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Summary

Epigenetic modulators in combination with proapoptotic drugs have become the standard of care treatment in
hematological malignancies. Conversely, these combinations have failed to demonstrate clinical efficacy in solid
tumors. To address this discrepancy, we conducted a comprehensive analysis of the anti-tumor activity of epigenetic
inhibitors in combination with BH3 mimetics that block anti-apoptotic proteins BCL-XL, BCL2 or MCL1 in a large set
of solid tumor cell lines derived from patients and mouse models. Treatment with epigenetic drugs targeting DNA
methyltransferase, histone methyltransferase, and histone deacetylase enzymes in combination with a BCL-XL inhibi-
tor resulted in marked synergistic in vitro responses both in human and mouse solid tumor cell lines. This unique
BCL-XL dependency was in clear contrast to hematological malignancies, which are largely dependent on BCL2

or MCLT inhibition under epigenetic drug treatment. Mechanistically, co-targeting of epigenetic regulators and BCL-
XL induced expression of endogenous retroelements that led to immunogenic cell death. We thus hypothesized
that this response may sensitize tumor cells to immune checkpoint blockade (ICB). Accordingly, treatment with a tri-
ple combination of epigenetic and BCL-XL inhibitors with an anti-PD-1 monoclonal antibody in vivo reduced tumor
growth and prolonged overall survival in a panel of murine syngeneic and orthotopic models of lung, colorectal

and breast carcinomas, melanoma, and glioblastoma, as well as in an immunocompetent human colon cancer model.
Using flow cytometry and single-cell RNA sequencing of the tumor microenvironment, we found that the broad
activity of the triple therapy relied on the expansion of T and NK cells with cytotoxic potential, an increase in the M1/
M2 macrophage ratio, and a reduction of immunosuppressive Treg cells, dendritic cells, and B lymphocytes. In
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conclusion, we report a novel regimen combining epigenetic and BCL-XL inhibitors with ICB that produces potent
anti-tumor responses in multiple preclinical models of solid tumors.

Keywords Solid tumors, Epigenetic modulators, CM272, Anti-apoptotic proteins, BCL-XL, A1331852, Immune

checkpoint blockade, Anti-PD-1

Introduction

Therapeutic targeting of epigenetic enzymes has revo-
lutionized the treatment of hematological malignancies.
Eight inhibitors of DNA methyltransferases (DNMTs),
histone methyltransferases (HMTs) and histone deacety-
lases (HDACs) have been approved for the treatment of
patients with myeloid and lymphoid malignancies, and
some others are being evaluated in clinical trials. How-
ever, epigenetic agents have poor pharmacokinetic and
safety profiles, primarily due to lack of specificity, which
limits their efficacy as single agents. Furthermore, in
marked contrast to hematological malignancies, epi-
genetic agents have not demonstrated efficacy in most
solid tumors [1-4]. In fact, only two agents have been
approved by the FDA for the treatment of two rare can-
cers, cholangiocarcinoma and epithelioid sarcoma [5].
Accordingly, clinical development of epigenetic drugs
for solid tumors is underway in combination with other
anticancer treatments, including targeted agents, chemo-
therapy, radiotherapy or immunotherapy [6].

Inhibition of epigenetic enzymes in tumor cells induces
the transcription of epigenetically silenced endogenous
retroelements, such as endogenous retroviruses (ERVs)
[7-12]. Retroelement transcription generates double-
stranded RNAs (dsRNAs) that trigger viral mimicry
responses initiated by RIG-I and MDAS5 helicases [13].
These helicases activate the downstream adaptor pro-
tein MAVS to promote interferon (IFN) signaling [8, 14].
In turn, IFN responses increase tumor immunogenic-
ity, which sensitizes tumor cells to immune checkpoint
blockade therapy [8, 15-17]. Accordingly, epigenetic
agents in combination with programmed cell death pro-
tein 1 (PD-1)/programmed cell death ligand 1 (PD-L1)
targeting drugs are being clinically tested in solid tumors
[18, 19]. Unfortunately, clinical trials have not shown
encouraging results [20-22]. More effective combina-
tions may emerge from a better understanding of the
mechanisms by which solid tumors respond poorly to
epigenetic agents.

Following epigenetic therapy, dsRNA recognition by
helicases depletes intracellular ATP, reversing the War-
burg effect and increasing cancer cell dependence on
aerobic glycolysis. This is associated with hyperactivation
of mitochondrial oxidative phosphorylation (OXPHOS),
which generates excessive reactive oxygen species and
leads to caspase-independent tumor cell death [23]. Such

constitutive OXPHOS state renders tumor cells suscep-
tible to inducers of mitochondrial apoptosis including
the BCL2 inhibitor venetoclax [23, 24]. Thus, the DNMT
inhibitors azacitidine or decitabine in combination with
venetoclax have been approved for the treatment of
patients with newly diagnosed acute myeloid leukemia
(AML) [25].

Here, we present a comprehensive analysis of the
potential synergistic effect of pro-apoptotic agents in
combination with epigenetic drugs in solid tumors,
with particular focus on lung cancer, the leading cause
of cancer-related deaths worldwide. Human and mouse
solid tumor cell lines were inherently resistant to agents
targeting anti-apoptotic proteins; however, epigenetic
agents universally synergized with inhibitors of BCL-XL
to promote cancer cell apoptosis. This observation was
in marked contrast to hematological malignancies, which
are sensitized to epigenetic agents by BCL2 or MCL1
inhibitors. Mechanistically, we found that co-targeting
epigenetic enzymes and BCL-XL increased immuno-
genic cell death, which sensitized solid tumors to anti-
PD-1 blockade in vivo, resulting in profound anti-tumor
responses in mouse and human models of various solid
cancers. This study presents a novel therapeutic combi-
nation that reinstates the potential of epigenetic thera-
peutics to treat and cure patients with solid tumors.

Materials and methods

Cell lines

The human and mouse cancer cell lines used in the study
are listed in Supplementary Table 1. Unless otherwise
indicated, cells were cultured in RPMI-1640 supple-
mented with Glutamax (Gibco), 10% Fetalclone (Thermo
Fisher Scientific), 100 U/mL penicillin and 100 pug/mL
streptomycin (Invitrogen). All cell lines were routinely
tested for Mycoplasma. The ICy, values of the epigenetic
agents CM272, vorinostat and azacitidine in some of
these cell lines are shown in Supplementary Table 2.

Reagents

The epigenetic drugs azacitidine and vorinostat were
purchased from Selleckchem, while CM272, a reversible
dual small molecule that inhibits G9a and DNMTs, was
synthesized as described previously [26]. The proapop-
totic drugs A1331852 (a BCL-XL inhibitor), venetoclax
(a BCL2 inhibitor) and S63845 (an MCLI1 inhibitor) were
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purchased from Selleckchem and ChemieTek. The anti-
PD-1 humanized antibody pembrolizumab was obtained
from Merck, and the monoclonal antibody against mouse
PD-1 was obtained from BioXCell (clone RMP1-14). The
other antibodies used in this study are listed in Supple-
mentary Table 3.

Cell viability

Cells were seeded in 96-well culture plates at a density of
2 to 3x 103 cells/well and treated with the different epi-
genetic or proapoptotic drugs, alone or in combination,
for 24 to 48 h. Cell viability was quantified using the Deep
Blue Cell Viability Kit (BioLegend). Fluorescence was
quantified using a Vorinoskan Flash (Thermo Scientific)
and analyzed using Skanlt software 2.4.3. All experiments
were performed in triplicate.

Cell death analysis

Cells were seeded in 12-well culture plates at a density of
7.5 X 10* cells/well and treated with the different epige-
netic or proapoptotic drugs, either alone or in combina-
tion, for 24 h. Following treatment, cells were trypsinized
and washed with PBS.

For cell death analysis, cells were resuspended in 100
ul of annexin binding buffer (BD Bioscience) and stained
with 1 pl of APC Annexin V (Biolegend) and 1 pl of pro-
pidium iodide (Sigma-Aldrich). Cells were incubated in
the dark at room temperature for 15 min. After the incu-
bation, 400 pl of binding buffer was added, and cells were
analyzed by flow cytometry using a FACS Canto II flow
cytometer (BD Biosciences). Data were processed using
FlowJo v10.7.1 software.

Caspase 3/7 activity was measured using the Cell Event
Caspase 3/7 Green Flow Cytometry assay kit (Ther-
moFisher). Cells were resuspended in 1 ml of PBS with
2% BSA. After the addition of 1 pl of detection reagent,
cells were incubated at 37°C for 30 min. In the final 5 min
of incubation, 1 pl of 7-AAD was added. Flow cytometry
analysis was conducted as described above.

For calreticulin translocation measurement, cells were
washed with PBS and incubated with a rabbit poly-
clonal anti-calreticulin antibody (Abcam) in PBS with 2%
BSA for 30 min at 4°C. Following incubation, cells were
washed and incubated with a secondary goat anti-rabbit
antibody conjugated to Alexa Fluor 647 (Invitrogen) in
PBS with 2% BSA for 30 min at 4°C. Cells were analyzed
by flow cytometry as described above.

For MHC-I and PD-L1 detection, cells were harvested,
washed with PBS, and incubated with antibodies against
MHC-I (APC mouse anti-human HLA-ABC clone G46-
2.6 or PE rat anti-mouse CD274 clone MIH5, BD Phar-
magen) or PD-L1 (PE/cyanine7 anti-human CD274
clone 29E.2 A3 or APC anti-mouse H-2Db clone KH95,

Page 3 of 20

Biolegend) for 30 min at 4°C. Flow cytometry data acqui-
sition and analysis were performed as described above.

Real-time PCR

Total RNA was isolated using Tri reagent (Sigma-
Aldrich) followed by DNase I (Thermo Fisher Scien-
tific). cDNA was synthesized using random primers and
M-MLYV reverse transcriptase (Invitrogen) according to
the manufacturer’s protocol. Relative gene expression
was determined by real-time PCR using gene-specific
primers and SYBR Select Master Mix (Applied Biosys-
tems) on a ViiA 7 Real-Time PCR System (Applied Bio-
systems). Gene expression was analyzed by the 27AACt
method by normalizing the expression of each gene to
PGK1 and then to the control. Primers for real-time PCR
are listed in Supplementary Table 4. All experiments
were performed in triplicate.

Western blotting

Tumor cells (2 x10° cells/well in 6-well plates) were
treated with the corresponding drug for 24 h. Western
blot analyses were performed as previously described
[23], and quantified using Image] software. Antibodies
are listed in Supplementary Table 4.

Measurement of ADP/ATP, extracellular acidification

and oxygen consumption rates

ADP and ATP levels were quantified using the ADP/
ATP Ratio Assay Kit (Sigma Aldrich) in cultured cells
treated with different concentrations of the drugs for 24
h. Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) were quantified in an XF24
Extracellular Flux Analyzer (Seahorse Biosciences) as
previously described [23]. In addition, OCR was quanti-
fied using the OCR-ST-96 WELL kit fluorometric assay
(Oxoprobics).

Mouse cancer models and therapeutic schedules

FVB/N, C57BL/6 ] and BALB/c mice were purchased
from Envigo. Sv/129 mice were obtained from Janvier. All
animal experiments were performed in accordance with
the protocols approved by the institutional animal care
committee (references 049—18 and 131-22).

LLC cells (2 x10° were injected subcutaneously into
the flanks of 8—12 week old female C57BL/6 ] mice.
Tumor-bearing mice were treated with vehicle, 5 mg/
kg CM272 (i.p.; 5 days per week, starting on day 6), 100
pg anti-PD-1 (i.p.; days 7, 10 and 14) and/or 5 mg/kg
A1331852 (i.p.; 3 days per week starting on day 7). For
the orthotopic LLC model, 6—8 week old female C57BL/6
J mice were anesthetized with 2% isoflurane and placed in
lateral decubitus position. 1x 10° LLC-luc cells in 10 pL
medium/Matrigel (Corning) (1:1) were injected directly
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into the left lung lobe. Tumor growth was measured once
or twice weekly by bioluminescence using a real-time
in vivo system (Photonlmager, Biospace Laboratory). On
day 5 postinjection, mice were randomized according to
tumor volume and treated with vehicle, CM272 (5 days
per week starting on day 5), anti-PD-1 (days 7, 10, 14, 17,
21, 24) and/or A1331852 (3 days per week starting on
day 5) as indicated above. Photon flux analysis was per-
formed as previously described [27].

393P cells (4 x10°%) were injected subcutaneously into
the flanks of 8—12 week old female Sv/129 mice. 393P
tumors were allowed to grow for 6 days and then treated
with vehicle, CM272 (5 days per week starting on day 6),
anti-PD-1 (days 7, 10, 14, 17, 21, 24) and/or A1331852 (3
days per week starting on day 7) as indicated above.

Lacun.3 cells (1 x10°% were injected subcutaneously
into the flanks of 8—-12 week old female BALB/c mice.
Lacun.3 tumors were allowed to grow for 13 days and
then treated with vehicle, CM272 (5 days per week start-
ing on day 13), anti-PD-1 (days 14, 17, 21, 24, 28, 31) and/
or A1331852 (2 days per week starting on day 13) as indi-
cated above.

B16.F10 cells (5 x10% were injected subcutaneously
into the flanks of 8—12 week old female C57BL/6 ] mice
and allowed to grow for 5 days. Mice were treated with
vehicle, CM272 (5 days per week starting on day 5), anti-
PD-1 (days 6, 9, 13, 16, 20) and/or A1331852 (3 days per
week starting on day 5) as indicated above.

KPC cells (1 x10° were injected subcutaneously into
the flanks of 8—12 week old female C57BL/6 ] mice and
allowed to grow for 6 days. Tumor-bearing mice were
treated with vehicle, CM272 (5 days per week starting
on day 6), anti-PD-1 (days 7, 11, 14, 18, 21, 25, 28) and/
or A1331852 (3 days per week starting on day 6) as indi-
cated above.

MC38 cells (5 x10°) were injected subcutaneously
into the flanks of 8—12 week old female C57BL/6 ] mice
and allowed to grow for 7 days. Mice were treated with
vehicle, CM272 (5 days per week starting on day 7), anti-
PD-1 (days 8 11, 15, 18) and/or A1331852 (3 days per
week starting on day 7) as indicated above.

ANVS5 cells (2 x 10%) were injected orthotopically with
Matrigel (1:1) through a 1 cm incision into the fourth
and fifth inguinal mammary fat pads of 8—12 week old
female FVB/N mice, as previously described [28]. ANV5
cells were allowed to grow for 7 days and then mice were
treated with vehicle, CM272 (5 days per week starting on
day 7), anti-PD-1 (days 8, 15) and/or A1331852 (3 days
per week starting on day 7) as described above.

CT-2 A cells (5 x 10%) were injected orthotopically into
the caudate nucleus of 8—12 week old female C57BL/6 ]
mice, as previously described [29]. Tumors were allowed
to grow for 6 days and then mice were treated with
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vehicle, CM272 (5 days per week starting on day 6), anti-
PD-1 (days 7, 10, 14, 17, 21, 24) and/or A1331852 (3 days
per week starting on day 6) as described above.

Humanized mouse model

A humanized mouse model was generated by retro-
orbital intravenous injection of 1x 107 fresh human
peripheral blood mononuclear cells (PBMCs) into 6—8
week old NSG mice (The Jackson Laboratory) as previ-
ously described [30]. Briefly, HT29 human colon cancer
cells (2 x10° cells) were inoculated subcutaneously into
the right flank of the mice seven days after the injection
of PBMCs. HT29 cells were allowed to grow for 11 days
and then mice were treated with vehicle, CM272 (5 days
per week starting on day 11), 200 pg pembrolizumab
(days 12, 15, 18) and/or A1331852 (3 days per week start-
ing on day 11) as described in the previous section.

Immune cell depletion in vivo

Depletion of CD8*, CD4" or natural killer (NK) cells was
performed by intraperitoneal injection of 100 pg anti-
mouse CD8a (clone 2.43; Bio X Cell), CD4 (clone GK1.5;
Bio X Cell) or NK1.1 (clone PK136; Bio X Cell), respec-
tively, as previously described [31].

Flow cytometry analysis of the TME

Single-cell suspensions of mouse tumors were obtained
by mechanical and enzymatic dissociation using 1 mg/
mL collagenase D (Roche) and 50 pg/mL DNase I
(Roche) at 37 °C for 30 min. EDTA (6 pM) was then used
to block collagenase and DNase I activities, and eryth-
rocytes were removed as previously described [32]. The
resulting single-cell suspensions were preincubated with
Fc block for 15 min at 4°C, and then labeled for 15 min
at 4°C with a fluorochrome-conjugated antibody cocktail
diluted in FACS buffer. For intracellular staining, cells
were fixed and permeabilized with fixation/permeabili-
zation buffer (eBioscience) and labeled for intracellular
markers in permeabilization buffer. The antibodies used
are listed in Supplementary Table 3. Cell viability was
assessed using PromoFluor 840 (1:2,560, Promokine).
Cells were acquired using a Beckman Coulter CytoFLEX
LX flow cytometer. Data were analyzed using FlowJo
software (Tree Star). Gating strategies are shown in Sup-
plementary Figs. 1 and 2.

Immunohistochemistry and multiplex
immunofluorescence analysis

Paraffin-embedded 4-pum sections of lung tumors were
used. PD-L1 detection by immunohistochemistry was
performed following antigen retrieval in 10 mM citrate
buffer (pH 6). The primary antibody, a rabbit anti-PD-
L1 monoclonal antibody (Cell Signaling), was applied at
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a 1:100 dilution. For quantification, slides were scanned
using the Aperio CS2 scanner (Leica, Barcelona, Spain)
and images were analyzed with QuPath v0.5.1. The
H-score was subsequently calculated as described in pre-
vious studies [33].

Multispectral immunophenotyping was carried out
according to the guidelines of Akoya Biosciences. Anti-
bodies, antigen retrieval and dilutions for detection of
CD4, CDS8, F4/80, FoxP3 are shown in Supplementary
Table 3. Autofluorescence control samples were included
for validation. Samples were scanned using a Phenoim-
ager HT system (Akoya), and spectral unmixing of sig-
nals was performed using InForm 2.5 (Akoya). Images
were immunophenotyped using QuPath 0.5.0 [34]. Data
were expressed as the number of cells with a specific
immunophenotype divided by the total number of nucle-
ated cells.

Single-cell transcriptomics

LLC tumors were injected and treated as described
above. A total of 15 tumors (3 per treatment) were used
for single-cell RNA sequencing (scRNA-seq). To man-
age sample numbers, LLC cells were injected into 5 mice
on three consecutive days. Treatments with vehicle,
CM2727, anti-PD-1, and/or A1331852 were performed
as described above starting on day 7. On day 15, tumors
were harvested and processed under sterile conditions as
described above for flow cytometry. Erythrocytes were
lysed as indicated above, and cells were resuspended in
35% Percoll solution (GE Healthcare) and centrifuged
at 2,000 rpm for 15 min without brake. Afterwards, the
supernatant was discarded and cells were preincubated
with Fc block for 15 min at 4°C, and then labeled with flu-
orochrome-conjugated antibodies against CD45, CD11b
and Ly6G (Supplementary Table 3). Dead cells were
labeled with SYTOX Blue (Invitrogen). CD45" and dou-
ble CD11b™/Ly6G™ cells were sorted. The transcriptome
of the cells was sequenced using Single Cell 3'Reagent
Kits v3.1 (10X Genomics). Briefly, 20,000 cells (except
for sample 296_Triple, where only 5,840 cells could be
obtained) were loaded at a concentration of 1,000 cells/
pL on a Chromium X instrument (10X Genomics) to
capture single cells in gel bead-in-emulsions (GEMs).
In this step, each cell was encapsulated with prim-
ers containing a fixed Illumina Read 1 sequence, a cell-
identifying 16 nt 10X barcode, a 12 nt unique molecular
identifier (UMI), and a poly-dT sequence. After cell lysis,
reverse transcription yielded full-length barcoded cDNA.
This cDNA was then released from the GEMs, ampli-
fied by PCR and purified using magnetic beads (SPRIse-
lect, Beckman Coulter). Enzymatic fragmentation and
size selection were used to optimize cDNA size prior
to library construction. Fragmented cDNA was then
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end-repaired, A-tailed and ligated to Illumina adaptors.
A final PCR amplification with barcoded primers allowed
for sample indexing. Library quality control and quantifi-
cation were performed using the Qubit 3.0 Fluorometer
(Life Technologies) and the 4200 TapeStation System
(Agilent), respectively. Sequencing was performed on
NextSeq2000 and NovaSeq6000 instruments (Illumina)
(Read1: 28; Read2: 90; i7 index: 10; i5 index: 10) at an
average depth of 20,000 reads/cell. Cell Ranger (v7.0.0,
10 X Genomics Inc) was used to align reads to the mouse
genome (GRCm39) and generate gene-by-cell UMI count
matrices. sScRNA-seq computational guidelines [35] were
followed using R packages (https://www.R-project.org/).
Empty droplets were removed using DropleUtils 1.18.1
(FDR <0.001). For quality control analysis, genes were
filtered using SingleCellExperiment 1.20.1 based on the
distribution of UMI reads, distribution of unique genes
or >5% of UMIs mapped to mitochondrial genes. scD-
blFinder [36] was used to identify and remove poten-
tial doublets. Genes with zero UMIs in all the cells were
excluded from the analysis. Batchelor 1.14.1 [37] was
used to mitigate potential batch effects. Normalization
was performed using scuttle 1.8.4 [38]. Dimensional-
ity reduction was performed using runPCA, runTSNE
and runUMAP functions from scater 1.26.1 [38]. The
Leiden community detection algorithm was applied to
cluster the cells by performing clustering on a gener-
ated shared nearest neighbor (SNN) graph [39]. Clusters
were manually annotated according to the expression of
known cell-type marker genes. The ratio of observed to
randomly expected cell numbers (Ro/e) was calculated
for each cell type to assess the enrichment of cell sub-
populations across treatments [40]. The expected cell
number for each combination was obtained from the chi-
squared test. Enriched cell subsets were characterized by
a Ro/e > 1. Differentially expressed protein-coding genes
were identified using a scalable implementation of the
Wilcoxon rank sum test from presto 1.0.0. Genes with
an adjusted p-value <0.05 were considered to be differ-
entially expressed. Gene set enrichment analysis (GSEA)
was performed using fgsea 1.24.0 and the GO:BP (Gene
Oncology: Biological Process) or KEGG gene sets. Genes
were ranked by log2 FC. Scater 1.26.1 and ggplot2 3.5.1
were used to plot the data.

Statistical analyses

The statistical tests used to analyze the scRNA-seq data
are described in the previous section. The Shapiro—Wilk
test was used to determine the normal distribution of
variables. Student’s t-test and one-way ANOVA with
Tukey’s post hoc test were used to compare differences
between two or more experimental groups, respectively.
A p-value less than 0.05 was considered statistically
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significant. GraphPad Prism 9 was used for statistical
analysis and graphing.

Results

Co-targeting of epigenetic regulators and BCL-XL results

in synergistic anti-tumor responses in human and mouse
lung cancer cells

We first evaluated the effect of three representative
epigenetic drugs, azacitidine (DNMT inhibitor), vori-
nostat (HDAC inhibitor) and CM272 (DNMT/HMT
inhibitor), on a panel of human and mouse lung can-
cer cells. An increase in the expression of endogenous
retroviruses (ERVs), helicases (MDA5 and RIGI) and
IFN-stimulated genes (ISGs) was observed for the three
drugs in all cell lines tested (Fig. 1A and B, and Sup-
plementary Fig. 3). MDA5 and RIGI are sensors of RNA
viruses in the cytosol and catalyze the hydrolysis of
ATP upon binding to viral dsRNA [13, 41, 42]. Accord-
ingly, a dose-dependent decrease in ATP was observed
after treatment of lung cancer cells with CM272
(Fig. 1C). CM272 also induced an increase in oxygen
consumption rate, suggesting an activation of OXPHOS
(Fig. 1D). These results demonstrate that induction of
ERV expression by epigenetic drugs switches cellular
metabolism to OXPHOS in an attempt to compensate
for ATP depletion. The switch to OXPHOS induced by
epigenetic drugs may sensitize solid tumors to proapop-
totic drugs that mediate mitochondrial-mediated death
(Fig. 1E), as previously shown in hematological malig-
nancies [23]. To evaluate this hypothesis, we incubated
lung cancer cells with the epigenetic agent CM272 in
combination with A1331852 (BCL-XL inhibitor), vene-
toclax (BCL2 inhibitor) or S63845 (MCLI1 inhibitor) at
different concentrations. While moderate synergism
was observed in some cell lines treated in combination
with BCL2 or MCLI1 inhibitors, the combination with

(See figure on next page.)
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BCL-XL inhibition showed a strong synergistic effect in
all tested human and mouse lung cancer cells (Fig. 1F
and G, and Supplementary Figs. 4 and 5). The same
effect was observed when the epigenetic drugs azaciti-
dine or vorinostat were used in combination with the
BCL-XL inhibitor (Supplementary Fig. 6). BCL-XL was
the most abundant anti-apoptotic protein expressed by
human and mouse lung cancer cell lines (Supplemen-
tary Fig. 7A). Treatment with CM272 and the BCL-XL
inhibitor did not alter anti-apoptotic protein expression
in human cells but led to a reduction in BCL-XL and
MCL1 levels in mouse cells (Supplementary Fig. 7B).

Next, we characterized the type of cell death induced
by this combination. Flow cytometry analysis of
Annexin V/propidium iodide (PI) staining revealed a
marked increase in Annexin V and PI double-positive
cells, indicative of late apoptosis, following combina-
tion treatment, whereas individual treatments had no
such effect (Fig. 2A and Supplementary Fig. 8 A). Fur-
ther analyses confirmed caspase-3-mediated apoptosis
in the combination-treated cells (Fig. 2B, Supplemen-
tary Fig. 8B, and Fig. 2C). To assess whether the treat-
ment induced an immunogenic cell death, we examined
the translocation of calreticulin to the cell surface via
flow cytometry. A notable increase in calreticulin-pos-
itive cells was observed following combination treat-
ment (Fig. 2D). Accordingly, upregulation of PD-L1 and
MHC-I expression was observed, further supporting
the induction of immunogenic cell death (Supplemen-
tary Fig. 8 C). In conclusion, co-treatment of lung can-
cer cells with epigenetic agents and BCL-XL inhibition
results in a broad synergistic anti-tumor effect associ-
ated with the induction of caspase-mediated apoptosis
and immunogenic cell death. Notably, these results dif-
fer from data from hematological malignancies, which
preferentially rely on BCL2, and to a lesser extent on
MCL], to prevent cell death [23].

Fig. 1 Epigenetic drug-mediated tumor cell death is enhanced by concomitant BCL-XL inhibition. A. Heatmap of the induced expression

of endogenous retroviruses (ERVs), helicases and interferon-stimulated genes (ISGs) after treatment of human lung cancer cell lines

with the epigenetic drug CM272. Expression was measured by real-time PCR. B. Heatmap of the induced expression of ERVs, helicases and 1SGs
after treatment of mouse lung cancer cell lines with the epigenetic drugs azacitidine, vorinostat or CM272. Expression was measured by real-time
PCR. C. ADP/ATP ratio measured in human (A549, H460) and mouse (LLC, 393P) lung cancer cell lines treated with CM272 at ICy, and IC,,. D. Fold
change in oxygen consumption rate (OCR) measured in human (A549, H460) and mouse (LLC, 393P) lung cancer cell lines treated with CM272

at ICs; and I, E. Schematic representation of the synergistic anti-tumor effect of epigenetic and proapoptotic drugs. F. Combination index (Cl)
values and cell viability curves obtained after treatment of human (H226) and mouse (LLC) lung cancer cells with the epigenetic drug CM272 (at
its ICy,) in combination with the proapoptotic drugs against BCL-XL (A1331852), BCL2 (venetoclax) or MCL-1 (563845) at increasing concentrations.
A synergistic effect between the two drugs was considered when at least four drug-drug interactions had Cl values < 1. G. Relative ICy, values
obtained when proapoptotic drugs were combined with the epigenetic drug CM272 (at its ICs) in human and mouse lung cancer cell lines. Data
are expressed as mean + SEM. Student’s t-test was used for statistical analysis in Cand D
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Combination of epigenetic drugs and BCL-XL inhibition
sensitizes lung tumors to immune checkpoint blockade
therapy

Co-treatment of lung cancer cells with epigenetic drugs
and BCL-XL inhibition synergistically induced immu-
nogenic cell death. Therefore, we hypothesized that this
combination may enhance the efficacy of anti-PD-1/
PD-L1 treatment against lung cancer cells (Fig. 3A). We
tested this hypothesis using the epigenetic agent CM272,
the BCL-XL inhibitor A1331852 and the anti-PD-1
monoclonal antibody RMP1-14 in three syngeneic lung
cancer models based on subcutaneous inoculation of
393P, Lacun.3 or LLC cells (Fig. 3B and Supplementary
Fig. 9A).

In contrast to the in vitro data, double combinations of
CM272/A1331852, CM272/anti-PD-1 or A1331852/anti-
PD-1 showed little or no therapeutic effect. In contrast,
the triple combination of CM272/A1331852/anti-PD-1
significantly reduced tumor growth and prolonged sur-
vival in the three models compared to the control groups
(Fig. 3C). No differences in body weight were observed
in treated mice compared to control mice (Supplemen-
tary Fig. 9B). We also tested the treatment in LLC-luc
cells orthotopically inoculated into the lungs of syngeneic
mice. LLC-luc tumors showed PD-L1 expression, which
did not change with the treatment (Supplementary
Fig. 9C). On day 14 post-inoculation, bioluminescence
image analysis showed a significant reduction in tumor
burden in mice treated with the triple combination
compared to the control group (Fig. 3D). Survival was
significantly improved in treated mice, with complete
regression in one mouse. From these experiments, we
conclude that the combined treatment of an epigenetic
drug with an anti-BCL-XL pro-apoptotic drug sensitizes
lung cancer cells to immune checkpoint blockade.

Triple combination of an epigenetic agent, a BCL-XL
inhibitor and an immune checkpoint inhibitor shows
synergistic responses in multiple solid tumor types

To assess the relevance of our findings beyond lung
cancer, we replicated some of the studies using cell

(See figure on next page.)
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lines from several types of solid tumors: melanoma,
glioblastoma, colorectal cancer, breast cancer, and
pancreatic cancer. Supplementary Fig. 10 A shows the
ability of the epigenetic drug CM272 to induce the
expression of ERVs, helicases and ISGs in different cell
lines from these tumor types. As in lung cancer cells,
BCL-XL was widely expressed in these cell lines (Sup-
plementary Fig. 10B). In vitro synergistic studies with
the epigenetic drug CM272 and the proapoptotic drugs
A1331852, venetoclax and S63845 were performed in a
broad panel of cancer cell lines of these origins. As pre-
viously observed in lung cancer, a strong synergy was
observed for the combination of CM272 and the BCL-
XL inhibitor A1331852 (Fig. 4A and 4B, Supplementary
Figs. 11-15). Similar results were obtained with other
epigenetic drugs (Supplementary Fig. 16).

The triple combination (CM272/A1331852/anti-
PD-1) was then evaluated in vivo. In subcutaneous
syngeneic pancreatic (KPC), colorectal (MC38), and
melanoma (B16.F10) cancer models, the combination
treatment significantly reduced tumor growth (Fig. 4C,
4D and 4E). In an orthotopic breast cancer model
(ANV5), the therapeutic regimen also impaired tumor
progression (Fig. 3F). Likewise, in a highly aggressive
orthotopic glioblastoma model (CT-2 A), the treat-
ment significantly prolonged survival (Fig. 4G). Finally,
we tested the triple combination in a humanized colon
cancer model based on the inoculation of HT-29 cells
into NSG immunodeficient mice engrafted with human
PBMCs (Fig. 4H). All treatment regimens showed a
therapeutic effect, but the most significant response
was seen with the triple combination, resulting in
tumor regression in four out of five mice (Fig. 4H). In
summary, the therapeutic efficacy of the combina-
tion of an epigenetic agent, a BCL-XL inhibitor and an
immune checkpoint inhibitor represents a potential
therapeutic option for many solid tumor types.

Fig. 2 A. Left panel: Representative Annexin V/PI staining of human (H460) and mouse (393P) lung cancer cells following treatment

with the epigenetic drug CM272 and the BCL-XL inhibitor A1331852. Right panel: Quantification of late apoptotic cells (high AnnexinV and PI
staining) from three independent experiments. B. Representative activated caspase 3/7 and 7-ADD staining of human (H460) and mouse (393P)
lung cancer cells following treatment with the epigenetic drug CM272 and the BCL-XL inhibitor A1331852. Right panel: Quantification of high active
caspase 3/7 and 7-ADD staining from three independent experiments. C. Western blot analysis of caspase-3 cleavage in human and mouse lung
cancer cell lines treated with CM272 and A1331852 alone or in combination. D. Calreticulin staining of human (H460 and A549) and mouse (393P
and LLQ) lung cancer cells following treatment with the epigenetic drug CM272 and the BCL-XL inhibitor A1331852. The graphs are representative
of the results of two independent experiments. Treatment conditions were: H460: 5 uM CM272/2.5 uM A1331852; A549: 15 uM CM272, 5 uM
A1331852;393P and LLC: 30 uM CM272/2.5 uM A1331852. Cells were treated for 24 h. Data are presented as mean + SEM. Statistical comparisons
between treatment groups were conducted using one-way ANOVA followed by Tukey’s post hoc test
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Triple combination therapy favors the anti-tumor activity
of cytotoxic CD8 and NK cells by reducing the proportion
of immunosuppressive cell subpopulations

To gain insight into the functional mechanisms underly-
ing the anti-tumor activity of the triple combination, we
first evaluated the contribution of CD8 T cells, CD4 T
cells and NK cells by performing cell depletion experi-
ments in vivo (Supplementary Fig. 17). In the LLC model,
CD8™ depletion abolished the anti-tumor activity of the
triple combination, while CD4" depletion had no effect,
and NK1.1" depletion had a moderate effect (Fig. 5A).
Using flow cytometry, we analyzed the immune infil-
trate in tumors treated with the different therapeutic
regimens. In the lymphoid compartment, a significant
decrease in T regulatory (Treg) cells was observed in
tumors treated with the triple combination, together with
a non-significant increase in CD8 T cells and NK cells
and no differences in CD4 and B cells (Fig. 5B). No rel-
evant differences in the expression of exhaustion markers
(TIM-3, LAG-3 and GITR) in CD8, CD4 or NK cells were
observed between treatments (Supplementary Fig. 18). In
the myeloid compartment, the triple combination treat-
ment significantly increased M1-like macrophages and
the M1/M2 ratio. Dendritic cells (DCs) were reduced
in the triple combination, but also in the double com-
bination treatment based on CM272 and the BCL-XL
inhibitor, monocytes showed a non-statistically signifi-
cant increase and granulocytes in the triple combina-
tion showed similar levels to the control group (Fig. 5C).
Similar results were obtained in 393P tumors concern-
ing M1-like macrophages and the M1/M2 ratio, while
no changes were observed in Treg cells (Supplementary
Fig. 19). In the orthotopic LLC model, the tumor micro-
environment (TME) was analyzed by multiplex immu-
nophenotyping using two panels to evaluate T-cell and
macrophage populations. Treg cells were reduced and
M1-like macrophages were increased, although the lat-
ter change did not reach statistical significance (Fig. 5D).
Overall, we conclude that the triple therapy induces an
anti-tumor activity by promoting the cytotoxic functions

(See figure on next page.)
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of CD8 T cells and NK cells, reducing the immunosup-
pressive Treg cell population, and shifting the myeloid
compartment toward a more pro-inflammatory phe-
notype characterized by an increase in M1-like mac-
rophages and the M1/M2 ratio.

Single-cell characterization of TME changes induced

by the triple combination CM272/A1331852/anti-PD-1

To further characterize the TME in the different treat-
ment cohorts, we performed an scRNA-seq on hemat-
opoietic cells (CD45") isolated from tumors treated with
vehicle, the double combinations (CM272/A1331852,
CM272/anti-PD-1 or A1331852/anti-PD-1) or the triple
combination (CM272/A1331852/anti-PD-1). Neutrophils
(CD11b*/Ly6G*) were excluded from this experiment
because this subpopulation is present in high proportions
in the TME, but no relevant differences were observed
between treatments in the flow cytometry analysis. Cells
were annotated as T cells, NK cells, B cells, monocytes/
macrophages or DCs using canonical cell-type marker
genes (Fig. 6A and Supplementary Fig. 20 A). In the triple
combination, an increase in the number of NK cells and a
decrease in the number of DCs was observed (Fig. 6B and
Supplementary Fig. 20B). We then performed a subpopu-
lation analysis of each cell type. Thirteen subtypes of T
cells were identified (Fig. 6C and Supplementary Fig. 21
A). An increase in the frequency of exhausted CD4 T
cells and cytotoxic CD8 T cells was observed in the triple
combination compared to the other treatment regimens
(Fig. 6D and Supplementary Fig. 21B). Interestingly, the
frequency of a subpopulation of Treg cells decreased
in tumors treated with the triple combination (Fig. 6D
and Supplementary Fig. 21B). This subpopulation was
annotated as effector Treg cells based on their higher
expression of Cd25 (Il2ra), Foxp3 and Ctla4 (Fig. 6E),
as previously described [43]. Differential expression
analysis identified Ikzf2 (Helios) as one of the most sig-
nificantly upregulated genes in this population (Supple-
mentary Fig. 21 C). The expression of this gene has been
associated with strong immunosuppressive properties in

Fig. 3 The epigenetic/proapoptotic drug combination CM272/A1331852 sensitizes lung tumors to anti-PD-1 therapy. A. Schematic
representation of the hypothetical synergy between epigenetic drugs, BCL-XL inhibition and immunotherapy in vivo. B. Schematic representation
of the therapeutic regimens followed in the cancer model based on subcutaneous inoculation of 393P lung cancer cells into syngeneic mice. The
therapeutic regimens of the other models presented in this figure, Lacun.3 and LLC, are shown as supplementary material (Supplementary Fig. 9).
C. Mice bearing 393P, Lacun.3 or LLC tumors were treated intraperitoneally with vehicle (control), CM272, A1331852 and/or anti-PD-1 as shown

in B. Eight mice were used per group. Left panels: tumor size monitoring. Middle panels: tumor volumes on the last day of follow-up. Right panels:
overall survival. D. Orthotopic LLC tumors treated with vehicle (control) or the triple combination (CM272/A1331852/anti-PD-1). Tumor growth
was measured on day 14 after cell inoculation by bioluminescence (left) and presented as bio-layer interferometry (BLI) values (middle). Overall
survival is shown in on the right. Eight mice were used in each group. Data are expressed as mean +SEM. Comparisons between treatment
strategies were performed by one-way ANOVA with Tukey's post hoc test, except for D, where Student’s t-test was used. Survival curves were

compared using the log rank test
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Treg cells [44]. Itgh3, a gene reported to promote cancer
immune escape through TGF-f activation [45], was also
upregulated in these cells, as were genes associated with
thymic-derived lung resident Treg cells such as Cd103
(Itgae), Ikaros (IkzfI), Il4r or Icos [40, 41] (Fig. 6E). In the
case of NK subtypes (Fig. 6F and Supplementary Fig. 22
A), the triple treatment was associated with a decrease
in the frequency of immature NK cells and an increase
in a subpopulation with high cytotoxic potential (Fig. 6G
and Supplementary Fig. 22B), annotated as such by the
expression of genes coding for perforin, granzyme A and
B, and the regulator of cytotoxic granule exocytosis Nkg7
(Fig. 6H). Enrichment of genes belonging to the gene
ontology (GO) cell killing pathway was also observed in
these cells (Supplementary Fig. 22 C). Regarding B cell
sub-clustering (Supplementary Fig. 23 A and 23B), a
reduction in the presence of a subpopulation of mature
B cells expressing high levels of Bcl2 was observed in
tumors treated with the triple combination compared
to the control group and the double combinations (Sup-
plementary Fig. 23 C and 23D). Compared to the other
mature B cells in our study, this subpopulation showed a
transcriptomic profile enriched in genes related to sign-
aling pathways associated with cell survival and cancer
(Supplementary Fig. 23E).

Regarding the myeloid compartment, monocytes/
macrophages (Mo/M®s) were divided into six different
sub-clusters (Fig. 61 and Supplementary Fig. 24 A). A
drastic decrease in the frequency of two subpopulations
was observed: CIg"#" Mo/M@s and Argi"&" Mo/M®@s
(Fig. 6] and Supplementary Fig. 24B). Markers associated
with an M2-like phenotype were preferentially expressed
by these two subpopulations (Fig. 6K). With respect to
DC subtypes (Fig. 6L and Supplementary Fig. 25 A), a
decrease in a subpopulation of ¢cDC2 s characterized by
a high expression of Dab2 was detected (Fig. 6M and
Supplementary Fig. 25B). Dab2 is a negative regulator of
DC immunogenicity that has been proposed as a target

(See figure on next page.)
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for DC-based immunotherapy [46]. This population also
showed high expression levels of other tumor-promoting
genes and genes associated with an immunosuppres-
sive TME such as Ifitm1, Tgfbi, Mif, Il1b or its receptor
Il1r2 (Fig. 6N). In addition, this subpopulation showed
the highest expression of class II transactivator (Ciita),
the master regulator of MHC class II gene expression.
Accordingly, these DCs expressed the highest levels of
MHC class II genes and Cd74, a molecule essential for
the assembly and subcellular trafficking of the MHC class
II complex (Fig. 6N). This analysis suggests that Dab-
2hieh ¢D(C2 s represent a DC subpopulation with immu-
nosuppressive properties and high antigen presentation
capacity.

In conclusion, the characterization of the immune cell
populations affected by the triple combination CM272/
A1331852/anti-PD-1 suggests that the anti-tumor effect
of this treatment is mediated by the elimination of
immune cells with immunosuppressive functions, such
as effector Treg cells, M2-like macrophages, and Dab2high
¢DC2 s, resulting in an increase of T and NK cells with
cytotoxic potential.

Discussion
In this study, we demonstrate the utility of exploiting
the cell-intrinsic death mechanism induced by the com-
bination of epigenetic inhibitors and BH3 mimetics to
sensitize solid tumors to ICB therapy. In particular, we
propose the use of a triplet regimen combining a dual
DNMT/HMT inhibitor (CM272) with a proapoptotic
agent targeting BCL-XL and an anti-PD-1 monoclonal
antibody. This multimodal combination effectively tar-
gets cancer cells by directly affecting cell viability and
indirectly affecting the anti-tumor immune response.
Our study demonstrates that this therapeutic strategy is
applicable across a broad spectrum of solid cancers.

The proposed epigenetic regulator for our therapeu-
tic combination was CM272, a small molecule that

Fig. 4 The epigenetic drug CM272 synergizes with proapoptotic drugs in vitro and in vivo in a variety of solid tumors. A. Reduction of ICy,

of proapoptotic drugs against BCL-XL (A1331852), BCL2 (venetoclax) or MCL-1 (563845) in combination with the epigenetic drug CM272

in human cancer cell lines of melanoma, glioblastoma, colorectal cancer, breast cancer and pancreatic cancer. B. Reduction of ICy, of proapoptotic
drugs in combination with the epigenetic drug CM272 in mouse cancer cell lines of melanoma, glioblastoma, colorectal cancer, breast

cancer and pancreatic cancer. C. Subcutaneous growth monitoring of KPC pancreatic tumors treated intraperitoneally with vehicle (control)

or CM272 (five days per week), A1331852 (three days per week), and anti-PD-1 (two days per week). Eight mice were used in each group. D.
Subcutaneous growth monitoring of MC38 colorectal tumors treated as above. E. Subcutaneous growth monitoring of B16.F10 melanoma
tumors treated as above. F. Orthotopic growth monitoring of ANV5 breast tumors treated as above. G. Survival of mice bearing orthotopic

CT-2 A glioblastomas treated as above. H. Left: humanized mouse model of subcutaneous HT-29 tumors. Right: percentage volume change

from baseline at the end of the experiment is shown for each humanized mouse. Mice were treated with vehicle, CM272 (5 days per week starting
onday 11), pembrolizumab (days 12, 15, 18), and/or A1331852. Five mice per group were used. Data are expressed as mean + SEM. Comparisons
between treatment strategies were carried out by Student’s t-test analysis, except for H, where one-way ANOVA with Tukey's post hoc test was used.

Survival curves were compared using the log rank test
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Fig. 5 The anti-tumor activity of the triple combination against lung tumors is associated with a reduction of immunosuppressive populations
in the TME. A. LLC tumor-bearing mice were treated intraperitoneally with vehicle (control) or CM272 (five days per week)/A1331852 (three
days per week)/anti-PD-1 (two days per week) in the presence or absence of the indicated depleting antibodies (days 6, 10, 14 and 18). Six mice
were used per experimental group. Upper panel: follow-up of tumor size. Bottom panel: tumor volumes at the end of the experiment on day
18 post inoculation. B. Flow cytometry analysis of tumor-infiltrating lymphoid immune cells performed on day 15 after implantation of LLC
cells in mice treated as above with vehicle (control), CM272, A1331852 and/or anti-PD-1. Eight mice were used per experimental group. Values
are expressed as percentage of CD45" cells. Data are expressed as mean +SEM. C. As in B, for cells in the myeloid compartment. D. Multiplex
immunophenotyping in the orthotopic LLC tumors treated as above. Tumors were harvested at day 14 post-inoculation. Left: Representative
merged immunofluorescence images for the quantification of CD4 (green), CD8 (yellow), FoxP3 (pink) and nucleus (DAPI) in panel 1; and CD86
(green), F4/80 (red) and nucleus (DAPI) in panel 2. Right: Quantification of Treg cells (CD4* FoxP3™ cells) as a percentage of total CD4* cells

and of M1-like macrophages (F4/80" CD86" cells). Comparisons were made by one-way ANOVA with Tukey’s post hoc test in A, B and C

and by Student’s t-test in D

simultaneously targets G9a and DNMT1 [26]. This drug  pancreatic cancer, bladder cancer and lung cancer [26,
has been tested in diverse models of hematological 47-50]. In non-small cell lung cancer (NSCLC), ele-
and solid tumors, including hepatocellular carcinoma, vated G9a and DNMT1 expression correlated with poor
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prognosis, and their inhibition in experimental mod-
els has been shown to enhance the efficacy of diverse
cancer therapies [47]. Epigenetic therapies, including
CM272, trigger a common metabolic deregulation by
transcriptionally activating endogenous retroelements,
initiating viral mimicry responses that enhance tumor
immunogenicity [8, 15-17, 50]. Here, we demonstrate
that the combination of epigenetic regulators with BH3
mimetics, which inhibit prosurvival BCL2 family pro-
teins, induces a potent anti-tumor activity in solid tumor
cells, leading to immunogenic cell death. Clinical studies
in hematological malignancies have shown that the effi-
cacy of epigenetic drugs can be enhanced by apoptotic
induction [25], and we have previously described the
cell-intrinsic mechanism by which epigenetic inhibi-
tors and BH3 mimetics act synergistically [23]. Notably,
while hematological malignancies are primarily depend-
ent on the anti-apoptotic proteins BCL2 and MCL1 to
resist epigenetically induced metabolic stress, we found a
striking sensitivity to BCL-XL inhibition across all tested
solid tumors, both human and mouse. Previous studies
have suggested a dependence of solid tumors on BCL-XL
[51-53], although dependencies on other anti-apoptotic
proteins have also been reported [54—60]. In our analysis,
solid tumor cell lines exhibited higher BCL-XL expres-
sion compared to BCL2 or MCLI, consistent with their
increased sensitivity to BCL-XL inhibition. While BCL-2
family proteins share similar functions, their binding
patterns differ with respect to BH3-only proteins [61].
Therefore, tumor dependence on specific anti-apoptotic
family members may also be influenced by the expression
levels of activator BH3 proteins [62].

The potent anti-tumor activity of the combination
of epigenetic drugs and BCL-XL inhibition observed
in vitro in solid tumor cell lines did not translate in vivo,
highlighting the influence of tumor cell-host interac-
tions and raising concerns about the clinical efficacy
of this approach. Inhibition of epigenetic regulators,
such as HDACs, DNMTs or HMTs, can increase the

(See figure on next page.)
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immunogenicity of cancer cells through induction of
dsRNA production from ERV genes and type I inter-
feron response, leading to increased T-cell infiltration
of tumors and synergistic effects with immune check-
point blockade (ICB) [16, 23]. Proapoptotic drugs may
also modulate immune cells [49, 63-66]. Therefore, we
hypothesized that the strong immunogenic cell death
induced by our dual epigenetic and pro-apoptotic inter-
vention could enhance the effectiveness of ICB. Our find-
ings confirmed this hypothesis. Using a broad range of
preclinical solid tumor models, we demonstrate that the
combination of the dual epigenetic inhibitor with a BCL-
XL inhibitor and an anti-PD-1 antibody induces a syner-
gistic anti-tumor response in vivo.

Our study also reveals that the therapeutic efficacy
of combining the epigenetic and apoptotic modulation
with ICB is closely tied to the immune response within
the TME. Flow cytometry analysis of tumors treated
with the epigenetic drug CM272 revealed a trend toward
increased tumor-infiltrating CD8 T cells, an effect that
was more pronounced when CM272 was combined with
BCL-XL inhibition and ICB. Notable, the therapeutic
benefit of this combination was completely lost upon
CD8" T-cell depletion, demonstrating that the anti-
tumor effects of the treatment are mediated by a CD8
T-cell response. This response was further associated
with a reduction in immunosuppressive Treg cells, as
well as an increase in M1-like macrophages and the M1/
M2 ratio, suggesting a shift toward a more pro-inflamma-
tory and tumor-suppressive immune environment.

Our scRNA-seq analysis provided a more compre-
hensive view of the immune subpopulation dynamics in
response to treatment, revealing changes that were not
captured by flow cytometry. We observed an increase
in exhausted CD4 T cells in the triple combination
group, suggesting sustained activation driven by the
treatment-induced immune response. Another major
effect, corroborating our flow cytometry findings, was
a significant reduction in Treg cells following triple

Fig. 6 A scRNA-seq analysis reveals that the anti-tumor activity of the triple combination therapy is associated with a decrease

in immunosuppressive subpopulations and an increase in cytotoxic subpopulations in the lymphoid and myeloid compartments of the TME.

LLC tumor-bearing mice were treated with the triple combination CM272/A1331852/anti-PD-1. Three mice were used per experimental group.

A. Two-dimensional t-distributed stochastic neighbor embedding (t-SNE) plot showing cell clusters of immune cells in the TME of LLC tumors.

B. Prevalence of each cell type estimated by Ro/e score. C. t-SNE plot showing the sub-clusters of T cells. D. Prevalence of each T-cell subtype
estimated by Ro/e score. E. Dot plot showing the expression of genes associated with effector or thymic-derived lung resident Treg cells. F.

t-SNE plot showing the sub-clusters of NK cells. G. Prevalence of each NK subtype estimated by Ro/e score. H. Dot plot showing the expression

of cytotoxic-associated genes in the sub-clusters of NK cells. I. t-SNE plot showing the sub-clusters of monocyte/macrophages (Mo/Ms). J.
Prevalence of each subtype of Mo/Ms estimated by the Ro/e score. K. t-SNE plot showing the expression of genes associated with an M2
phenotype. L. t-SNE plot showing the sub-clusters of DCs. M. Prevalence of each subtype of DCs estimated by the Ro/e score. N. Dot plots showing
the expression of genes associated with tumor promotion and immunosuppression (top panel), or the expression of genes associated with antigen

presentation (bottom panel) in the sub-clusters of DCs
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therapy. While BCL-XL inhibition has been reported to
deplete intratumoral Treg cells [67], in our analysis, this
effect was only evident when combined with epigenetic
modulation and ICB. Specifically, the depleted Treg cell
subset corresponded to thymus-derived, lung-resident
Treg cells, a highly specialized immunosuppressive lin-
eage characterized by strong Helios expression, along
with the expression of immune checkpoint markers
PD-1 and CTLA-4 [44, 68]. These cells, known for their
ability to suppress virus-specific CD8 T cell responses
[69], also exhibited upregulation of /tgh3, a gene impli-
cated in cancer immune evasion via TGF-§ signaling
[45]. We also observed a reduction in a mature B cell
subpopulation expressing high levels of Bcl-2, a gene
linked to cancer progression by promoting cell sur-
vival in B cell malignancies [70]. In the myeloid com-
partment, the scRNA-seq analysis revealed a marked
reduction in Mo/M@ subpopulations with an M2-like
phenotype, characterized by high expression of Clg
and Argl. Additionally, we observed a decrease in a
subset of cDC2 s expressing immunosuppressive-asso-
ciated genes, including Dab2, Ifitmi, Tgfbi, Mif, 111D,
and its receptor I/1r2. This immune landscape repro-
gramming induced by the triple therapy is linked to the
observed increase in the cytotoxic potential of CD8 T
cells and NK cells, further highlighting the therapeutic
potential of our combinatorial approach.

Our study lays the groundwork for the clinical evalu-
ation of therapeutic strategies combining epigenetic
modulation, BCL-XL inhibition and ICB. However, suc-
cessful clinical translation requires careful assessment
of potential toxicity risks. Although no changes in body
weight were observed in treated mice, each component
of the combination carries distinct safety concerns that
warrant further evaluation. While epigenetic regula-
tors may have off-target effects on normal cells, CM272
has demonstrated a favorable safety profile in previous
in vivo studies, both alone and in combination with
PD-1 blockade [49]. BCL-XL inhibitors are linked to
thrombocytopenia due to their role in platelet survival,
which may limit their clinical use [71, 72]. In addition,
ICB carries a risk of immune-related adverse events. In
this context, it is tempting to speculate that the syner-
gistic drug interaction may allow for dose reductions
of each individual agent while maintaining therapeutic
efficacy. Reduced drug doses may alleviate toxicity con-
cerns, such as thrombocytopenia from BCL-XL inhibi-
tion and immune-related adverse events from ICB. This
dose-sparing potential strengthens the clinical feasibil-
ity of the combination. Further studies are needed to
test this hypothesis and to optimize dosing strategies
that maximize efficacy while minimizing toxicity.
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In conclusion, the combination of epigenetic agents
and BCL-XL inhibition exerts a broad anti-tumor effect
that synergizes with ICB in in vivo preclinical can-
cer models of solid tumors. This therapeutic strategy
enhances anti-tumor immunity by selectively eliminating
immunosuppressive immune cells, thereby increasing the
cytotoxic potential within the TME. Our findings high-
light this approach as a promising therapeutic option for
solid tumors, warranting further investigation for clinical
translation.
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