletion of STAT1 did not
significantly affect Gsdme induction by the combination treat-
ment (figure 7C), the tumour cell pyroptosis was still abol-
ished (figure 7D) which may be attributable to the effect on
IFNY/STAT 1-mediated cleavage of GSDME by CDS*T cells as
observed in vitro (figure 5). In concord, STAT1 KO dampened
the TFNy induction in TME and IRG upregulations for antitu-
mour immunity (figure 7E-H), leading to a significant reduction
in survival benefit of the combination therapy (figure 7I). Taken
together, our findings uncover a reciprocal regulation between
GSDME-triggered pyroptosis and STAT1-mediated IFNy
responses that plays a pivotal function in the TME remodelling
for the effectiveness of the CXD101-ICB combination therapy.

CXD101 averts ICB resistance in spontaneous HDAC1/2/3"9"
HCC model

Given the importance of tumour heterogeneity for resistance to
cancer therapies,* finally, we tested the efficacy of the combi-
nation immunotherapy in a spontaneous HCC model induced
by hydrodynamic tail-vein injection (HDTVi) of MYC and
CTNNB1 encoding plasmids together with a sleeping beauty
transposase construct.’! We employed this model because it reca-
pitulates the high-frequency mutation and activation of B-cat-
enin pathway observed in human HCCs which are characterised
by T cell exclusion and immunotherapy resistance.** ** Impor-
tantly, data from transcriptomic analysis of 9 HDTVi models*!
showed that the MYC/CTNNB1 tumour model highly expressed
Hdac1/2/3 (figure 8A), which could be validated by Western blot
analysis (figure 8B).

Consistent with the previous findings, we first confirmed that
the HDAC1/2/3"#" HCC tumours of the MYC/CTNNB1 model
were resistant to anti-PD-L1 therapy (figure 8C,D). Moreover,
single CXD101 treatment also did not influence the tumour
burden of this aggressive model, which was indicated by the
liver weight, liver/body weight ratio and tumour area assessed by
H&E staining (figure 8D,E). Remarkably, concurrent CXD101
treatment could re-sensitise HDAC1/2/3"8" HCC tumours to

PD-L1 blockade, resulting in significant reduction in tumour
burden (figure 8D,E) and prolongation of mouse survival when
compared with the untreated and single treatment groups
(figure 8F) without signs of toxicity (online supplemental figure
21). These findings demonstrate that selective class-I HDAC
inhibition can overcome ICB resistance in a preclinical model
representing the highly prevalent MYC™" and CTNNB1™*
human HCCs.

DISCUSSION

Recent progress from therapeutic checkpoint inhibition in the
clinic has provided new insights into the rate limiting steps of
the cancer-immunity cycle.** One of the key mechanisms that
render the immune system unable to control tumour growth is
the deficiency in IFNy signalling. Despite intensive research on
the perturbations of this pathway in cancer patients unrespon-
sive to ICB,"' * *¢ its non-mutational regulation and potential
reversibility for therapeutic development remain less under-
stood. Here, our integrated scRNA-seq and clinical interroga-
tion of a PD-1 blockade cohort reveals that HCC patients with
HDAC1/2/3"#" tumours exhibited deficient IFNy signalling and
poor survival on ICB therapy. Using our anti-PD-(L)1-resistant
orthotopic HCC models and multiomics analysis, we demon-
strate the rationality, effectiveness and mechanism of action of
selective HDAC1/2/3 inhibition by CXD101, which epigeneti-
cally overcomes ICB resistance by activating a self-reinforcing
circuitry of IFNy/STATT1 signalling and GSDME-mediated pyro-
ptosis (figure 8G). More importantly, the CXD101-ICB combi-
nation therapy elicited strong antitumour efficacy and survival
benefit in a preclinical model of the highly prevalent MYC"¢"
and CTNNB1™" human HCCs, thus providing a proof of
concept for our ongoing phase-II trial to tackle resistance to ICB
treatment in HCC (NCT05873244).

The iterative nature of the antitumour immune responses
where the recognition and killing of tumour cells by T cells initi-
ates subsequent rounds of antigen presentation, T cell stimula-
tion, trafficking and infiltration into tumours reflects not only
the complexity of human immunity, but also the array of tumour
immune evasion capabilities.” © ** The strong therapeutic activi-
ties of CXD101-ICB combination therapy, therefore, stem from
the concomitant restoration of multiple rate-limiting steps of
the cancer-immunity cycle. First, CXD101 systemically hyper-
acetylases the regulatory regions of IRGs including STAT1, the
crucial meditator of IFNy pathway. This epigenomic priming
works in tandem with the IFNy signal released by CTLs,*
which are prevented from the development of the exhausted
phenotype by checkpoint blockade,* to synergistically activate
IRGs encoding chemokines and MHC class-1 complex critical
for lymphocyte recruitment and tumour cell visibility, respec-
tively. Second, CXD101 treatment also opens and primes chro-
matin with H3K27ac at the GSDME promoter and enhancer for
transcriptional reactivation, leading to CTL-mediated GSDME
cleavage and induction of pyroptosis, an inflammatory form
of cell death that further promotes infiltration and activation
of antitumour innate and adaptive immune cells.*” As GSDME
silencing by promoter hypermethylation also occurs in some
human cancers,” pyroptosis may be epigenetically exploited in
a tumour-specific manner to reinstate the cancer-immunity cycle
and amplify the antitumour responses to ICB therapy.

Intriguingly, we found that IFNy/STAT1 signalling is prerequi-
site for GSDME-mediated pyroptosis in vitro and in vivo. Unlike
GSDMB expression which can be directly upregulated by IFNy,”!
the cleavage of CXD101-induced GSDME is dependent on the
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Figure 7 Deletion of tumourous STAT1 or GSDME abolishes the antitumour effects of CXD101 and anti-PD-L1 combination therapy. (A) Treatment
schedule of CXD101 and anti-PD-L1 antibody in C57BL/6 mice bearing the indicated Hepa1-6-PD-L1R tumours. (B) Tumour weights and representative
images of livers and tumours from indicated groups are shown (n=9-12). (C) RT-gPCR analyses of mRNA levels of Stat7 and Gsdme in tumours from
the indicated groups (n=7-8). (D) The proportions of CD45~7AAD*Annexin-V*cells in tumours from the indicated groups were detected by flow
cytometry assay (n=8-9). (E) IFNy levels in tumours from the indicated groups were measured by ELISA assay (n=6-7). (F) RT-qPCR analyses of mRNA
levels of the indicated genes in tumours from indicated groups (n=7-8). (G) Proportions (%) of tumour infiltrating CD45*cells, CD45*CD3*CD8*T
cells, CD45*CD3*CD4*T cells, CD45"NK1.1*NK cells and CD45*CD3*NK1.1*NKT cells of total cells in the indicated tumours were determined by flow
cytometry (n=8-10). (H) Representative flow cytometry dot plots and proportions of IFNy* or GZMB™ cells in tumour infiltrating CD8*T cells from
the indicated groups are shown (n=8-10). (I) Kaplan-Meier survival analysis of mice from the indicated groups (n=10-12). Data are represented
as mean=SD. Statistical significance was assessed by one-way ANOVA with Holm-Sidak’s multiple comparisons correction. *p<0.05; **p<0.01;
***p<0.001. ANOVA, analysis of variance.
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Figure 8 CXD101 synergies with anti-PD-L1 antibody to suppress tumourigenicity in spontaneous HDAC1/2/3"" HCC model. (A) mRNA levels of
Hdac1, Hdac2 and Hdac3 in normal livers or the indicated HCC tumours were extracted from the published RNA-seq data (GSE148379). (B) Western
blot analysis of HDAC1, HDAC2 and HDAC3 protein levels in MYC"" and CTNNB1™* tumour and non-tumour liver tissues isolated from mice. GAPDH
was used as loading control. (C) Treatment schedule of CXD101 and anti-PD-L1 antibody in C57BL/6 mice bearing MYC"" and CTNNB1™* tumours by
HDTVi of the indicated plasmids. (D) Representative photos (top) and H&E staining images (bottom) of livers and tumours from the indicated groups
are shown. Scale bars, 1000 pm. Tumour areas are circled by black dotted lines. (E) Tumour burden in indicated groups was evaluated by liver weight,
liver weight vs body weight ratio and tumour area per slide calculated from H&E images. (F) Kaplan-Meier survival analysis of mice from the indicated
groups in MYC"" and CTNNB1™! HCC model (n=13-14). (G) A summary schematic of this study. Data are represented as mean=+SD. Statistical
significance was assessed by one-way ANOVA with Tukey's multiple comparisons correction for (E) and by two-sided log-rank (Mantel-Cox) test for
(F). *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of variance; HCC, hepatocellular carcinoma; HDTVi, hydrodynamic tail-vein injection.
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IFNy/STAT1 axis, possibily due to the necessity of tumour cell
recognition before GZMB release by cytotoxic CD8™T cells.*?
The immunogenic cell death in turn fuels more lymphocyte-
derived IFNy and GZMB in the TME to reinforce the STAT1-
GSDME pyroptotic circuitry. Notably, the deletion of either
reciprocally regulated player in the circuit abolished the ther-
apeutic efficacy of our combination targeting strategy, further
highlighting the significance of the cooperative and synergistic
remodelling of cancer-intrinsic epigenomic landscape and
immune-excluded TME in the generation of an optimal antitu-
mour immunity.

There are limitations to our study. The relatively small cohort
of patients in our phase-II study (NCT03419481) may preclude
the potential predictive power of HDACs for ICB responsive-
ness, although TIDE analysis of TCGA dataset was performed to
verify the findings. While we have applied single-cell multiomics
to characterise the role of chromatin accessibility in therapy-
induced antitumour immunity, we cannot decode the histone
modification profiles in tumour heterogeneity using the current
bulk approach. Recent advancements in high-throughput single-
cell ChIP-seq™ may enable identification of a subcluster of
IFNy-responsive tumour cells with specific chromatin states and
transcription factors responsible for epigenetic reprogramming
through motif analysis of the enriched regions. As the majority
of HCC develops in liver fibrosis, in which the peritumoural
stromal and myeloid cell components form a barricade to restrict
T cell immunity,** > orthotopic mouse models using cell lines
may not fully reflect the immune-excluded immunotype.** The
validated therapeutic benefits of CXD101 plus ICB treatment in
the HDTVi spontaneous HCC model warrant further investiga-
tion in the context of fibrosis-associated HCC.

As we have recently shown that CXD101 treatment could
increase MHC class-1 and MHC class-Il gene expressions in
dendritic cells leading to antigen presentation,’® it is worth-
while to determine the direct effects of CXD101 on immune
cells integral in the cancer-immunity cycle. While the T, cells
were elevated in the tumour rechallenge model, our pilot ex vivo
study did not show obvious changes in memory T cell propor-
tions by direct CXD101 and ICB treatment (online supplemental
figure 22). CXD101 treatment also did not exhibit direct effect
on CD8™T cell cytotoxicity in the OVA-specific OT-I cell model
(online supplemental figure 23). Further studies using T cell-
selective knockout approach are warranted to clarify the impact
of class- HDACs on T cell responses.

The identification of clinically druggable targets that restrict
antitumour immunity is required to develop potential combina-
tion therapies. Using single-cell transcriptomic data on patients
with HCC treated with anti-PD-1 therapy and newly established
preclinical ICB-resistant models, we identified class-1 HDACs as
key epigenetic drivers restricting the amplification of the anti-
tumour immunity cycle, thereby contributing to the immune-
refractory feature of TME and ICB resistance. The successful
conversion of the immune-excluded into an inflamed immuno-
type through epigenetic activation of STAT1-GSDME pyroptotic
circuitry provides a mechanistic basis of CXD101 plus anti-PD-1
treatment in patients with ICB-resistant HCC. We envision that
application of single-cell multiomics analysis in the new phase-II
clinical trial (NCT05873244) will advance precision medi-
cine with immuno-epigenetic therapy through identification of
predictive biomarkers for responsiveness and durability.
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