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ABSTRACT

Background Loss of Ambra1 (autophagy and beclin 1
regulator 1), a multifunctional scaffold protein, promotes
the formation of nevi and contributes to several phases
of melanoma development. The suppressive functions

of Ambra1 in melanoma are mediated by negative
regulation of cell proliferation and invasion; however,
evidence suggests that loss of Ambra1 may also affect
the melanoma microenvironment. Here, we investigate
the possible impact of Ambra1 on antitumor immunity and
response to immunotherapy.

Methods This study was performed using an
Ambra1-depleted Braf"®**/pten~ genetically
engineered mouse (GEM) model of melanoma, as well
as GEM-derived allografts of Braf'®™/Pten~ and
Braf"®®/pten™'~/Cdkn2a™~ tumors with Ambra1
knockdown. The effects of Ambra1 loss on the tumor
immune microenvironment (TIME) were analyzed using
NanoString technology, multiplex immunohistochemistry,
and flow cytometry. Transcriptome and CIBERSORT
digital cytometry analyses of murine melanoma samples
and human melanoma patients (The Cancer Genome
Atlas) were applied to determine the immune cell
populations in null or low-expressing AMBRA1 melanoma.
The contribution of Ambra1 on T-cell migration was
evaluated using a cytokine array and flow cytometry.
Tumor growth kinetics and overall survival analysis in
Brat"™/Pten™'~/ Cdkn2a™"~ mice with Ambra1 knockdown
were evaluated prior to and after administration of a
programmed cell death protein-1 (PD-1) inhibitor.
Results Loss of Ambral was associated with altered
expression of a wide range of cytokines and chemokines
as well as decreased infiltration of tumors by regulatory
T cells, a subpopulation of T cells with potent immune-
suppressive properties. These changes in TIME
composition were associated with the autophagic function
of Ambrat. In the Braf®*®/pten™~/Cdkn2a™~ model
inherently resistant to immune checkpoint blockade,
knockdown of Ambra1 led to accelerated tumor growth
and reduced overall survival, but at the same time
conferred sensitivity to anti-PD-1 treatment.
Conclusions This study shows that loss of Ambratl
affects the TIME and the antitumor immune response in

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Autophagy and beclin 1 regulator 1 (Ambral) is a
scaffold protein that participates in several onco-
genic processes, including autophagy, apoptosis,
cell proliferation, and invasion. In preclinical mouse
models of melanoma, we previously showed that
Ambral loss accelerates tumor growth and pro-
gression by stabilizing cyclin D1, activating focal
adhesion kinase 1 signaling, and promoting the
extracellular matrix remodeling and the epithelial-
mesenchymal transition (EMT) process.

WHAT THIS STUDY ADDS

= In this study, we show that Ambra1 deficiency af-
fects the tumor immune microenvironment in mel-
anoma by reshuffling the cytokine expression and
decreasing regulatory T cells (Treg) tumor infiltration
in an autophagy-dependent manner. Moreover, we
show that anti-programmed cell death protein-1
immunotherapy reduces the growth of Ambral-
deficient tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= This study highlights the complex role of Ambrat in
melanoma biology and emphasizes Treg as a prom-
ising target for immunotherapy efficacy.

melanoma, highlighting new functions of Ambra1 in the
regulation of melanoma biology.

INTRODUCTION

Melanoma is an aggressive type of melanocyte-
derived cancer, most often located in the skin
and causing thousands of deaths worldwide
every year. A common feature of melanoma
is the constitutive activation of the MAPK
and PISK/AKT pathways, primarily through
activating mutations of the BRAF kinase (e.g.,
the BRAF in >90% of cases) and loss of
the tumor-suppressing phosphatase PTEN,
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respectively.' > Chemical inhibitors targeting components
of the MAPK pathway, for example, BRAF and MEK, have
shown limited clinical efficacy, when employed as either a
single treatment or in combination with other therapies.”
However, treatment options for melanoma have rapidly
expanded with the approval of various forms of immuno-
therapy. In particular, the use of antibody-based immuno-
therapy (immune-checkpoint blockade, ICB) has resulted
in a dramatic survival improvement for patients with
advanced melanoma.*® Two main classes of ICB antibodies
are currently applied in the clinic: anti-CTLA-4 (cytotoxic
T lymphocyte-associated antigen 4) and anti-PD-1/PD-L1
(programmed cell death protein 1/programmed cell
death protein ligand 1).° Their respective mechanism of
action relies on reversing the inhibitory effect of CTLA-4
and PD-1/PD-L1 on T cells, hence inducing T-cell activa-
tion and expansion, ultimately supporting inflammation
and immune cell infiltration of the tumor.”

Despite being beneficial for a minority of melanoma
patients experiencing durable responses, most show
minimal or no response to ICB.” Several lines of evidence
suggest that one cause of interpatient differences in I1CB
responsiveness may be differences in the composition of
the tumor immune microenvironment (TIME).L9 Flow
cytometry and imaging technologies have indeed revealed
pronounced TIME interpatient heterogeneity, both in terms
of tumor cell-intrinsic expression of signaling molecules
(e.g., chemokines and cytokines), which may be controlled
by the profile of oncogenic drivers in individual tumors,
and cellular components.” ? Infiltration of some immune
cell types, most importantly cytotoxic T cells, clearly associ-
ates with positive ICB response.® On the other hand, tumor-
resident myeloid-derived suppressor cells and regulatory T
cells (Treg) block the antitumor immune response thereby
promoting tumor growth and metastasis.*®

Recently, we have shown that Ambral (autophagy and
beclin 1 regulator 1) plays a central role in nevi formation
and melanoma, as its absence accelerates tumor growth
and metastasis.'” Ambral is a scaffold protein regulating
several biological processes, including autophagy, cell
death and proliferation and invasion."™"” Loss of Ambral
increases cell cycle progression by regulating c-Myc and
cyclin D1 stability and increases melanoma aggressiveness
by enhancing cell motility and invasion. In addition, it
promotes extracellular matrix remodeling and triggers
focal adhesion kinase 1 (FAKI) signaling, the inhibition
of which reduces cell invasion and melanoma growth."
In this study, we analyze the complex landscape of the
TIME of Ambral-deficient melanoma by studying its
composition and signaling. We also investigate whether
the Ambral-dependent immune signature affects the
response to PD-1 inhibitor therapy in a preclinical mouse
model of melanoma.

MATERIALS AND METHODS

Mice

The transgenic mice used for the study were C57BL/6N
female and male. Breeding pairs were set to generate

mice bearing the Tyr:CreER"*;Braf"™""*;Pten™~ back-
ground with different Ambral flox copy number, herein
referred to as BPA** (proficient for Ambral, Ambral”™) or
BPA™~ (KO for Ambral, Ambral”")."® Animals were main-
tained and treated as previously reported.'” Regarding
the syngeneic models, 8-10weeks old C57BL/6N male
mice were purchased from Taconic. Animals were allowed
to acclimate in the facility before being subcutaneously
injected in the right flank with either 2-5x10° BPA-
derived cells (Ambral proficient, BPA-derived melanoma
cells (Bdme)™*, or Ambral KO, Bdmc ") or 1-1.5x10°
engineered shCT/shAmbral YUMMI1.7 cells (see the
Cell lines section). Mice were monitored as previously
described."” All mice were housed at the Danish Cancer
Society Research Center and the experiments were
performed in compliance with institutional guidelines
and approved by the Danish animal experiments inspec-
torate (Dyreforsggstilsynet, 2020-15-0201-00578).

Primary melanoma cells isolation

Tumors were excised from BPA"* and BPA”~ mice and
the skin was carefully removed. Tumors were fragmented
and digested as previously described.'” Cells were kept in
culture in RPMI 1640 supplemented with 100 U/mL peni-
cillin/streptomycin (P/S) and 2-20% fetal bovine serum
(FBS). Cells derived from BPA** and BPA”™ mice are
referred to as Bdmc"* and Bdmc ™/~ cells, respectively. To
inhibit autophagy, Bdmc™* cells were treated for 48 hours
with ddH,O-dissolved chloroquine (CQ, Sigma-Aldrich;
cat# C6628) at a final concentration of 5 puM.

Anti-PD-1/isotype control

When tumors reached measurable size (ca. 30 mm?®), mice
were treated with 10mg/kg of anti-PD-1 (InVivoMAb
anti-mouse PD-1 (CD279), Bio X Cell) by intraperitoneal
injection. Control animals were treated with 10 mg/kg of
IgG2a isotype (InVivoMAD rat IgG2a isotype control, Bio
X Cell). After the first injection, mice received injections
every third day for a total of approximately 2—4 weeks,
depending on the duration of the study.

MILAN multiplex staining and image analysis

Tumor samples were collected and fixed overnight in
paraformaldehyde (PFA) 4% at 4°C, followed by three
washes in phosphate buffered saline (PBS), and stored
in 70% ethanol (ETOH) until embedded in paraffin.
Formalin-fixed paraffin-embedded sections of 4 pm were
cut and multiplexed immunofluorescent staining was
performed according to the MILAN protocol.'® A brief
description of this method, as well as a complete list of
antibodies, is reported in online supplemental materials
and methods.

Flow cytometry

Pieces of tumors were collected and digested overnight in
digestion buffer (2.1 mg/mL collagenase type I (Worth-
ington), 75pg/mL DNAase I (Worthington), 5mM
CaCl, and 1%P/S in RPMI). The following day, samples
were incubated for 15 min at 37°C and filtered through
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a 70 pm nylon cell strainer and erythrocytes lysed using
the red blood cells (RBC) lysing buffer (Sigma) for
1-2min. Splenocytes (isolated from spleens of female
mice) were instead generated by forcing freshly isolated
spleens through 70pm cell strainers and erythrocytes
lysed using RBC lysing buffer for 1 min. Following centrif-
ugation, cells (tumor/splenocytes) were washed and
eventually resuspended in PBS. Single-cell suspensions
from tumors/spleens were stained for 30 min (4°C in the
dark) for relevant cell-surface markers in Fluorescence-
activated cell sorter (FACS) staining buffer (PBS with
7% FBS). Next, cells were washed, resuspended in PBS
and stored at 4°C until flow cytometric analyses were
performed on the same day. All samples were acquired
on Cytek Aurora equipped with four lasers (Cytek Biosci-
ences) or by FACSCanto II cell Analyzer BD and analyzed
with FlowJo V.10.6.1 or V.10.8 software. Viable cells were
determined as a fraction of single cells negative for
staining with Zombie Aqua Fixable Viability Dye. The
immune cell populations were analyzed in three different
panels: Panel 1 (general panel), Panel 2 (myeloid panel)
and Panel 3 (lymphoid panel), which are described in
online supplemental materials and methods. All cells
were gated on singlets, living cells and the corresponding
gating strategy for each cell population.

Splenocyte extraction and T-cell migration

Spleens were extracted from 10- to 12-week-old female
C57BL/6N mice (Taconic). Single-cell suspensions
of splenocytes were generated as described above. To
enrich T cells population and induce their prolifera-
tion, isolated splenocytes were incubated overnight in
RPMI 1640 (Life Technologies) supplemented with 10%
FBS (Life Technologies), 1% P/S (Thermo Fisher Scien-
tific), 50 pM 2-ME (Sigma-Aldrich), 0.1 mM non-essential
amino acids (Thermo Fisher Scientific), 1 mM sodium
pyruvate (Thermo Fisher Scientific)—referred to as ‘T
cell medium’—and 3pg/mL ConA (Sigma-Aldrich). The
migration of T cells towards the conditioned medium
from BPA melanoma cells was measured using overnight-
rested primary murine T cell isolated as described.
Conditioned media were harvested from Bdmc"”* and
Bdmc ™~ grown until confluence. A detailed description
of the protocol is reported in online supplemental mate-
rials and methods.

Cell lines

YUMMI1.7 cells were purchased from American Type
Culture Collection (ATCC) (Manassas, Virginia, USA) and
cultured in DMEM (Thermo Fisher Scientific, Massachu-
setts, USA) supplemented with 2mM GlutaMAX (Thermo
Fisher Scientific, Massachusetts, USA), 7% FBS (Thermo
Fisher Scientific, Massachusetts, USA) and 100U/mL
P/S (Thermo Fisher Scientific, Massachusetts, USA) at
37°Cand 5% CO.,,. Lentiviral expression in YUMM1.7 cell
line was performed to stably knock down Ambral using
shRNAs (#1: TRCN189905 and #3: TRCN189704 (Sigma))
cloned in a pLKO.I-puro vector (Mission; Sigma). Cells

grown to 60% confluency were infected overnight in the
presence of polybrene at a final concentration of 8pg/
mL. Next day, the medium was removed and replaced by
fresh medium to let cells recover. After 48 hours, infected
cells were selected with 1.5 pg/mL puromycin. Cells were
expanded under selection (between 6 and 21 days after
infection) and puromycin was removed at least 48 hours
before any experiment.

Human melanoma cell lines MeWo (ATCC HTB-65)
and SK-Mel-5 (ATCC HTB-70) were purchased from
ATCC and cultivated in minimum essential media (MEM)
(Thermo Fisher Scientific, Massachusetts, USA) supple-
mented with 2mM GlutaMAX, 10% FBS and 100 U/mL
P/S. Cells were cultured in an atmosphere of 5% CO2 in
air at 37°C. All the cell lines were routinely tested for Myco-
plasma contamination (Eurofins Genomics, Germany).

Transfection methods

Transfections were carried out using the Lipofectamine
2000 Transfection Reagent (Thermo Fisher Scien-
tific, Massachusetts, USA; cat# 11668-019), according
to the manufacturer’s instructions. Transfections with
siRNAs were performed as previously reported,'’ with
the following custom-designed siRNAs: siAMBRAI: 5’-
GGC CUA UGG UAC UAA CAA A -3’; siAMBRAIL #2:
5- GGA CAA CUU ACA AGG ACC -3’. Silencing was
carried out for 48hours. Generation and transfection
of AMBRAI mutants were carried out as described in a
study by Tiberti et al' After 24hours from transfection
of cells with siIAMBRAI #2, re-expression of the mutants
was performed for a total of 24 hours; a myc-6-Gal plasmid
cloned in the pcDNA3.1 Mammalian Expression Vector
(Thermo Fisher Scientific, Massachusetts, USA; cat#
V79020) was used as negative control.

Protein expression analysis

Total protein lysates from cell pellets and murine tissues
were obtained as previously described.'” Primary anti-
bodies used are listed in online supplemental materials
and methods. Densitometry analyses were performed
using Image] (V.1.52.q). The LC3 ratio was calculated as
the ratio of the densitometry values of the lipidated (LC3-
II) and the non-lipidated (LC3-I) form of LC3. Densitom-
etries of pFAK and pSRC were calculated as the ratio of
the densitometry values of the phosphorylated form of
the protein (pFAKI-Y397 and pSRC-Y416, respectively)
and its total (FAKI and SRC, respectively). Densitometry
values (and ratios) were normalized against their respec-
tive loading control and expressed as fold change relative
to the control sample.

Nuclei isolation

Cells were transfected as described above for 48 hours
and nuclear fractions were isolated as described in a study
by Di Leo et al*® Nuclear fractions were then disrupted
in radioimmunoprecipitation assay (RIPA) buffer and
SDS-PAGE electrophoresis was performed. Based on
protein quantification, total extract (TE), post-nuclear
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(cytosolic) (CE) and nuclear (NE) fractions were loaded
onto the gel using a 4:3:1 ratio (pg:pg:pg), respectively.
For determination of the purity of each fraction, primary
antibodies raised against lactate dehydrogenase (LDH)
(specific for the CE; Santa Cruz Biotechnology, cat#
s¢-33781) and lamin A/ C (specific for the NE; Santa Cruz
Biotechnology, cat# sc-6215) were employed. Densitom-
etry analyses were performed using Image] (V.1.52.q).
The nuclear fraction of FAKI was calculated as the ratio
between the normalized densitometry values of FAKI on
lamin A/C in the NE and in the TE. Similarly, the CE
fraction of FAKI was calculated as the ratio between the
normalized densitometry values of FAK] on LDH in the
CE and in the TE.

Cytokine array

The profiling of different cytokines and chemokines was
performed using the Proteome Profiler Mouse/Human
Cytokine Array Kit (R&D systems, cat# ARY006 and cat#
ARY005B, respectively) according to the manufactur-
er’s instructions. Supernatants were harvested from an
equal number of cells 72 hours after seeding, treating, or
transfecting cells, depending on the experimental condi-
tions. Images were taken using a ChemiDoc MP System
(Bio-Rad Laboratories, California, USA; cat# 1708-280)
provided with the Image Lab V.6.0.1 Software (Bio-Rad
Laboratories, California, USA). The signal intensities of
the spots were quantified using Image] V.1.52.q (Univer-
sity of Wisconsin, Wisconsin, USA). Gene set enrichment
analysis was performed using hypergeometric tests.

RNA isolation

For real-time quantitative PCR (RT-qPCR) analyses,
total RNA was isolated directly from culture cells using
the NucleoSpin RNA Columns (Macherey-Nagel, DE;
cat# 740955) according to the instructions of the manu-
facturer. For NanoString profiling, RNA from tissues
(disrupted with Qiagen TissueLyser II) were isolated
using the RNeasy Plus Mini Kit (Qiagen, DE; cat# 74134),
following manufacturer’s instructions. When RNA from
tissues could not be isolated at the moment, tumor
pieces were preserved in RNAlater Stabilization Solu-
tion (Thermo Fisher Scientific, Massachusetts, USA; cat#
AM7020), according to the instructions.

Reverse transcription and quantitative RT-PCR

Reverse transcription was performed for 1hour at 37°C
with 500 ng of total RNA with the M-MLV Reverse Tran-
scriptase (Promega, Wisconsin, USA; cat# M1705) and
diluted 3X before any RI-qPCR analysis. Messenger
RNA (mRNA) expression levels from mouse samples
were measured using the PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific, Massachusetts, USA;
cat# A25742), according to the instructions, on a ViiA 7
Real-Time PCR System (Applied Biosystems, California,
USA). Fold changes in mRNA levels relative to the
control were calculated after normalizing to the house-
keeping gene L34. Expression of IL-Ia from human

samples was assessed using a LigthCycler V.2.0 with the
FastStart DNA Master™™® SYBR Green I kit (Roche) and
normalized to the housekeeping gene RPLPO. All reac-
tions were run as triplicates. The specific primer pairs
were custom designed and tested with Primer-BLAST
(NCBI; RRID:SCR_003095). Primers used were obtained
from TAG Copenhagen A/S (Copenhagen, DK) and
are as follows: Ccl22 (mouse) FW 5- TCTTGCTGT-
GGCAATTCAGA -3’, RV 5- GAGGGTGACGGATG-
TAGTCC -38’; L34 (mouse) FW 5’- GGTGCTCAGAGG
CACTCAGGATG -3, RV 5- GTGCTTTCCCAACCTT
CTTGGTGT -3’; IL-1o. (human) FW 5’- ACGGCTGA
GTTTCAGTGAGACC -3’, RV 5’- CACTCTGGTAGG
TGTAAGGTG -3’; RPLPO (human) FW 5°- ACTAAAAT
CTCCAGGGGCACC -3, RV 5’- ATGACCAGCCCAAAG-
GAGAA -3,

NanoString data and bioinformatic analysis

NanoString data were processed at BioXpedia A/S.
Two different NanoString Panels were used: PanCancer
Immune (769 genes) and Immunology (560 genes) panel.
Data reported in the heatmap were based on differen-
tially expressed genes (comparing BPA”~ to BPA™*) with
padj<0.05. NanoString data are illustrated in the online
supplemental tables 1 and 2.

The NanoString software nSolver was used for quality
control (QC) and normalization of the data. For gene
expression data, filtering of samples using QC criteria
was performed according to the manufacturer’s recom-
mendations. Raw counts of samples passing QC were
normalized by scaling the sample values to the geometric
mean of the following selected reference genes (used as
internal controls): Abcfl, Alasl, Edc3, Eeflg, Eif2b4, Gopdx,
Gusb, Hdac3, Hprt, Nubpl, Oazl, Polrlb, Polr2a, Ppia, Rpl19,
Sap130, Sdha, Sf3a3, Tbp, Tubb5. The reference genes (20
for the PanCancer Immune and 14 for the Immunology
panel) were selected using the geNorm algorithm.*! Data
were log2-transformed and further analyzed. Differential
expression analysis (DEA) was made in R V.3.5.1 (2018-
07-02). Student’s t-test was applied to compare normal-
ized expression values between groups. For all the t-tests,
normal distribution among the two tested groups was first
checked using the Shapiro-Wilk test. If one of the groups
was not normally distributed, a Wilcoxon rank-sum test
was conducted instead. Furthermore, the fold change
was calculated on a linear scale as the geometric mean
of the first group divided with the geometric mean of the
second group. The p values were corrected for multiple
testing using the Benjamini-Hochberg method. Pathway
analysis was performed with the online tool Enrichr
(Icahn School of Medicine at Mount Sinai, New York,
USA) (GO_Process) and gene set enrichment (GSE
PIANO).” For the estimation of cell type percentages in
bulk samples via digital cytometry we used CIBERSORT?
with the standard LM22 signature matrix and B-mode for
batch effect correction.
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RNA sequencing and analysis

The RNA sequencing (RNA-=seq) data from BPA**
and BPA™/~ samples were previously generatedw and
are publicly available under the Gene Expression
Omnibus (GEO) accession number GSE151134. DEA
was performed with R Bioconductor package DESeq?2
and pathway analysis was performed with the online tool
Enrichr (Icahn School of Medicine at Mount Sinai, New
York, USA). A detailed description of the parameters
used for each analysis and the processing of the RNA-seq
has already been published."’

The RNA-seq data were also uploaded to Ingenuity
Pathway Analysis (IPA, https://www.nihlibrary.nih.gov/
resources/tools/ingenuity-pathways-analysis-ipa) and
the core analysis was performed with default settings
with a Benjamini-Hochberg corrected p value cut-off of
0.05 for target enrichment. The obtained list of active
upstream regulators was filtered for differential expres-
sion of the regulators (abs(log2 fold change)=>1; adjusted
p value<0.05) and overlapped with a list of transcription
factors (TFs) obtained from AnimalTF DB.*

In silico analyses using publicly available data sets

RNAseq data for skin cutaneous melanoma (SKCM)
samples were downloaded from The Cancer Genome
Atlas (TCGA) and preprocessed with the TCGAbiolinks R
package V.2.18.0. For the estimation of cell type percent-
ages in bulk samples via digital cytometry we used CIBER-
SORT* with the standard LM22 signature matrix and
B-mode for batch effect correction. The cut-off selection
in Treg and AMBRAI expression was performed by eval-
uating all possible cut-offs. For each cut-off we obtained
a p value (Wilcoxon test). The negative logl0 of the p
value was smoothened by applying a running average and
therefore reducing potential overfitting. In the running
average, the maximum of the negative logl0 p value was
selected and the corresponding value was used as cut-off.
AMBRALI expression levels were associated with response
to anti-PD-1 immunotherapy in a cohort of patients with
melanoma including RNA-seq samples from responders
and non-responders to anti-PD-1 before and during the
treatment.”” Raw counts were downloaded from the GEO
(GSE91061). Patient-derived metadata was downloaded
from the authors’ publication. Only patients with extreme
response profiles (complete response (CR) and progres-
sive disease (PD)) were used for the analysis. AMBRAI
expression was compared between both groups using
Wilcoxon’s test.

Statistical evaluation

GraphPad Prism Software (V.9) was used for plotting the
graphs and performing the statistical analysis. For compar-
ison of more than two-groups, a Tukey’s multiple compar-
isons test (ordinary two-way analysis of variance (ANOVA)
test) and unpaired t-test with Bonferroni-Dunn correc-
tion for multiple comparisons were performed. Pairwise
comparisons were carried out using a non-parametric
Mann-Whitney U test. For comparison of tumor growth

kinetics, two-way ANOVA with Bonferroni’s multiple
comparison test was performed. Data are presented as
means=SD or +SEM (see figure legends for details) and
significance was designated as follows: *p<0.05; **p<0.01;
###p<0.001; *#*+*p<0.0001; ns, not significant.

RESULTS
Loss of Ambrai promotes downregulation of cytokine
signaling in Braf/Pten-driven melanoma
To investigate the effect of Ambral deficiency on immune
signaling in melanoma, we employed the NanoString
technology. First, we characterized the immune-related
transcriptome in Ambral-deficient (BPA™") and Ambral-
proficient (BPA"") Braf/Pten-driven melanomas'’ using
the Immunology and PanCancer Immune Panels. In both
panels, DEA showed a consistent profile of gene expres-
sion within groups with the same genetic background
and a clear separation between BPA™~ and BPA"* tumors
(figure 1A,B and online supplemental figure 1A-C).
Gene Ontology and GSE (PIANO) analyses of differen-
tially expressed genes revealed several downregulated
processes in Ambral-deficient melanomas, including the
cytokine-mediated signaling pathways and the inflam-
matory response, along with upregulated processes (e.g.,
transforming growth factor- and integrin/focal adhesion
signaling pathways), in line with our previous findings'’
(figure 1C,D and online supplemental figure 1D,E).
RNA-seq analyses from our previous study'” also showed
the cytokine receptor activity among the most downreg-
ulated processes (padj<0.05, FC>2) in Ambral-deficient
tumors (online supplemental figure 1F). Accordingly,
both NanoString and RNA-seq analyses pinpointed
reduced expression of several cytokines and chemokines
in BPA™~ tumors (figure 1E).

Overall, these results suggest a decrease of cytokine/
inflammatory signaling in Ambral-deficient melanoma.

Decreased infiltration of Treg in Ambra1-deficient melanoma

Prompted by the differences in cytokine and chemokine
expression, we characterized the immune cell popula-
tions in the TIME of BPA™~ and BPA™* tumors. Prelimi-
nary immunofluorescence analysis of BPA”~ and BPA™"
tumors at the same endpoint (42 days after tumor induc-
tion) showed a slight increase in hematopoietic cells
(CD45") in Ambral-deficient tumors (figure 2A). Flow
cytometry analysis of tumors grown to the maximally toler-
ated size revealed instead a comparable number of CD45"
cells (with a trend to increase in BPA”"), endothelial cells
(CD31") and fibroblasts (FAP") between the two groups
(figure 2B and C). The CD45" cells were further analyzed
to discriminate among macrophages (F4/80"), dendritic
cells (CD11c¢") and myeloid cells (CD11b"), and to eval-
uate the lymphoid subset (CD3" T-cells, NK1.1" NK-cells
and CD19" B-cells). Flow cytometry analysis of both
myeloid and lymphoid panels (figure 2D-G) indicated a
significant decrease only for CD4"/CD25" Treg in BPA™
/~ melanomas (3.9% vs 32.1%) (figure 2F and G), with
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Figure 1 Characterization of immune signature in Ambra1-deficient melanoma. (A) Volcano plot and (B) heat map of
differentially expressed genes (DEG) from NanoString PanCancer Immune Panel (769 genes) of BPA™~ (n=8) versus BPA** (n=7)
tumors (padj<0.05). A total of 126 (85 down and 42 up) DEG were found in the PanCancer Immune Panel. (C-D) GO processes
(downregulated, p<0.001) and GSE PIANO (top five upregulated/downregulated) in BPA™~ (n=8) versus BPA** (n=7) tumors
analyzed with PanCancer Immune panel (FC>2). (E) DEG from NanoString PanCancer Immune and Immunology panels merged
with DEG from RNA sequencing (BPA™~ vs BPA**), pdj<0.05, FC>2. Ambra1, autophagy and beclin 1 regulator 1; GO, Gene
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Figure 2 Analysis of immune cell populations in Ambrai-deficient melanoma. (A) Immune cells were assessed by CD45
immunostaining (green) in formalin-fixed paraffin-embedded tumor sections of BPA** (n=4) and BPA™~ (n=4) mice. Nuclei

were counterstained with Hoechst (blue) and melanoma cells visualized with the melanoma marker S100 (red). Images are
representative of each group. In the graph, the CD45 signal was quantified. Each data point represents one mouse and
corresponds to the average ratio+SEM of CD45" cells on the nuclei count for each mouse (at least three fields were analyzed for
each mouse) (p<0.05, BPA”~ vs BPA™*). (B-G) Tumors from BPA** (n=5) and BPA™~ (n=3) groups were collected and processed
for flow cytometric analysis. Viable cells were determined as a fraction of single cells negative for staining with Zombie Aqua
Fixable Viability Dye. Quantification is reported as a percentage of indicated cell type among live cells or the parental gate.
Representative flow plots on the gating strategy of (B) immune/tumors, (D) myeloid and (F) lymphoid cells in BPA** and BPA™"
groups. (C) % of CD45*, FAP* (defined as CD45 FAP*), CD131" (defined as CD45"CD1317) cells. (E) % of macrophages (defined
as F4/F80*CD11b"), myeloid (defined as F4/F80"CD11c"CD11b") and dendritic cells (defined as F4/F80"CD11c"). (G) % of
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represents one mouse and corresponds to the mean+SEM (ns, not significant). Data were analyzed by unpaired t-test (BPA'/' VS
BPA*’*). Ambral, autophagy and beclin 1 regulator 1; NK, natural Killer.
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no evident changes in spleens of matched mice (online
supplemental figure 2A,B). A significant reduction in
CD4'/CD25" Treg (5.8% vs 39.1%) was also observed in
tumors from a C57BL/6 immunocompetent syngeneic
mouse model of primary Bdmc (sBPA”* and sBPA™";
Ambral-proficient and Ambral-deficient, respectively)'”
(online supplemental figure 3).

We next sought to visually map the relative spatial
distribution of immune cell populations in sSBPA™~ and
sBPA"* tumors by multiplexed-immunohistochemistry
technology.”® ** In line with the flow cytometry results
(figure 2F and G), FOXP3'CD4" Treg were less abundant
in SBPA™~ tumors (figure 3A,B and online supplemental
figure 4A), however not statistically significant. We next
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performed IPA core analysis on murine RNA-seq data'’ to
identify putative TFs with altered activity in BPA™~ tumors.
Ten differentially expressed TFs with significant changes
in their downstream targets were identified, among which
the Treg marker Foxp3, with an enrichment corrected p
value of 0.005 (figure 3C). This analysis suggests activity
changes of the Foxp3 TF in Ambral-deficient tumors,
along with its reduced expression.

To increase the human relevance of these findings,
melanoma transcriptomic data from TCGA-SKCM
data set (n=473) were analyzed via CIBERSORT digital
cytometry to predict the relative content of Treg and to
correlate their abundance to AMBRALI expression levels.
When splitting the TCGA-SKCM samples in Treg-high and
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Figure 3 Analysis of Treg in Ambra1-deficient melanoma. (A-B) Tumors from syngeneic sBPA** (WT, n=2) and sBPA™" (KO,
n=2) mice were collected and processed for multiplex immunohistochemistry. (A) lllustrative representation of the number of
Treg in each analyzed sample. Tissue samples were cut into squares of 66 um? and the number of Treg was counted inside each
square. (B) Five hundred cells were randomly selected from each identified cell type and dimensionally reduced using a t-SNE.
The cells were projected in the t-SNE space by separating sBPA”~ from sBPA** samples. The % of Treg in each group is shown
in the bar plot below. (C) IPA-based prediction of active upstream regulators, predicted from the RNA sequencing data with the
IPA core analysis and filtered for differentially expressed transcription factors (see online supplemental material & methods).
Putatively active TFs are listed showing their expression baseMean, log?2 fold change (sBPA™ vs sBPA**) and adjusted p value,
as well as with the corrected p value for target enrichment as obtained from the IPA core analysis. (D) Boxplots representing
AMBRAT1 expression for samples with high/low levels of Treg or (E) Treg percentages for samples with high/low expression of
AMBRAT1 in the The Cancer Genome Atlas-skin cutaneous melanoma data set. (F) Boxplot representing the percentage of Treg
in BPA™~ and sBPA** tumors estimated with CIBERSORT in the samples measured with the NanoString Immunology panel.
Ambra1, autophagy and beclin 1 regulator 1; IPA, Ingenuity Pathway Analysis; KO, knockout; TFs, transcription factors; Treg,
regulatory T cells; t-SNE, t-distributed stochastic neighbor embedding; WT, wild type.
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Treg-low (online supplemental figure 4B, see methods),
we found a positive correlation with AMBRAI expres-
sion levels (figure 3D). Similarly, when TCGA-SKCM
samples were ranked in AMBRAI-high and AMBRAI-low
(online supplemental figure 4C, see methods), a positive
correlation with Treg abundance was found (figure 3E).
Moreover, NanoString signature-based CIBERSORT
deconvolution of BPA"* and BPA™~ samples predicted
reduced content of Treg cells (p<0.01) in BPA”~ tumors
(figure 3F and online supplemental figure 4D).

Overall, these data indicate that Ambral deficiency
impairs the infiltration of Treg in Braf/Pten-driven
melanoma.

Infiltration of Treg is determined by the status of Ambral in
melanoma cells

To unravel direct implications of melanoma cells in
Treg infiltration of the TIME, conditioned media of
Ambral-deficient (Bdmc™") and Ambral-proficient
(Bdmc™™) primary murine melanoma cells (online
supplemental figure 5A) were profiled for cytokine
secretion. Ambral deficiency is associated with lower
secretion of several cytokines, chemokines and inter-
leukins (ILs) (figure 4A and B). GSE analysis of these
results showed cytokines and inflammatory response
as the most significant downregulated pathways upon
absence of Ambral (figure 4C), in line with the
transcriptomic data in figure 1 and online supple-
mental figure 1. Next, a T-cell migration assay with
T cell-enriched murine splenocytes incubated with
conditioned media from primary melanoma cells was
performed to assess the relation between cytokine
composition of Bdmc™~ cells and tumor infiltration
by T cells. As shown in figure 4D, CD4" (12% vs 18%)
and CD4°'CD25" (9.2% vs 16.9%) T-cell migration was
significantly impaired on exposure to Bdmc ™/ -derived
conditioned medium, supporting the hypothesis that
Ambral-deficient melanoma cells directly affect Treg
migration to the TIME.

The signal mediated by the chemokine Ccl22 and
interleukin Il-1c, triggered by cancer cell production/
secretion of Il-lo, has been previously demonstrated
to promote Treg recruitment to the tumor.?” Interest-
ingly, loss of Ambral led to a downregulation of Il-1o
(figures 1A,E and 4B,I) and Ccl22 (figure 1E) at both
transcriptional and secretional levels. Therefore, to inves-
tigate whether the Ccl22/1I-1a signal could directly affect
Treg infiltration on Ambral deficiency, T-cell migration
was assessed by supplementing Il-1ot to the conditioned
media of Bdmc™~ cells. A rescue in Treg cells migra-
tion capacity (12.8% vs 9.2%) (figure 4D), as well as an
increase in splenocyte Ccl22 expression (figure 4E), were
observed in such settings, suggesting that Il-1o-mediated
signaling contributes to the reduced CD4'CD25" Treg
infiltration in Ambral-deficient tumors.

Based on our recent findings regarding Ambral’s
negative regulation of FAKI activity,'’ we investigated
a possible link between this molecular interplay and

decreased Treg migration upon Ambral deficiency.
As the nuclear fraction of FAKI is known to regulate
such events in the tumor microenvironment of squa-
mous cell carcinoma,Q8 NEs from AMBRAI-silenced
SK-Mel-5 (figure 4F) and MeWo (online supplemental
figure 5B,C) cells were analyzed. These data showed
that the nuclear fraction of FAKI remained unchanged
independent of AMBRALI status (figure 4G and H and
online supplemental figure 5B,D). To further inves-
tigate this aspect, SK-Mel-b cells were transfected
with a plasmid encoding a single-point mutant of
AMBRA1 (AMBRA1""F) (figure 4I), which resem-
bles the AMBRAI-deficient phenotype (FAKI onco-
genic pathway and epithelial-mesenchymal transition
(EMT) process activation, cyclin D1 stabilization)."®
Only limited changes in the cytokine profile were
observed in the conditioned media of AMBRAT"''""-
expressing cells (online supplemental figure 5E,F),
together with no significant variations in interleukin
(IL)-1oe secretion, if compared with AMBRA1YT-
expressing cells (figure 4K). However, RT-qPCR anal-
yses revealed that, beyond rescued expression in
AMBRA1" -expressing versus AMBRAl-silenced cells
(figure 4L), a further significant increase in IL-la
expression was detected in AMBRA1""'""expressing
versus AMBRA1" -expressing cells (figure 4L). Inter-
estingly, the AMBRA1""'" mutant still retains the
pro-autophagic role of AMBRAL," as no differences
in the LC3 ratio were depicted in comparison with
AMBRA1" -expressing cells (figure 41 and J). There-
fore, to investigate whether the autophagy function of
AMBRALI could be implicated instead, Bdmc"" cells
were treated with the autophagy inhibitor CQ (online
supplemental figure 5G,H). Similarly to Ambral
depletion (figure 4A and B), Il-1a secretion decreased
also on autophagy blockage in primary murine mela-
noma cells (online supplemental figure 51,]).

Overall, these results suggest that the pro-autophagic
function of Ambral, rather than the previously identified
tumorigenic functions of the protein,'’ contributes to the
cytokine changes induced by melanoma cells.

Ambra1 deficiency increases anti-PD-1 therapy response in
Braf/Pten/Cdkn2A-driven melanoma

As the selective depletion of Treg has become a promising
strategy to enhance the response to ICB therapy,™™' we
sought to investigate whether reduced Treg infiltrating
cells in Ambral-deficient tumors could affect the response
to PD-1 blockade. We first analyzed the correlation
between AMBRALI expression and ICB treatment response
in a publicly available data set of patients with advanced
melanoma treated with anti-PD-1 therapy.”> Despite the
modest number of patients exhibiting CR, we discovered
a positive, although not statistically significant, association
between CR and low AMBRALI expression (figure 5A). To
investigate if Ambral could play a role in the response
to anti-PD-1 therapy, YUMMI1.7 cells®™ were depleted for
Ambral by shRNAs and employed in a preclinical mouse
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in Bdmc**, Bdmc™~ or Bdmc™/Il-1a- (10ng/mL) derived conditioned media for 26-28 hours and migration of CD3*CD8",
CD3*CD4* and CD3*CD4*CD25" T cells examined by flow cytometry. Error bars indicate SEM (*p<0.05, ***p<0.001, n=6-9).
(E) RT-gPCR analysis of Ccl22 in splenocytes (n=3) after lI-10. administration at indicated times. Data were normalized to the
internal control L34 and expressed as fold change+SEM with respect to the untreated splenocytes (ctr) (*p<0.05, 3hours or
24 hours vs ctr). (F) AMBRA1 was silenced in SK-Mel-5 (siAMBRA1) for 48 hours and WB analyses (n=3) performed to evaluate
silencing (TE, total extracts). Actin was used as loading control. Data in the graph represent densitometry analyses and are
shown as fold change+SD versus siCT cells (**p<0.01). (G) Representative WB analyses (n=3) of total (TE), cytosolic (CE) and
nuclear (NE) extracts of SK-Mel-5 silenced for AMBRA1 as shown in (F). FAK1 was detected together with the purity controls
lamin A/C (for TE) and LDH (for CE). (H) The cytosolic and nuclear fractions of FAK1 shown in (G) were quantified. Data are
expressed as average+SD (ns, not significant). () Representative WB analyses (n=3) of SK-Mel-5 re-expressing myc-tagged
AMBRA1 mutants (WT and L110F). AMBRA1 and c-myc were detected to determine transfection efficiency; LC3 as marker

of the autophagy flux; actin as loading control. (J) The autophagy marker LC3 shown in () was quantified. Data are expressed
as fold change+SD (n=3; *p<0.05). (K) Secretion of IL-10c was measured in supernatants of cells transfected as in (l). Each dot
represents the average pixel density of a single membrane’s duplet. Data are expressed as arbitrary unit £SD (n=2; ns, not
significant). (L) RT-gPCR analysis of IL-1a in SK-Mel-5 transfected as in (). Data were normalized to the internal control RPLPO
and expressed as fold change+SEM (**p<0.01). Ambra1, autophagy and beclin 1 regulator 1; Bdmc, BPA-derived melanoma
cells; FAK1, focal adhesion kinase 1; IL, interleukin; LDH, lactate dehydrogenase ; RT-qPCR, real-time quantitative PCR ; WB,
western blot.

10 Frias A, et al. J Immunother Cancer 2023;11:¢006389. doi:10.1136/jitc-2022-006389



a Open access

A B ~— ShCT (n=4) C A
900~ = ShAmbral #1 (n=4):|**** 1.5 Hokokok
aoo]  Tneoxon, p =038, —— shAmbra1 #3 (n=4) otk
750 [ —

-
o
1

n
=
S
S

o
o
1

=}
S
S

Densitometry (fold change)

AMBRA1 expression (raw counts)
Tumor volume (mm?)
(%) B
o [32]
o o
1 1

0.0-

shCT #1 #3

T v KDa
CR PD 0 ovocovcocd S —
140 - - - Ambra1
0 10 15 20 25 30 \""—‘ e
Days post injection 42— —~ Actin

shAmbra1

D E shCT Tumor
Bulk tumor CD45 cells CD4 cells
— shCT (n=10) 7=
— shAmbra1 #3 (n=12) < - = -
100 ] g~ 3
%] Q o q %]
g 1 -
E 1 CD45 CD4 CD25
S50
n *ok shAmbra1 #3 Tumor
K] Bulk tumor D45 cells D4 cells
g -
o |
| < < 5
0O+ T+ T S S
20 25 30 35 40 3 3
Days after tumor induction
CD45 CD4 CD25
CD45+ cells CD4+ cells CD8+ cells CD25+ cells W shCT (n=9)
100- 40+ 60+ 80+ B shAmbra1 #3 (n=13)
o p=0.018 p=0.0016
1 o ° L —
» 80 0® o
— 30 o 60 o
@ + = + o
2 ) & a4 +
o 60 < o < ° 3 o
E o a o Q 0°8 ©
2 ° O 20 N o O 401
% 7 o 5 :o 5 20 -
d R = N ES :
e °7 104 ° 204 8 8
0 0-! 0- o-
shCT shAmbra1 shCT shAmbra1 shCT shAmbra1 shCT shAmbra1

Figure 5 AMBRA1 expression in patients with anti-PD-1 treated melanoma and effects of Ambral deletion in syngeneic

mice. (A) Raw counts were downloaded from the Gene Expression Omnibus (GSE91061). Patient-derived data, directly
downloaded from the author’s publication, were filtered with extreme response profiles to anti-PD-1 treatment (nivolumab; CR,
complete response; PD, progressive disease) and AMBRA1 expression was compared between both groups. Pretreatment

and on-treatment samples were both kept. (B) Volume of tumors of syngeneic mice injected with shCT (n=4), shAmbra1 #1
(n=4) and #3 (n=4) YUMM1.7 cells. Each data point corresponds to the average tumor volume +SEM, as determined for each
experimental group (****p<0.0001). (C) Ambral expression was determined in tumors from syngeneic mice injected with shCT
(n=4), shAmbral #1 (n=4) and shAmbra1 #3 (n=4) YUMM1.7 cells by WB. Actin was used as loading control. Data in the graph
represent densitometry analyses and are shown as fold change+SD versus shCT cells (n=4; ***p<0.0001). (D) Overall survival of
syngeneic mice injected with shCT (n=10) and shAmbrail #3 (n=12) YUMM?1.7 cells. Log-rank test for comparisons of Kaplan-
Meier survival curves indicates lower survival in shAmbral #3 versus shCT (**p<0.01). (E-F) Tumors from shCT (n=9) and
shAmbral #3 (n=13) syngeneic mice were collected and processed for flow cytometric analysis. Quantification is reported as

a percentage of indicated cell type among live cells or the parental gate. (E) Representative flow plots on the gating strategy of
shCT and shAmbral #3 tumors. (F) % of CD45" cells out of the live cell population; % of CD4* (defined as CD45*CD4*), CD8*
(defined as CD45*CD8%) and CD25* (defined as CD45*CD4*CD25%) cells out of the parental gate. Each dot represents one
mouse and corresponds to mean+SEM. Data were analyzed by unpaired t-test (shAmbral #3 vs shCT). Ambral, autophagy and
beclin 1 regulator 1; GSE, gene set enrichment; PD-1, programmed cell death protein 1; WB, western blot.
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model of melanoma, which was reported to exhibit a
limited tumor inhibition following treatment with PD-1
inhibitors.”™ We first confirmed the Ambral-related
functions in autophagy, cell proliferation and invasion'”in
shAmbral (#1 and #3; shRNAs targeting different regions
of Ambral) versus shCT (control shRNA) YUMM]1.7 cells
(online supplemental figure 6A,B). Then, shAmbral #1
and #3, as well as shCT YUMMI1.7 cells, were subcutane-
ously injected in C57BL/6 immunocompetent mice. As
shown in figure 5B and C, Ambral knock-down tumors
(shAmbral #1 and shAmbral #3) displayed accelerated
tumor growth, particularly shAmbral #3 tumors. There-
fore, the shAmbral #3-derived model was chosen for the
following analyses and validated in terms of tumor growth
kinetics (online supplemental figure 6C) and overall
survival (figure 5D). We also investigated T-cell infiltrates
in shAmbral #3 melanomas compared with their shCT
counterparts. Flow cytometry analysis in figure 5E and
F showed that CD4" (9.5% vs 18.4%) and CD4'CD25"
(12% vs 34%) cells were significantly reduced in Ambral-
knockdown tumors relative to the control, and none of
these differences was found in matched spleens (online
supplemental figure 6D,E).

We then treated shAmbral #3 and shCT syngeneic
mice with an anti-PD-1 antibody (aPD-1) and an isotype
control (IgG) for at least 15 days after the tumor was
palpable. Despite complete tumor regression was not
observed, our results revealed that the aPD-1 regimen
was more effective in reducing kinetics of tumor growth
in Ambral-knowdown tumors (shAmbral #3 aPD-1), at
least within 15 days of treatment, compared with control
(IgG-treated) counterparts (figure 6A). As expected,
shCT-derived tumors did not respond to PD-1 inhibition
(shCT aPD-1) and displayed kinetics similar to the IgG-
treated shCT tumors (figure 6A). The overall survival
analysis also showed that, while IgG-treated shAmbral #3
tumors reached earlier the maximally tolerated size, aPD-
1-treated shAmbral #3 did it in a time frame comparable
to shCT tumors (figure 6B).

Overall, these results indicated that the absence
of Ambral, while promoting melanoma growth in
a  Braf """ ;Pten”;Cdkn2A”~  genetic  background,
enhanced the response to PD-1 blockade.

DISCUSSION

Metastatic melanoma is among the most responsive
cancers to immune checkpoint inhibitors due to its high
tumor mutational burden and immunogenicity.* Yet, only
asubgroup of patients gain significant clinical benefit from
this treatment.” *** An important factor in determining
tumor immunogenicity and response to ICB therapy
is the composition of the TIME, including the balance
between activated T cells and immune-suppressive cells
infiltrating the tumor.” In this study, we demonstrated
that deletion of the melanoma suppressor Ambral (1) was
associated with reduced cytokine-mediated inflammatory
signaling and (2) strongly inhibited tumor infiltration

of immunosuppressive Treg in transgenic and syngeneic
models of melanoma. These findings were corroborated
in human melanoma samples, showing a correlation
between low AMBRAI expression and a low number of
Treg. Interestingly, the selective inhibition of immuno-
suppressive Treg has been explored for several years as an
alternative strategy to enhance the ability of ICB therapy
to kill the tumor.® ¥ Recently, a specific Fc-opti-
mized anti-CD25 antibody (RG6292) has been developed
to selectively target Treg cells into the tumor without
leading to immune-related toxicities and preserving the
IL-2 signaling on effector T cells.”” * Interestingly, this
antibody was demonstrated to synergize with ICB therapy
to eradicate tumors’’ and is currently undergoing a clin-
ical trial to evaluate its safety and tolerability in patients
with advanced solid tumors (NCT04158583).

In our study, Ambral-deficient tumors exhibited a
partial reduction of tumor growth on anti-PD-1 treatment,
suggesting that Ambral status might affect responsiveness
to ICB therapy. By analyzing transcriptomic data from
advanced melanomas, low AMBRALI levels and response
to anti-PD-1 treatment seem to show a trend association,
likely due to limitations in terms of number of responders
and data on AMBRALI expression restricted to RNA levels.
A complete tumor regression was not detected in anti-PD-
1-treated Ambral-deficient mice in the time frame of our
in vivo study. Most likely, such incomplete response can
be ascribed to the proliferative advantage of null or low-
expressing Ambral tumor cells," as also shown by accu-
mulation of cyclin D1 in shAmbral (#1 and #3) YUMM1.7
cells. This is indeed a typical feature observed upon
Ambral loss, which may overcome the immune response
activated by the PD-1 inhibitor, eventually leading to
maintained tumor growth.

The immune-modulatory effects of Ambral are
explained at least in part by changes in the expression
and secretion of specific ILs and chemokines directly
affecting Treg infiltration. Intriguingly, it has been
revealed that Ccl22-Il-1o-mediated signaling, induced by
cancer cell release of Il-10,, promotes Treg recruitment to
the tumor.?” In our setting, loss of Ambral led to down-
regulation of II-1o. and the Treg-attracting chemokine
Ccl22, and suppression of Treg infiltration in Ambral-null
tumors was rescued by supplementing Il-l1o. Together,
these findings point to the Ambral-Il-10-Ccl22 signaling
axis as a possible mechanism underlying the reduction of
Treg infiltration in Ambral-deficient melanoma.

Ambral has been described as a positive regulator of
autophagy, interacting with several proteins involved in
the different steps of the autophagy process.*” Auto-
phagy has been reported to specifically modulate the
production and secretion of IL-1 family cytokines (eg,
IL-18, IL-1co. and B) as well as chemokines (e.g., Ccl5)
via different mechanisms.*”™* Although we previously
showed that the tumor-suppressive role of Ambral in
melanoma was beyond its autophagy function,'’ *® the
results obtained with the expression of a mutant form
of AMBRAI point to a role for AMBRAIl-mediated
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Figure 6 Analysis of PD-1 inhibitor treatment in Ambra1-deficient tumors. (A) Tumor kinetics in mice receiving 150,000 shCT
or shAmbra1 #3 YUMM1.7 cells. When tumors were measurable, mice were assigned to receive anti-PD-1 (aPD-1) or isotype
control (IgG) injections and the tumor kinetics was evaluated for 15 days (n=6). Each data point corresponds to the average
tumor volume +SEM, as determined for each experimental group. (B) Overall survival of syngeneic mice injected with shCT
(n=5-6) and shAmbra1 #3 (n=5-6) YUMM1.7 cells, treated with aPD-1/IgG. The endpoint was defined as the date the mice
reached tumor max size. Log-rank test for comparisons of Kaplan-Meier survival curves indicates lower survival in shAmbra1 #3
IgG versus shAmbra1 #3 aPD-1 (**p<0.01), and in shAmbra1 #3 IgG versus shCT aPD-1/IgG (**p<0.001). Ambrai, autophagy
and beclin 1 regulator 1; aPD-1, anti-PD-1 antibody; PD-1, programmed cell death protein 1.

autophagy in regulating cytokine signaling, specifically
IL-10, and possibly Treg infiltration. Indeed, this mutant
retains the autophagic function of the protein, while
resembling the AMBRAI-deficient phenotype in mela-
noma (eg, FAKI activation, cyclin D1 accumulation and
EMT induction'?). However, which are the exact mecha-
nisms by which autophagy can modulate IL-1o expression
in cancer cells, or whether the sole autophagy function of
AMBRAI1 (rather than additional unknown functions) is
the only mechanism involved in this regulation, deserve
further investigation.

Our study adds Ambral to the growing list of cancer
genes that, in addition to their canonical tumor

suppressor functions, contribute to modulate the TIME
through tumor cell-intrinsic expression of cytokines and
chemokines. In melanoma, constitutive activation of
MAPK signaling mediated by the BRAF'*"" oncogene
leads to increased production of the pro-inflammatory
cytokines such as IL-6 and IL-10, contributing to mela-
noma cell evasion of the immune system.*” Similarly,
oncogenic KRAS mutations have been shown to induce
a pro-inflammatory and immunosuppressive stroma in
multiple cancer types.*® Ambral is an intrinsically disor-
dered protein that can interact with several protein
partners.'" * This multifaceted nature has undoubtedly
conferred Ambral numerous functions, ranging from
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autophagy to apoptosis, cell proliferation and invasion,
which may differently, either in synergy or not, affect
tumor progression and response to therapy.'' * Hence,
Ambral may represent a new class of cancer genes the
absence or downregulation of which, in contrast to
oncogenic BRAI' and KRAS, suppresses inflammation
and increases the response to immunotherapy alongside
promoting tumorigenesis.

In conclusion, our work sheds light on Ambral as a
modulator of the TIME in melanoma. Whether patients
stratified for null/low AMBRAI expression could display
a better response to ICB therapy as a consequence of a
lower number of Treg cells, hence highlighting these cells
as a promising therapeutic target for immunotherapy effi-
cacy, awaits further studies.
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