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Abstract

Background Palmitoyl-protein thioesterase-1 (PPT1) is a clinical stage druggable target for inhibiting autophagy in cancer.
Objective We aimed to determine the cellular and molecular activity of targeting PPT1 using ezurpimtrostat, in combination
with an anti-PD-1 antibody.

Methods In this study we used a transgenic immunocompetent mouse model of hepatocellular carcinoma.

Results Herein, we revealed that inhibition of PPT1 using ezurpimtrostat decreased the liver tumor burden in a mouse model
of hepatocellular carcinoma by inducing the penetration of lymphocytes into tumors when combined with anti-programmed
death-1 (PD-1). Inhibition of PPT1 potentiates the effects of anti-PD-1 immunotherapy by increasing the expression of major
histocompatibility complex (MHC)-I at the surface of liver cancer cells and modulates immunity through recolonization and
activation of cytotoxic CD8* lymphocytes.

Conclusions Ezurpimtrostat turns cold tumors into hot tumors and, thus, could improve T cell-mediated immunotherapies
in liver cancer.
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Ezurpimtrostat, a palmitoyl-protein thioesterase-1 inhibitor, combined
with PD-1 inhibition provides CD8+ lymphocyte repopulation in
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1 Introduction

PPT1 (palmitoyl-protein thioesterase-1) is a lysosomal
enzyme that plays a central role in the hydrolysis of pal-
mitoylated proteins [1]. PPT1 deficiency can be induced
by knocking down gene functions in preclinical models,
and it is also caused by a human mutation in neuronal
ceroid lipofuscinosis-1, which leads to abnormal accumu-
lation of unfolded palmitoylated proteins, resulting in neu-
rodegeneration [1, 2]. PPT1-dependent depalmitoylation
is involved in the stabilization of lysosomal localization
of v-ATPase subunits needed to maintain lysosomal acid-
ity and to facilitate mTOR localization and subsequent
activation [3-5]. In cancer cells, the recycling of proteins
through lysosomes plays an important role in sustaining
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signaling without inducing the accumulation of unus-
able proteins that may trigger autophagy and apoptosis.
Normalizing palmitoyl function using enzymatic inhibi-
tors that balance high levels of palmitoylation may be
desirable for impairing enhanced oncogenic cell signal-
ing [6]. Improved knowledge of PPT1 three-dimensional
protein conformation and enzymatic substrates has led to
the development of allosteric and substrate-competitive
inhibitors. DQ661 and didemnin B have shown that PPT1
inhibition causes both the disruption of lysosome function
and accumulation of excess proteins, which in turn are
associated with antitumor activity [7-10]. In melanoma
models, the inhibition of PPT1 was found to increase anti-
PD-1 anti-tumor activity and was associated with CD8*
T cell tumor colonization, proliferation, and activation
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involved in tumor cell death, thereby enhancing the anti-
tumor efficacy of programmed death-1 (PD-1) inhibitors
[11]. Increasing evidence suggests that autophagy can
induce immune checkpoint protein (PD-L1 and MHC-I/
IT) degradation in cancer cells [12, 13], which plays an
important role in regulating cancer cell immune escape. In
addition to the autophagic degradation of immune check-
point proteins, autophagy induction in immune cells (mac-
rophages and dendritic cells) manipulates antigen pres-
entation and T cell activity. These reports suggested that
targeting autophagy can positively regulate the immune
escape of cancer cells.

Ezurpimtrostat/GNS561 is a small lysosomotropic
basic lipophilic clinical-stage molecule that acts as a
potent PPT1 inhibitor. Several studies have highlighted
the importance of ezurpimtrostat in cancer treatment by
blocking PPT1-dependent autophagic activity [9, 14, 15].
We have previously reported the mechanism of action of
ezurpimtrostat, including lysosomal permeabilization,
autophagy inhibition, and mTOR inhibition. Treatment of
PPT1 siRNA-transfected cells with ezurpimtrostat failed
to enhance lipidated LC3, reflecting autophagy inhibition
and antitumor activity, depicting PPT1 as the molecular
target of ezurpimtrostat.

In this study, we investigated the effects of PPT1 inhibi-
tion by ezurpimtrostat on PD-1 inhibitors in a transgenic
immunocompetent hepatocellular carcinoma (HCC) mouse
model. This study provides evidence that the inhibition of
PPT1 sensitizes tumors to immunotherapy, highlighting the
clinical rationale for combining PPT1 and PD-1 inhibitors
in cancer treatment.

Randomization

2 Methods
2.1 Mouse Model and Treatment

Seven-week-old transgenic C57BL6/ASV-B male mice that
develop HCC as previously described were obtained from
TAAM UAR44 (CNRS, Orléans) [16]. Briefly, precise tar-
geting of the SV40 T early region in the liver of transgenic
mice was achieved using 700 base pairs of antithrombin reg-
ulatory sequences to control oncogene expression. Hepato-
cyte hyperplasia/dysplasia occurred at 8 weeks (W), nodules
corresponding to the adenomatous stage were observed at
W12, and diffuse HCC was observed at W16. HCC progres-
sion is also characterized by angiogenesis and severe vessel
anomalies, such as capillarization and arterialization. All
experiments were performed following Directive 2010/63/
EU of the European Parliament and Council on 22 Sep-
tember 2010. This project was approved by the local ethic
committee (Comité d’éthique en experimentation animale
Lariboisiére-85 Villemin n°9).

Before the experiment, a control ultrasound procedure
was performed to homogeneously allocate the animals at
8 weeks of age on the basis of liver volume. As illustrated
in Fig. 1, the study design included the following groups:
vehicle (control group), ezurpimtrostat, anti-PD-1 (CVP033,
CrownBio), and a combination group (ezurpimtrostat with
anti-PD-1). For ezurpimtrostat (alone or in combination, 50
mg/kg) and vehicle, mice were treated daily for 6 days/week,
at a constant dosage of 10 mL/kg per os. Anti-PD-1 was
diluted in phosphate-buffered saline (PBS; Life Technolo-
gies, L0615-500) extemporaneously, before administration.
Mice receiving anti-PD-1 (alone or in combination, 10 mg/
kg) were treated twice a week at a constant dose of 10 mL/
kg via intraperitoneal injection. All mice were weighed three
times per week to adjust the treatment volume.

at 8 weeks 0 8 12 16
I i i i i ook
Placebo + + + eeks
Evaluation:
Ezurpimtrostat ¢ Liver volume (ultrasound)
50 mg/kg * Angiogenesis (Doppler)
C57BL6 male £o8 N

Anti PD-1 10 mg/kg

Combination
Ezurpimtrostat + anti
PD-1

Fig.1 Study design. Four groups of mice (n = 10) were treated for
8 weeks with ezurpimtrostat (10 mg/kg, 6X per week, per os), anti-
PD-1 (10 mg/kg, 2x per week, intraperitoneal), ezurpimtrostat (10
mg/kg, 6X per week) plus anti-PD-1 (10 mg/kg, 2Xx per week, intra-

Sacrifice :
* Liver biopsies analysis

peritoneal), or vehicle (water at pH 4 + 0.2, per os) as a control.
Every 4 weeks, echography and Doppler were performed to monitor
tumor burden. At week 16, the animals were sacrificed, and organs
were harvested for preservation
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The mice were euthanized at W16, and their livers were
collected and weighed, macronodules were counted, and
livers were paraffin-embedded for analysis. All treatments
were well tolerated on the basis of animal behavior and body
weight follow-up (Supplementary Fig. S1). One animal was
excluded from the analysis because it died prematurely in
the ezurpimtrostat group due to an improper administration
of gavage.

2.2 Doppler Ultrasound

The Doppler ultrasound assessment of this model has been
described previously [17]. In this model, liver tumor angio-
genesis has been described to be correlated with blood flow
in the celiac trunk (CT). When abnormal angiogenesis is
sprayed into the liver, the blood flow increases on CT. Ultra-
sound imaging was performed every 4 weeks (Fig. 1). The
minimum and maximum detectable velocities were approxi-
mately 1 and 120 cm/s, respectively.

2.3 Immunostaining

Immunohistochemical staining was performed on
5-um-thick slices from paraffin-embedded tumors and
counterstained with hematoxylin—phloxin—saffron (HES),
using an automated immunohistochemical stainer (Tissue-
Tek Prisma®Plus, Sakura, France) following the manufac-
turer’s instructions. Immunostaining was performed using an
automated immunohistochemical stainer (BondMax; Leica,
Wetzlar, Germany). The CDS antibody (Abcam, #ab209775,
1/200) was used to assess lymphocyte localization in HCC
livers at the perinodular and intramodular levels. Immuno-
fluorescence was performed on 5-pm-thick sections from
the paraffin-embedded tumors. Tissue sections were depar-
affinized in xylene baths three times for 5 min each before
gradual hydration with ethanol in successive 5-min baths
of 2 min each in 100%, 95%, 70%, and 50% ethanol. Tissue
sections were rinsed twice for 5 min in phosphate-buffered
saline (PBS). Labeling of p62 and PPT1 was preceded by a
heat-induced epitope retrieval step to improve the detection
of antibody staining in paraffin-embedded tissue sections.
The coverslips were placed in boiling antigen retrieval buffer
(Tris 10 mM, EDTA 1 mM, Tween 20 0.05% in water, pH
9) for 10 min, and then immersed in cold water to allow
the antigenic sites to re-form. The coverslips were washed
once in PBS before two permeabilization baths with per-
meation buffer (Triton 0.4% in PBS) for 10 min at room
temperature (RT). The coverslips were washed twice with
PBS. For all antibodies, unspecific sites were blocked with
a blocking buffer solution [5% fetal bovine serum (FBS,
Life Technologies, #10270-098), 0.1% Tween 20 (Biosolve,
#20452335) in PBS (Life Technologies, #14200-067)] for
30 min at RT and washed twice. p62 (Abcam, #ab240635,
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1/150), MHC-I (BioLegend, #125508, 1/150), PPT1 (Invit-
rogen, #PA5-29177, 1/220) antibodies, and 4',6-diamidino-
2-phenylindole (DAPI, Invitrogen, #D1306, 1/1000) were
incubated overnight at 4 °C in the dark. The following day,
the coverslips were washed twice with PBS and incubated
for 1 h at RT with Alexa647-conjugated anti-rabbit second-
ary antibody (Invitrogen, #A-31573, 1/500) to detect both
p62 and PPT1 proteins. All antibodies were diluted in block-
ing buffer solution. Labeled cells were washed twice with
PBS, mounted using Fluoromount™ Aqueous Mounting
medium, and stored overnight at 4 °C before analysis. For
image analysis, fluorescence images were acquired using
an Apol'ome module associated with a Zeiss microscope
(Zeiss, Germany) equipped with an AxioCam MRm camera
and collected using AxioVision software (Zeiss, Germany)
with a 63% oil objective. Randomly selected microscopic
tiles (5 x 5) were acquired using the Zen 3.0 software (Blue
Edition, Zeiss, Germany). Labeled areas from selected fields
were quantified using Image]J.

2.4 Cell isolation and cell line culture

The HepG2 (hepatocellular carcinoma, ATCC, #HB-8065)
cell line was cultured in low-glucose Dulbecco’s modi-
fied Eagle medium (DMEM; Thermo Fisher Scientific,
#21,885,025) supplemented with 1% penicillin—strepto-
mycin (Dutscher) and 10% fetal bovine serum (FBS) (GE
Healthcare, #SV30160.03C). Peripheral blood mononu-
clear cells (PBMCs) were isolated from buffy coats of
healthy donors via density-gradient centrifugation using
Ficoll (Eurobio, #CMSMSLO01-01) at 800g (brake off) for
30 min at 20 °C. PBMCs were cryopreserved at — 80 °C
in 90% FBS (Gibco, #10099141) and 10% dimethyl sul-
foxide (DMSO, Sigma-Aldrich, #D2650). Lymphocytes
were isolated and purified using a Pan T Cell Isolation Kit
(#130-096-535; Miltenyi Biotech). The degree of achieved
lymphocyte purity was at least 98%, and it was assessed
using standard sorting procedures via flow cytometry.

2.5 Flow Cytometry Analysis

IFN-y expression was evaluated in the CD3*CD8* lym-
phocyte population co-cultured with HepG2 cells with or
without treatment with ezurpimtrostat at 0.6, 6, or 7 pM
for 24 h. After incubation, the cells were suspended in PBS
(Dutscher, #1.0615-500) containing 1% FBS and 2 mM
EDTA (Dutscher, #P10-15100). Cells were labeled with
viability fixable dye (Miltenyi Biotec, #130-109-812), and
antibodies against CD3 (Miltenyi Biotec, #130-113-141),
CDS8 (Miltenyi Biotec, #130-110-681), and IFN-y (BD
Pharmingen, #560741).
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MHC-1 expression was evaluated in HepG2 cells.
Briefly, cells (60,000 cells/well) were seeded in a 96-well
tissue culture plate in 90 phL DMEM with low glucose.
After 24 h of plating, the cultivated cells were treated with
increasing concentrations of GNS561 (10 pL) or vehicle
control and were incubated for an additional 24 h. The
cells were harvested, washed, and incubated with the v450
viability stain (Invitrogen, #650863-14), MHC-I (Invitro-
gen, #65-0863), and NBR1 (Santa Cruz Biotechnology,
#sc130380) antibodies.

Labeled cells were acquired from at least 50,000 cells,
collected using an Attune NxT flow cytometer (Thermo
Fisher Scientific), and analyzed using FlowJo (FlowJo
v10.6.2).

2.6 Statistical Analysis

Statistical analyses were performed using Prism version
8.4.3. For datasets with a normal distribution, multiple
comparisons were performed using a one-way ANOVA
with Tukey’s post-hoc analysis. An unpaired ¢-test was
used to compare two groups of normally distributed data.
Data are presented as mean + standard deviation (SD).
Statistical significance was defined as a p-value < 0.05.

3 Results

3.1 PPT1 Inhibition in Combination with Anti-PD-1
Decreases Tumor Growth

As autophagy inhibitors combined with immune checkpoint
inhibitors provide opportunities to enhance antitumor activ-
ity [11, 18], we investigated the efficacy of ezurpimtrostat
in combination with anti-PD-1 in a transgenic immu-
nocompetent HCC mouse model according to the study
design described in Fig. 1. Twelve weeks post-treatment,
ezurpimtrostat monotherapy or combination therapy with
anti-PD-1 led to a significant decrease in liver volume
compared to the vehicle control or anti-PD-1 groups (Sup-
plementary Table 1). Moreover, the tumor volume at the
end of the experiment (day 16) was significantly smaller
in mice treated with ezurpimtrostat monotherapy or com-
bination therapy with anti-PD-1 than that in the vehicle
control or anti-PD-1 groups. At both time points, no sig-
nificant differences were observed between the control and
anti-PD-1 treatment groups. As HCC has been reported to
be a highly vascular tumor [19], we evaluated blood flow at
12 and 16 weeks. As illustrated in Supplementary Table 1,
ezurpimtrostat monotherapy or combination therapy with

anti-PD-1 significantly decreased blood flow compared with
the vehicle control, whereas an increase was observed during
anti-PD-1 treatment. Interestingly, at the end of the experi-
ment, the combination of ezurpimtrostat and anti-PD-1 alone
led to a significant decrease in blood flow in the liver com-
pared with the vehicle control. Taken together, these findings
suggested that the antitumor activity of ezurpimtrostat was
enhanced by its combination with anti-PD-1.

3.2 PPT1 Inhibitor Combined with Anti-PD-1 Affects
Tumor Growth

As illustrated in Fig. 2A, the livers of mice treated with
ezurpimtrostat monotherapy or the anti-PD-1 plus
ezurpimtrostat combination were similar in appearance, with
smaller liver sizes and fewer macronodules than those in the
control and anti-PD-1 groups. Indeed, ezurpimtrostat treat-
ment significantly decreased liver weight and macronod-
ule number when administered alone or in combination
(Fig. 2B, C; Supplementary Table 1), whereas no sig-
nificant difference was observed between the vehicle and
anti-PD-1 groups. Interestingly, the number of macronod-
ules significantly decreased when mice were treated with
ezurpimtrostat in combination with anti-PD-1 compared
with ezurpimtrostat alone, suggesting a benefit of the combi-
nation (Fig. 2C). Next, the variation in micronodule number
and area was investigated using hematoxylin—phloxin—saf-
fron coloration of the excised liver (Fig. 2D). The combina-
tion treatment showed greater efficiency in reducing both the
number (Fig. 2E) and area (Fig. 2F) of neoplastic micronod-
ules compared with the control (Supplementary Table 1),
suggesting that inhibition of PPT1 potentiates the effects of
anti-PD-1 immunotherapy.

3.3 Local Autophagy Inhibition Facilitates T Cell
Tumor Colonization and Activation

To evaluate the local action of ezurpimtrostat at the tumor
level, we first evaluated two key mechanisms related to
ezurpimtrostat action, inhibition of autophagy through
p62 expression and inhibition of PPT1 at the tumor level.
As illustrated in Fig. 3, we observed an increase in p62 (p
= 0.0286; Fig. 3A) and a decrease in PPT1 (p = 0.0153;
Fig. 3B) expression, highlighting the local action of
ezurpimtrostat in inhibiting autophagy and PPT1 expression.

Next, we investigated the effects of ezurpimtrostat on
the tumor cell microenvironment. As illustrated in Fig. 4A,
we observed the presence of CD8% T cells at the intra- and
perinodular levels. Ezurpimtrostat treatment alone or in
combination increased the CD8* T cell population at the
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Fig.2 Ezurpimtrostat in combination with anti-PD-1 affects neoplas-
tic nodules. A Representative pictures illustrating macroscopic livers
from each group. Graph showing B liver weight and C macronodule
number at the surface of the liver for each group and expressed as
the mean + standard deviation of 10 fields. *p < 0.05, ***p < 0.001.

intranodular level, whereas the same population was signifi-
cantly underrepresented at the perinodular level (Fig. 4B, C;
Supplementary Table 1). In contrast, anti-PD-1 treatment
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D Images illustrating micronodules from the livers of each group. E
Number and F area of micronodules were quantified on excised liv-
ers and expressed as the mean + standard deviation. *p < 0.05, **p
< 0.01

alone did not affect lymphocyte recruitment at either the
intra- or perinodular levels. To investigate the effects of
ezurpimtrostat on lymphocytes, we performed a co-culture
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A Vehicle

B. Vehicle

Fig. 3 Ezurpimtrostat inhibits autophagy and PPT1 expression at the
tumor level. A Representative pictures of p62 (red) expression and
nucleus (blue) in liver biopsies from mouse treated by vehicle (left)
as control or ezurpimtrostat (right); and ratio of p62 expression to cell
nucleus of slides from five mice for each groups using area analysis
(ImageJ). Data represent the mean =+ standard deviation. *p < 0.05. B

experiment. Interestingly, in vitro ezurpimtrostat treatment
of HepG?2 cells co-cultured with different lymphocyte ratios
led to a decrease in cancer cell viability (Fig. 4D). To assess
the immunomodulatory role of ezurpimtrostat in lympho-
cytes, we investigated CD8" T cell activation in co-culture
experiments. Indeed, ezurpimtrostat led to a dose-dependent
increase in interferon (IFN)-y expression by lymphocytes
co-cultured with HepG2, indicating that the compound acti-
vated immune cells (Fig. 4E).

Taken together, these findings indicate that autophagy
inhibition through ezurpimtrostat treatment is crucial for (1)

tumor recolonization of cytotoxic CD8* lymphocytes, (2)
their activation to potentialize, and (3) the antitumor activity
of the compound.

3.4 Local Autophagy Inhibition Restores Tumor Cell
MHC-1 Expression

CD8™ effector T cells exert antigen-specific cytotoxic effects
on tumor cells by recognizing tumor antigens carried by
MHC-I class I molecules [20]. Here, we report a significant
increase in MHC-I protein expression in tumors from mice
treated with ezurpimtrostat compared to that in the control
(p = 0.0231; Fig. 5A). Moreover, ezurpimtrostat treatment
of cancer mice resulted in a positive correlation between
the expression of p62, reflecting the inhibition of autophagy
and MHC-I at the tumor level (Fig. 5B). No correlation was
observed in the untreated control group, suggesting that

Ezurpimtrostat

0.8 -
0.6 T
8 04 -
2osf o [
0.2 .
0.0
Vehicle Ezurpimtrostat

Ezurpimtrostat

+
L

|

Vehicle Ezurpimtrostat

PPT1
=Y R N Ny

Representative pictures of PPT1 (red) expression and nucleus (blue)
in liver biopsies from a mouse treated by vehicle (left) as control or
ezurpimtrostat (right); and ratio of PPT1 expression to cell nucleus of
slides from five mice for each group using RawIntDen (ImagelJ) as a
measure of fluorescence intensity. Data represent the mean + stand-
ard deviation. *p < 0.05

the inhibitory activity of ezurpimtrostat on the autophagy
pathway is directly related to the modulation of tumor-
level MHC-I protein expression. Specifically, MHC-I pro-
tein expression increased in vitro in HepG?2 cells treated
with ezurpimtrostat in a dose-dependent manner (Fig. 5C),
highlighting the specificity of the compound for modulat-
ing MHC-I protein expression in cancer cells. In contrast,
ezurpimtrostat significantly decreased in a dose-dependent
manner the expression of the neighbor of BRCA1 gene 1
(NBR1) (Fig. 5D), which has been previously identified as
an autophagy cargo receptor involved in the sequestration
and destruction of MHC-I protein [18]. Interestingly, nega-
tive correlation was obtained between MHC-I and NBR1
expression in HepG2 treated cells (r = —0.65, p = 0.039)
(Fig. SE) suggesting that the restoration of MHC-I expres-
sion by ezurpimtrostat depends on NBR1.

4 Discussion

This study reported that PPT1 inhibition using ezurpimtrostat
in combination with anti-PD-1 impairs tumor growth and
significantly reduces the number of cancer macronodules
in the liver, in a model in which anti-PD-1 alone does not
present significant antitumor effects. The inhibition of
PPT1 and the mechanisms related to autophagy potenti-
ate the effects of anti-PD-1 immunotherapy by increasing
tumor MHC-I expression, potentially allowing the recovery
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Fig.4 Ezurpimtrostat led to tumor MHC-I expression and immune
T cell tumor colonization. A Representative pictures illustrating
CD8" T cell population from excised liver. Quantification of CD8*
T cell population at the B intranodular and C perinodular localiza-
tion. Each spot represents the mean + standard deviation of ten fields.
*p < 0.05, **p < 0.01, ***p < 0.001. D Mean fluorescence inten-
sity of IFN-y expressed by CD3*CD8* lymphocytes co-cultured

of antigen recognition and tumor recruitment of cytotoxic
CD8™* lymphocytes. Autophagy is involved in immune eva-
sion [21, 22] and promotes resistance to anti-PD-1-based
therapeutic strategies/immunotherapy [23]. Our data showed
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Bi00
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ezurpimtrostat at 0.6, 6, or 7 uM. Data represent the mean =+ standard
deviation. E Cell viability of cancer cells co-cultured or not with lym-
phocytes at 0.5, 1, or 2 ratio and treated or not for 24 h by GNS561
at 0.6, 6, or 7 uM. Data represent the mean + standard deviation. *p
< 0.05

that PPT1 inhibition by ezurpimtrostat sensitizes tumors to
PD-1 inhibitors. Ezurpimtrostat combined with anti-PD-1
led to T cell recolonization at the tumor site, suggesting that
PPT1 inhibition counteracted immune evasion. In contrast,
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Fig.5 Ezurpimtrostat restores MHC-I expression on cancer cells.
A Representative pictures (left) and graph (right) of MHC-I expres-
sion (green) and nucleus (blue) in liver biopsies from a mouse treated
by vehicle (left) as control or GNS561 (right). Using RawIntDen
(ImageJ) as a measure of fluorescence intensity, level of expres-
sion was expressed as the ratio of MHC-I expression to cell nucleus
of slides from four mice for each group. Data represent the mean +
standard deviation. *p < 0.05. B Correlation matrix between MHC-I

and p62 expression from the control and GNS561 groups. Scat-
ter dot plot illustrating the mean fluorescence intensity of C MHC-I
and D NBR1 on HepG2 cell line treated or not by increase concen-
tration of GNS561 during 24 h. Data represent the mean + standard
deviation. *p < 0.05, **p < 0.01. E Correlation between MHC-I and
NBRI1 expression was investigated on HepG2 cell line treated or not
by increase concentration of GSN561 during 24 h. Data represent the
mean and were analyzed using the Pearson test. *p < 0.05
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the combination of anti-PD-1 and PPT1 inhibition with
hydroxychloroquine did not modulate the number of T cells
[11], suggesting that ezurpimtrostat displays immunomodu-
latory activity against cancer. In addition, PPT1 inhibition
modulates infiltrating-CD8* T cell activation by expressing
IFN-y, a key cytotoxic cytokine involved in the apoptosis of
tumor cells [24, 25]. This finding is in accordance with the
increased production of IFN-y by tumor-infiltrating CD8"
cells observed in B16 melanoma cells and H22 tumor ascites
models [26]. Interestingly, authors have reported that T cell
production of IFN-y during chloroquine treatment was medi-
ated by tumor-associated macrophages (TAMs). TAMs have
been extensively investigated in cancer, especially their
polarization into the M1 (proinflammatory) and M2 (anti-
inflammatory) phenotypes [27], which exhibit antitumoral
and pro-tumoral activities, respectively [28]. Sharma et al.
reported that the inhibition of autophagy targeting PPT1
leads to a switch in macrophage polarization from M2 to
M1 [11]. The key role of macrophage polarization switching
after PPT1 inhibitor treatment has been previously reported
[11, 26]. Although macrophages have been described as key
immune cells involved in tumor suppression, data on their
role in modulating the tumor immune microenvironment are
increasing. Indeed, the switch from M2 to M1 polarization
allows IFN-p secretion by pro-inflammatory macrophages
[11] as well as the tumor colonization of myeloid-derived
suppressor and Treg cells [26], contributing to T cell-medi-
ated cytotoxicity. The mechanism through which PPT1
inhibitors modulate immune cell phenotype (macrophage
polarization), activation, and cytokines/chemokines remains
to be explored.

The results of this study are consistent with previous
reports by Yamamoto et al., which showed that the acti-
vation of CD8" T lymphocytes strongly depends on their
interactions with MHC-I on the surface of tumor cells to
efficiently recognize antigens [18]. Ezurpimtrostat modu-
lated MHC-I protein expression in cancer cells in a dose-
dependent manner in vitro and in vivo. The regulatory
mechanisms of MHC-I and its upregulation were previously
involved in the restriction of immune escape [29], and its
reduction was associated with a decrease in T cell-medi-
ated cytotoxic treatment of cancer [30]. PPT1 inhibition in
pancreatic cancer models overexpresses MHC-I proteins,
potentiating cancer immunotherapy [18]. In contrast, Zeng
et al. reported that MHC-I protein expression decreases
after PPT1 inhibition in non-small cell lung cancer cells
treated with radiation therapy [31]. Moreover, the authors
highlighted that MHC-I protein expression positively cor-
relates with CD8* T cell recruitment. Interestingly, this
study showed that ezurpimtrostat treatment led to tumor
colonization by CD8" T cells. Other mechanisms may be
involved, such as the increased expression of MHC-1 on the
surface of antigen-presenting cells, such as dendritic cells
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after anti-autophagy drug treatment. This is involved in the
promotion of the cytotoxic response of CD8 T cells during
a viral immune response [32]. MHC-I is a key biomarker in
cancer, as a decrease in its expression has been correlated
with the worsening of prognosis [33], and mutation or loss
of its heterozygosity has been implicated in resistance to
immune checkpoint inhibitor therapy [34—36]. Further stud-
ies are needed to define how ezurpimtrostat treatment leads
to the upregulation of MHC-I in tumor cells.

Ezurpimtrostat treatment decreases NBR1 protein
expression in cancer cells. In addition to its NBR1 mRNA
expression in most cancers, it is associated with low can-
cer specificity [37, 38]. NBR1 overexpression increases the
proliferation of renal cancer cells in vitro [39] and promoted
tumor metastasis in a breast cancer mouse model [40]. In
contrast, the knockdown of NBR1 inhibits in vitro cell
migration [41] suggesting that NBR1 is involved in cancer
development. Here, we reported that ezurpimtrostat treat-
ment leads to a decrease in NBR1 protein levels, which is
consistent with previous reports by Yamamoto et al., high-
lighting the key role of NBR1 in immune evasion. Future
studies should evaluate NBR1 as a potential therapeutic
target.

Collectively, owing to its unique and original dual mecha-
nism of action, ezurpimtrostat monotherapy in combination
with anti-PD1 may represent a powerful strategy for improv-
ing T cell-mediated immunotherapies. Ezurpimtrostat-based
combinations may help expand long-term clinical benefits
to patients with advanced liver cancer by overcoming the
elusive mechanisms of response and resistance to immune
checkpoint inhibitor therapy. This strategy is currently
being studied in the first-line setting of advanced hepato-
cellular carcinoma, in the large phase 2 trial ABE-LIVER
(NCTO05448677), randomizing the combination of the actual
standard of care atezolizumab—bevacizumab with or without
ezurpimtrostat.
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