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ABSTRACT

Background Immune responses against tumors

are subject to negative feedback regulation. Immune
checkpoint inhibitors (ICls) blocking Programmed cell
death protein 1 (PD-1), a receptor expressed on T cells, or
its ligand PD-L1 have significantly improved the treatment
of cancer, in particular malignant melanoma. Nevertheless,
responses and durability are variables, suggesting that
additional critical negative feedback mechanisms exist and
need to be targeted to improve therapeutic efficacy.
Methods We used different syngeneic melanoma mouse
models and performed PD-1 blockade to identify novel
mechanisms of negative immune regulation. Genetic
gain-of-function and loss-of-function approaches as well
as small molecule inhibitor applications were used for
target validation in our melanoma models. We analyzed
mouse melanoma tissues from treated and untreated mice
by RNA-seq, immunofluorescence and flow cytometry

to detect changes in pathway activities and immune

cell composition of the tumor microenvironment. We
analyzed tissue sections of patients with melanoma by
immunohistochemistry as well as publicly available single-
cell RNA-seq data and correlated target expression with
clinical responses to ICls.

Results Here, we identified 11-beta-hydroxysteroid
dehydrogenase-1 (HSD11B1), an enzyme that converts
inert glucocorticoids into active forms in tissues, as
negative feedback mechanism in response to T cell
immunotherapies. Glucocorticoids are potent suppressors
of immune responses. HSD11B1 was expressed in
different cellular compartments of melanomas, most
notably myeloid cells but also T cells and melanoma cells.
Enforced expression of HSD11B1 in mouse melanomas
limited the efficacy of PD-1 blockade, whereas small
molecule HSD11B1 inhibitors improved responses in a
CD8* T cell-dependent manner. Mechanistically, HSD11B1
inhibition in combination with PD-1 blockade augmented
the production of interferon-y by T cells. Interferon
pathway activation correlated with sensitivity to PD-1
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= The clinical success of immune checkpoint therapy
in patients with malignant melanoma and other can-
cers has revolutionized the therapeutic landscape
in metastatic cancer. However, massive immune-
related adverse events leading to treatment discon-
tinuation and limited response suggest a negative
feedback mechanism that determines therapeutic
efficacy and durability.

WHAT THIS STUDY ADDS

= Inhibition of 11-beta-hydroxysteroid dehydroge-
nase-1 (HSD11B1) under PD-1 blockage supports
a proinflammatory phenotype in tumor-associated
macrophages promoting their ability to activate T
cells in regulating interferon-y-dependent immunity.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study identified HSD11B1 as a novel enzymatic
immune checkpoint in response to T cell immuno-
therapies in patients with malignant melanoma but
also highlights the need for careful patient stratifi-
cation with respect to the tumor immune landscape.

blockade linked to anti-proliferative effects on melanoma
cells. Furthermore, high levels of HSD11B1, predominantly
expressed by tumor-associated macrophages, were
associated with poor responses to ICI therapy in

two independent cohorts of patients with advanced
melanomas analyzed by different methods (SCRNA-seq,
immunohistochemistry).

Conclusion As HSD11B1 inhibitors are in the focus

of drug development for metabolic diseases, our data
suggest a drug repurposing strategy combining HSD11B1
inhibitors with ICls to improve melanoma immunotherapy.
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Furthermore, our work also delineated potential caveats emphasizing the
need for careful patient stratification.

INTRODUCTION

Immune checkpoint inhibitors (ICIs) have substantially
improved the treatment outcome of patients with mela-
noma.'™ ICIs are monoclonal antibodies that block cell
surface molecules like PD-1 or cytotoxic T-lymphocyte-
associated Protein 4 (CTLA-4) leading to reinvigoration
of anti-tumor T cell immunity." Despite high response
rates, resistance to ICI therapy remains a clinical chal-
lenge and active field of research.”” Recently, Grasso
et al’ performed transcription profiling of baseline and
on-treatment biopsies from patients with advanced mela-
noma (CheckMate 038 study) receiving anti-PD-1 alone or
in combination with anti-CTLA-4. The authors found that
T cell infiltration and induction of interferon-y (IFN-y)
signaling had the strongest predictive value for clinical
responses to ICI therapy paralleled by melanoma cell
growth arrest. Moreover, analyzing a panel of melanoma
cell lines revealed a conserved response to IFN-y, which
was proposed to amplify the anti-tumor immune response
within the tumor microenvironment (TME). Also, tran-
scriptomic signatures linked to antigen presentation were
found to be associated with favorable responses to ICL’

Apart from IFN-y, many signaling pathways or microen-
vironmental conditions influence anti-tumor immunity.'
The role of glucocorticoids (GCs), however, tends to be
neglected, even though their immunosuppressive func-
tions are known for decades. GCs are frequently used to
cope with immune-associated side effects generated by
ICI claiming that anti-tumor effectivity is not harmed." ™"
Primarily, GCs are produced in the adrenal cortex under
the control of the hypothalamic—pituitary—adrenal axis,
a neural-endocrine circuit coordinating metabolism and
stress responses.'* GC activity in target issues is regulated
by intracellular enzymes, in particular 11-beta-hydroxys-
teroid dehydrogenase-1 (HSD11B1) that converts inac-
tive GCs into active GCs,"”™"7 a process of tissue-specific
GC recycling and different from GC de novo synthesis.
Recently, GC synthesis by tumor-associated myeloid cells
and T cells has been implicated in the instruction of T
cell dysfunction.'™ "

Binding of GCs to the GC receptor (NR3CI, also
known as GR), a ligand-activated transcription factor,
and transcriptional regulation is considered as the clas-
sical mode of action.*” ' GCs dampen proinflammatory
cytokine production, leukocyte recruitment and acti-
vation including antigen-specific T cell responses.'* ** %
Furthermore, GCs limit the maturation and activation of
dendritic cells (DGCs), a professional antigen presenting
cell type centrally orchestrating T helper responses,™
also relevant for cancer immunity.” Altogether, GCs exert
immune regulation by a myriad of mechanisms, which
are still not fully understood.

Here, we identified increased expression of HSD11B1
as a negative feedback mechanism of ICI therapy limiting

IFN-y signaling within melanomas. Pharmacological
inhibition of HSD11B1 activity enhanced the efficacy of
PD-1 blockade in a syngeneic melanoma mouse model
dependent on CD8" T cells augmenting IFN-y produc-
tion. Furthermore, high expression of HSD11B1 predom-
inantly by tumor-associated macrophages was associated
with poor responses to ICI therapy in patients with mela-
noma. In the view of recent data by Grasso et al,8 our
data suggest to evaluate HSD11B1 inhibitors combined
with ICIs to amplify IFN-y signaling in melanomas and
improve clinical responses.

MATERIALS AND METHODS

Patient-derived tissue samples

Formalin-fixed and paraffin-embedded (FFPE) tissue
samples from metastases of patients with stage IV mela-
noma were used and classified regarding their best
response toward anti-PD-1 monotherapy (progressive
disease (PD) n=11; stable disease (SD) n=6; partial
response (PR) n=4 and complete response (CR) n=3)
according to the RECIST criteria. For 4 patients,
matched pairs were taken before and under PD-1 inhib-
itor monotherapy using nivolumab or pembrolizumab
were available that allowed for intraindividual compar-
ative analysis. In total, we included 21 cutaneous, 2
nodal and 1 lung melanoma metastases in our study.
The cohort and clinical data were provided by the Skin
Cancer Biobank (SCABIO) of the Dermatology Depart-
ment of the University Hospital Essen, Germany. All
melanoma metastases were histopathologically diag-
nosed (EH).

Cell lines

Cutaneous melanoma (CM) and lymph node (LN) metas-
tases) are cell lines generated from the Mi-Ret geneti-
cally engineered mouse melanoma model (GEMM).*
HCmell2 melanoma cells were previously used in our
studies®” * and originally provided by Thomas Titing
(now University Hospital Magdeburg, Germany).* B16F1
melanoma cells were purchased originally from American
Type Culture Collection (ATCC). All melanoma cell lines
were routinely cultured in ‘complete RPMI medium’, ie,
RPMI 1640 medium (Gibco, #21875034) supplemented
with 10% heat-inactivated fetal calf serum (FCS,PAA Labo-
ratories), 2 mM L-glutamine (Gibco, #25030081); 100
IU/mL penicillin and 100 pg/mL streptomycin (Gibco,
#15140122). The HEK293T cell line was purchased from
ATCC and used for retrovirus production and routinely
cultured in ‘complete DMEM’, that is, DMEM (Gibco,
#41965039) supplemented with 10% heat-inactivated FCS
(PAA Laboratories), 2 mM L-glutamine (Gibco); 100 IU/
mL penicillin and 100 pg/mL streptomycin (Gibco). All
cell lines were grown in a humidified incubator with 5%
CO, at 37°C and tested for mycoplasma contamination
on a monthly basis.
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Generation of Hsd11b1-deficient cell lines

The Hsdllbl-deficient cell lines CM.Hsd11b1”~ and
HCmell2.Hsd11b1”~ are based on a CRISPR-Cas9-
mediated Hsdllbl-knockout in CM and HCmell2
melanoma cells. The plasmid pX330-U6-Chimeric_
BB-CBh-hSpCas9 was digested with BbsI (New England
Biolabs, #R0539L) and gel purified. A double-stranded
DNA oligonucleotide (Microsynth) targeting the murine
genome downstream of Hsdllbl (K44) was cloned
into the digested vector. The oligonucleotides used are
listed in online supplemental table S5. The resulting
plasmid pX330-Hsdl IbI7" was visualized by agarose gel
electrophoresis and validated by Sanger sequencing
(Microsynth). The CM and HCmell2 melanoma cells
(3x10° cells; 12-well) were transfected with 2 pg of pX330-
Hsd11b17~ using FuGENE HD transfection reagent
(Promega, #E2311) according to the manufacturer’s
instructions. Hsd11bl-deficient monoclones were grown
from single-cell suspensions, validated by next gener-
ation sequencing (NGS) and analyzed using the web
tool OutKnocker (http://www.outknocker.org/ ).30 The
plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift
from Feng Zhang (Addgene plasmid #42230).

Generation of Hsd11b1-engineered cell lines

The Hsdllbl-engineered cell lines CM.pRP.Hsd11bl1,
CM.Hsd11b1”".pRP.Hsd11b1 and HCmell2.Hsd11bI"".
PRP.Hsd11b1 were generated by retroviral transduction
of CM, CM.HsdI1b1”~ and HCmell2.Hsd11b1”~ mela-
noma cells with a pRP-based HsdlIbl-construct. The
plasmid pRP was digested with BamHI-HF (New England
Biolabs, #R3136L) and Xhol (New England Biolabs,
#R0146L) and gel purified. The Hsd11bl consensus CDS
CCDS15635.1 (including a N-terminal BamHI-HF restric-
tion site, a N-terminal Kozak sequence and a C-terminal
Xhol restriction site) was amplified from CM-derived
complementary DNA. The oligonucleotides used are
listed in online supplemental table S6. The PCR product
was purified, digested with BamHI-HF (New England
Biolabs) and Xhol (New England Biolabs), purified and
cloned into the digested vector. The resulting plasmid
PRP.Hsd11b1was visualized by agarose gel electrophoresis
and validated by Sanger sequencing (Microsynth). For
retroviral transduction, HEK293T cells were cultured in
complete DMEM and transfected with packaging plasmids
(gag-pol and pCMV VSV-G) and pRP.Hsd11b1 by calcium
phosphate transfection. One day later, the HEK293T cells
were washed with complete DMEM. One additional day
later, the HEK293T supernatants were filtrated using a
0.45 pM syringe filter and added to the melanoma cells.
Three additional days later, the melanoma cells were
subjected to antibiotic selection with 2 pg/mL puromycin
(Sigma-Aldrich, #P8833) for 3—4 days. The plasmid pRP
was a gift from Eicke Latz (Institute of Innate Immunity,
Bonn, Germany) (Addgene plasmid #41841). The plas-
mids gag-pol and pCMV VSV-G were also a gift from Eicke
Latz (Institute of Innate Immunity).

Cell growth assays

For cell growth at low density, CM and LN melanoma
cells (1500 cells; 12-well) were incubated for 24 hours
with complete RPMI medium (Gibco) and afterwards
treated with complete RPMI medium supplemented with
recombinant murine IFN-y (Peprotech, #315-05) at indi-
cated concentrations or vehicle control for 6 or 8 days,
respectively. The cells were fixed with 4% formaldehyde
(Sigma-Aldrich, #47608) solution, washed with water,
stained with 0.05% crystal violet (Sigma-Aldrich, #C0775)
for 30 min and washed three times with water. Dry 12-well
plates were scanned and quantified using the Odyssey SA
Infrared Imaging System (LICOR Biosciences).

ELISA

ELISA was performed to evaluate the ability of Hsd11bl
to convert inactive 11-dehydrocorticosterone (11-DHCS)
to active CS. CM, LN, B16F1 and HCmell2 melanoma
cells (3x10° cells; 12-well) were incubated for 24 hours
with complete RPMI medium, washed with PBS and incu-
bated for up to 24 hours with FCSHfree complete RPMI
medium supplemented with DMSO (Carl Roth, #4720.1),
15.844 pg (0.046 pM) 11-DHCS (US Biological, #D3224-
99) or 16.000 pg (= 0.046 pM) CS (Cayman Chemical,
#16063). DMSO-containing, 11-DHCS-containing and
CS-containing media were also incubated without cells
and used as negative and positive controls. In case of
Hsd11bl-inhibition FCS-free complete RPMI medium
supplemented with DMSO (Carl Roth, #4720.1), Carben-
oxolone (CBX, Sigma-Aldrich, #C4790) or 11beta-HSD1
inhibitor, 10j (Merck KGaA, #385581) was added 2 hours
before GC treatment. Supernatants were collected and
stored at —80°C. CS concentrations were determined
using corticosterone (CS) ELISA kit (Enzo Life Sciences;
#ADI-900-097) according to manufacturer’s protocols.
Samples were normalized as indicated.

In vivo tumorigenesis on anti-PD-1, CBX and 10j injections

In 200 pL Matrigel (Corning, #354277) /PBS (1:1) 5x10°
CM cells were suspended and subcutaneously injected
in 12-week-old C57BL/6 female mice. CBX (20 mg/kg,
Sigma-Aldrich, #C4790), anti-PD-1 (10 mg/kg, clone
RMP1-14, BioXcell, #BE0146) or isotype control IgG2a
(10 mg/kg, clone 2A3, BioXcell, #BE0090) was intraperi-
toneally injected at days -1, 0, 2, 4, 6, 8 and 10 depending
on the experimental setting. 10j (Merck KGaA, #385581)
was subcutaneously injected at days -1, 0, 1 and 2 with a
concentration of 10 pM/5% DMSO (Carl Roth, #4720.1)
and at days 3, 4, 5, 6 and 7 with a concentration of 5
pM/2.5% DMSO. Five per cent DMSO in water was
subcutaneously injected from day -1 to day 7 as a vehicle
control. Animals were sacrificed on indicated time points.
Tumor volumes were calculated using a caliper with the
formula: tumor volume=widthxlengthxheight.

Isolation of CD8™ T cells from CM melanoma
CDS8" T cells were isolated from tumor single-cell suspen-
sions using flow sorting (FACS Aria cell sorter, BD
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Biosciences). Single-cell suspension from tumor tissues
was incubated with PBS containing Mouse BD Fc Block,
eBioscience Fixable Viability Dye eFluor 780 and anti-
mouse CD8a Pacific Blue (558106, Clone: 53-6.7, Rat
IgG2a, k, BD Biosciences). CDS8"' T cells were sorted with
the purity >90%.

Immune depletion of CD8" T cells

Anti-CD8a depleting antibody (40 mg/kg, clone 2.43,
BioXcell, #BE0061) was intraperitoneally injected every
4 days starting from day -1 prior CM cells transplantation
until mice were euthanized. IgG2a (10 mg/kg, clone 2A3,
BioXcell, #BE0090) was used as its isotype control. CD8
depletion efficacy was validated in blood, draining LNs
and tumors, with the indicated antibodies by flow cytom-
etry (BD FACS Aria III, BD Biosciences).

Flow cytometry

Tumor tissues and LNs were harvested, digested and disso-
ciated using the mouse tumor dissociation kit (mTDK)
(Miltenyi Biotec, #130-096-730) and the gentleMACS
Dissociator (Miltenyi Biotec) according to the manufac-
turer’s instructions. Single-cell suspensions were passed
through a 70 pm cell strainer (Falcon, #10788201) and
washed twice with PBS (Gibco, #11503387). For the lysis
of erythrocytes, blood and tumor suspensions were incu-
bated with 1x RBC Lysis Buffer (BioLegend, #420301) for5
min and washed twice with PBS before further processing.
Single-cell suspensions were incubated with CD16,/CD32
blocking antibody (1:200, BD Biosciences, #553142) prior
to incubation with fluorochrome-conjugated antibodies.
For analysis of live and dead cells, Zombie NIR Fixable
Viability Dye Kit (1:1000, BioLegend, #423105) was used.
Fluorochrome-conjugated antibodies used in this study
were: anti-mouse CD45 (1:200, BioLegend, #157205),
anti-mouse CD8 (1:100, Miltenyi Biotec, #130-177-776)
and anti-mouse IFN-y (1:200, BioLegend, #505808),
anti-mouse CD11b PECy7 (1:200, BioLegend #101216),
anti-mouse F4/80 APC (1:200, BioLegend, #17-4801),
anti-mouse CD206 PE Dazle (1:200, BioLegend #141732)
and anti Arginasel AF488 (1:200, Thermo Fisher Scien-
tific #53-3697-82). For intracellular staining, fixation and
permeabilization were carried out using the intracellular
Fix and Perm. Kit (Thermo Fisher Scientific #88-8824-00)
following manufacturer’s recommendation. For intranu-
clear staining, fixation and permeabilization were carried
out using the True-Nuclear Transcription Factor Buffer
Set (BioLegend, #424401) as manufacturer’s protocol.
All data were recorded on a BD FACS Aria III flow cytom-
eter (BD Biosciences) and analyzed using FlowJo V.10
software for Windows (BD Biosciences).

Quantitative real-time polymerase chain reaction

The RNA was isolated using the mTDK (Miltenyi Biotec,
#130-096-730) and the gentleMACS Dissociator (Miltenyi
Biotec) and the cDNA was produced using the SuperScript
IT Reverse Transcriptase Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocols. RI-PCR was

performed at 60°C annealing temperature using primers
(Thermo Fisher Scientific) listed in online supplemental
table S7. Actin was used as housekeeping gene. The mRNA
expression was measured using the Luna Universal gPCR
Master Mix (New England Biolabs). Relative gene expres-
sions were calculated by 2-AACt formulations.

Macrophage polarization assay in bone marrow-derived cells
Bone marrow cells collected out of the femur bones from
C57B16/N mice were washed out with 1x PBS (Gibco,
#11503387) by using an eclipse needle (BD#305892).
Cells were meshed through 100 pm sterile strainers
(pluriSelect #43-50100-01). For the lysis of erythrocytes,
bone marrow suspension was incubated with 1x RBC Lysis
Buffer (BioLegend, #420301) for 5 min and washed twice
with PBS before further processing. About 6x10° cells
were plated out into 6-well plate within 5 mL. of DMEM
with stable Glutamin (Bio&Sell #BS.FG0435) supple-
mented with 10% FCS, 100 pg/mL streptomycin (Gibco,
#15140122) and 10ng/mL M-CSF (Miltenyi #130-094-
129). At day 3, 2.5 mL fresh medium supplemented with
M-CSF was added to the cells. The cells were harvested
at day 6 by using 0.25% Trypsin (Gibco #25200056). The
polarization of BMDMs was performed into 12-well plates
by seeding out 0.4x10° cells/well and incubated for 24
hours at 37°C with 5% CO,. M1 polarization of macro-
phages was done by adding 2 mL of DMEM with stable
Glutamin supplemented with 10% FCS, 1% P/S and
100 ng/mL LPS (Sigma #501323). The polarization of
BMDMs into M2 macrophages was performed by adding
2 mL of DMEM with stable Glutamin supplemented with
10% FBS, 1% P/S and 20 ng/mL interleukin-4 (IL-4)
(Miltenyi #130-094-061). After incubation, cells were
harvested by using 0.25% Trypsin and samples were
generated for flow cytometry and qPCR analysis.

Steroid activity assay on polarized bone marrow-derived
macrophages

Isolated BM cells were incubated as described above. On
day 2, 2.5 mL M-CSF supplemented medium was added
to the cells. Cells were harvested at day 5. Polarization of
BMDMs was performed into 24-well plates by seeding out
25x10° cells per well and incubated for 48 hours at 87°C
with 5% CO,. Polarization into M1 and M2 macrophages
was performed as descibed before. In addition, cells were
treated with 16 pM 11-DHC (Biomol #72-23-1) and 0.1
pM llbeta-HSDI inhibitor, 10j (Merck #385581). After
incubation, cells were harvested for FACS analysis.

Immunohistochemistry

Serial sections (4 pm thickness) were prepared from
FFPE tumor biopsy samples or healthy human liver. Stan-
dard hematoxylin and eosin staining was performed for
tissue morphology visualization. Tumor area was marked
as region of interest (ROI). Human FFPE tumor tissues
were stained for 1l-beta-hydroxysteroid dehydrogenase
(immunohistochemistry (IHC)). Samples were deparaf-
finized with two 100% Xylene (AppliChem, #1317691612)
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steps of 10 min followed by an ethanol dilution series of
100%, 95%, 90%, 80%, 70% and 50% 5 min each. After
5 min washing step on distilled water, samples were
blocked with 3% hydrogen peroxidase (Sigma-Aldrich,
#H1009) for 15 min at room temperature (RT). Washing
and blocking steps were repeated for 5 min. Staining
continued at the Autostainer Link 48 (Dako) with steps
including hematoxylin nuclei staining, AP1 Dako Red
(Dako), AB2 Dako Red (Dako), 11B8-Hydroxysteroid
Dehydrogenase polyclonal antibody (Cayman Chemical,
Cat#100004303) staining. Slides were digitalized using
Amperio AT2 (Leica Biosystems) at the West German
Biobank Essen. Human HSDI11B1 expression analysis
on a cell-to-cell basis was performed using the Definiens
Tissue Studio Software (Definiens). Intratumoral analysis
of each sample was made using the marked ROI. Indi-
vidual HSD11B1 parameters were defined according to
the corresponding IgG control. The ‘background’ inten-
sity given by the IgG control was used as threshold. Areas
without nuclei in between the tumor area (wholes, cuts,
punch biopsies) were excluded in order to calculate the
individual number of positive cells per total number of
tumor cells.

Immunofluorescence/CODEX

Frozen murine tumor tissue sections (4 pm thickness)
were fixed with Acetone (Sigma-Aldrich, #48358) /Meth-
anol (Sigma-Aldrich, #M1775) (1:1) for 3 min on ice. After
5 min washing steps with 1x PBS (Gibco)/0.2% Tween
(Sigma-Aldrich, #P1379), samples were blocked with 5%
normal goat serum (NGS) (Sigma-Aldrich, #566380) /1%
bovine serum albumin (Sigma-Aldrich, #A7030) for 30
min at RT. Samples were incubated overnight at 4°C with
rabbit anti-mouse CD4 (BD Pharmingen, Cat #550278)
or rat anti-mouse CD8 (BD Pharmingen, #553027).
Fluorescently conjugated secondary antibody rabbit
anti-rat Alexa Fluor 488 (Invitrogen, #A-11006) and DAPI
(Sigma-Aldrich, Cat #D9542) were applied for 30 min at
RT followed by 5 min washing steps. Stained slides were
mounted with Fluoromount-G (SouthernBiotech, #0100-
01) and stored at 4°C. Images were acquired using the
AxioObserver.Z1 (Zeiss). Intratumoral quantification of
CD4" and CDS8" cells were quantified using Image] soft-
ware (Fiji). A detailed description of the CO-Detection by
indEXing (CODEX) tissue imaging is provided as online
supplemental methods.

3'mRNA sequencing and initial processing

The 3'mRNA-seq library preparation was performed by
the University Hospital Bonn (UKB) NGS core facility
with the forward QuantSeq 3'mRNA-Seq Library Prep
Kit for Illumina (Lexogen GmbH, #113.96) according
to the manufacturer’s protocol. Size distribution and
library yield after the PCR step were determined by a
D1000 high-sensitivity tape station (Agilent) prior to
pooling of the barcoded libraries. The pooled libraries
were loaded onto the Illumina HiSeq2500 platform and
sequenced by a 50-cycle high-output run. Computational

analysis was performed using the R-based Bioconductor
computing environment. FASTQ files were aligned to
the Mm10 mouse reference genome using the Rsubread
aligner package.” To adjust the alignment procedure
to 3'mRNA-seq data, the Rsubread align function was
executed without trimming but allowing for mismatches
in the initial cycles. Only reads with at least 45 bases in
length were included in the analysis. Initial mapping
using the Rsubread algorithm (‘align’) allowed for
ambiguous mapping (max two genomic sites to allow for
junction reads), but gene level summary with the ‘feature-
Counts’ methods was set to unique mapping. The ‘voom’
method of the limma package was used for normalization
and linear modeling.” The mRNA expression values were
transformed to log2 values of read counts per million
(log2 cpm).

Gene signature and differential gene expression analyses
Gene set enrichment analysis (GSEA) was performed
using a Java-based stand-alone version.” Gene set collec-
tions were obtained from the Molecular Signature Data-
base (MSigDb V.7.2, https:/ /www.gsea-msigdb.org).”* The
preranked gene list mode was used for the analyses with
1000 permutations and default settings. GSEA plots were
generated with a slightly modified version of the R-func-
tion replotGSEA that can be accessed via https://github.
com/PeeperLab/Rtoolbox/blob/master/R/ReplotG-
SEA.R. Raw sequencing data will be available through the
European Nucleotide Archive (ENA) under the accession
numbers PRJEB46156, PRJEB46157, PRJEB46158 and
PRJEB46159.

Analysis of public scRNA-seq datasets

The scRNA-seq dataset of Jerby-Arnon et al® was down-
loaded from Gene Expression Omnibus (accession
number GSE115978). The matrix of normalized counts
(Transcript Per Kilobase Million) was used to create a
Seurat object in Seurat package in R.*® Cells having <1000
and >7500 genes expressed were filtered out and the
HSDI11BI expression was plotted across all the cell types.
The scRNA-seq data set of Sade-Feldman et al’’ was down-
loaded from the Single Cell Portal (https://singlecell.
broadinstitute.org/single_cell). Similarly, as the data anal-
ysis of Jerby-Arnon et al, the matrix of normalized counts
(Transcript Per Kilobase Million) was used to create a
Seurat object and cells having <1000 genes expressed
filtered out. Next, the HSDI11B1 expression was plotted
across all the clusters identified in this study and between
responders and non-responders. A two-sided Wilcoxon
signed-rank test was used to test the statistical difference
of the HSDI11BI expression between ICI responders and
non-responders overall.

Statistics

Information on the study outline, sample size and statis-
tical analysis (statistical tests) is shown in the main text
and figure legends. Independent experiments are
presented individually or combined, as indicated in the
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figure legends. Group comparisons were statistically with
Student’s t-test or Wilcoxon rank-sum tests or Kruskal-
Wallis test dependent on the type of input data and with
a 95% CI. In case of multiple comparisons, corrections
for multiple testing were done with the Benjamini and
Hochberg method. Data show the mean values+SD or
SEM. Statistical significance is indicated in the figures as
follows: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. P
values >0.05 are not indicated.

RESULTS

Hsd11b1 expression increases early during adoptive T cell
therapy of mouse melanomas

First, we asked whether there is evidence that therapy-
induced T cell infiltration into melanomas promotes
GC-driven negative feedback signaling. For hypothesis
generation, we interrogated our previously performed
experiments and dataset of BI6F1 syngeneic mouse mela-
noma model treated with adoptive cell transfer (ACT)
using Pmel-1 CD8' T cells® (online supplemental figure
1A). T cell receptor-transgenic Pmel-1 T cells are directed
against the melanocyte differentiation antigen gpl00
(also known as Pmel).”® Comparing transcriptomes of
ACT-treated vs non-treated B16F1 melanomas early
during ACT, GSEA showed strong activation of interferon
responses and suppression of cell proliferation (E2F
targets) (online supplemental figure S1B,C and table S1).
The proinflammatory TME switch caused by ACT was
evidenced by increased levels of marker genes for (cyto-
toxic) T cells and myeloid cells as well as proinflammatory
cytokines and negative immune checkpoints like PD-L1
(Cd274) (online supplemental figure S1D). With regard
to core GC pathway genes involved in GC synthesis (eg,
Cypllal), GC activation (Hsd11bI) and the GR receptor
itself (Nr3cl), we found significantly increased expression
of Hsd11b1 expression in ACT-treated samples and posi-
tive trends for CyplIAI and Nr3cl (online supplemental
figure S1E). Hsd3b7, also significantly induced, is known
to play a role and in bile acid synthesis, but a role in
GC synthesis has not been reported so far.” Given that
HSD11B1 activity critically regulates pre-receptor GC acti-
vation and GC recycling in tissues independently of local
GC synthesis,'” we focused on HsdI1b1 expression and its
potential cellular source(s). To this end, we determined
the genes showing the strongest correlation with Hsd11b1
levels in ACT-treated vs non-treated BI6F1 melanomas.
Intersection of the top 50 genes with the Immgen project
transcriptomes of murine immune cell subtypes revealed
the highest associations with myeloid immune cell
subtypes such as neutrophilic granulocytes, monocytes
and macrophages (online supplemental figure S1F).**
In ACT-treated melanomas, increases in Hsd11b1 level
paralleled increases in immune cell signature expres-
sion, in particular myeloid cells and cytotoxic T cells
(online supplemental figure S1G,H). In summary, there
is evidence that Hsdl1bl expression increased on ACT
treatment in BI6F1 melanomas in parallel to immune

cell infiltration suggesting GC activation and recycling
by HSD11BI could be a negative feedback mechanism
within the TME early during immunotherapy.

HSD11B1 expression in human melanomas and response to
ICI therapy

Next, we tested the HSD11B1 expression in a publicly avail-
able scRNA-sequencing dataset from human melanomas
containing malignant, immune and stromal cells.”” *” In
line with our findings from murine melanomas, myeloid
cells (macrophages) appeared as the predominant cell
population expressing HSDI11B1 in human melanomas
(figure 1A). Of note, in a second publicly available scRNA-
sequencing dataset from human melanomas containing
only immune cells from the TME,” the expression of
HSDI11B1 was significantly higher in ICI non-responders
than responders and again predominantly confined to
macrophages (figure 1B,C). To corroborate this finding,
we assessed the expression of HSD11BI in human mela-
nomas by IHC. Control stains confirmed high expression
of HSD11B1 in the liver (online supplemental figure S2A).
We then analyzed tissue specimens (prior to therapy) from
a cohort of 24 patients with melanoma treated with ICIs
(online supplemental table S2). In line with the scRNA-seq
data, HSD11B1 expression was generally absent or weak
in the melanoma cell compartment, whereas infiltrating
immune cells stained strongly positive (figure 1D). Using
automated quantification of IHC signals, we found an
association between increased numbers of HSD11B1" cells
and poor responses to ICI therapy in our patient cohort
(figure 1E). In one additional case with PD as best clin-
ical response, we noticed a uniform and strong signal in
the melanoma cells (figure 1F). Even though scRNA-seq
data provided little evidence for HSD11B1 expression in
human melanoma cells, interrogation of the Cancer Cell
line Encyclopedia (CCLE) database suggested that about
10% (6/63) of melanoma cell lines express detectable
or even high levels of HSDI11BI (online supplemental
figure S2B). We analyzed a small patient cohort (n=4),
for which paired biopsies were available prior and under
ICI therapy, for HSD11B1 expression by IHC (figure 1G).
Though not statistically significant, we found a trend
toward an increase of HSD11B1" cells in melanomas
under ICI therapy (figure 1H). Finally, we established a
CODEX tissue imaging to validate HSD11B1 expression
in CD68" macrophages in patientmatched biopsies from
a melanoma (Sox 10" melanoma cells) prior (figure 2A)
and under (figure 2B) ICI therapy showing a strong
recruitment of intratumoral HSD11B1" macrophages
under therapeutic intervention. Thus, we had evidence
for elevated HSD11B1 level in mouse and human mela-
nomas in response to immunotherapy.

Hsd11b1 expression and activity in mouse melanoma models

Next, we aimed at investigating the functional role of
HSD11B1 for ICI therapy in syngeneic mouse melanoma
models. HCmell2 melanoma cells, derived from the Hgf-
Cdk4"*'° melanoma mouse model,29 showed the highest
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Before therapy (BT)

Under therapy (UT)

Figure 2 Recruitment of HSD11B1" macrophages in human melanoma under ICI therapy. Co-detection by indexing tissue
imaging for HSD11B1 (red), CD68* macrophages (yellow), Sox 10" melanoma cells (light blue) and DAPI (nuclei, dark blue)
before (A) and under ICl therapy (B). Scale bars=100 ym. ICI, immune checkpoint inhibitor.

level of Hsdl1bl expression and CM cells the lowest
(figure 3A). We established CM and LN melanoma cells
from a cutaneous lesion and an LN metastasis, respectively,
which had developed spontaneously in our M{-Ret mouse
melanoma model.? ¥ In rodents, HSD11B1 converts
inactive 11-DHCS to active CS that can be easily detected
by CS-specific ELISAs. To validate the assay and deter-
mine 11-DHCS to CS conversion kinetics, we generated
Hsd11b1”" variants of both HCmel12 cells (Hsd11b1%7*"
7 and CM cells (Hsd1161%°7%") by CRISPR-Cas9 as
well as reconstitution controls by ectopically expressing
Hsd11b1 (pRP.Hsd11b1) in HCmell2.Hsd11b17~ and
CM.Hsd11bI7~ cells (figure 3B). In HCmell2 cells,
11I-DHCS to CS conversion was rapid and almost
complete, in contrast to CM cells. All Hsd11b1™"~ vari-
ants lacked 11-DHCS to CS conversion activity, which was
fully restored on HsdI1bl re-expression. Comparing all
four mouse melanoma cell lines, 11-DHCS to CS conver-
sion correlated with differences in Hsdl1b1 expression
levels (figure 3C). Given that scRNA-seq and CCLE data
suggested mostly low level of HSDIIBI expression in
human melanoma cells, we considered the CM cell line
with the lowest Hsd11bl expression and activity in our
panel as the most appropriate model. The LN cell line
with intermediate HsdI1bl expression and activity was
used for comparison as it is also derived from the Mi-Ret
melanoma mouse model.

PD-1 blockade-sensitive CM melanoma model and resistance
by HSD11B1 overexpression

Both the CM and the LN models showed rapid growth
after subcutaneous inoculation with matrigel into the
flank of syngeneic mice. We compared the transcriptomes
of non-treated CM vs LN melanomas by GSEA and found
that interferon response gene sets (IFN-y) were the most
significantly enriched (figure 3D, online supplemental
table S3). Of note, CM and LN cells were equally sensitive

to IFN-y in vitro (figure 3E), which argued for microenvi-
ronmental differences between CM and LN tumor in vivo.
As several clinical studies associated IFN-y pathway activity
with good responses to ICI, we tested the efficacy of PD-1
blockade vs IgG control in CM and LN models. Taking into
consideration the rapid growth kinetics, we decided for
a priming protocol starting injections of the antibodies 1
day prior to melanoma cell inoculation. We observed that
anti-PD-1 (oPD-1) significantly reduced the growth of CM
melanomas but not LN melanomas when compared with
IgG-treated controls (figure 3F). RNA-seq analyses also
confirmed differential responsiveness to PD-1 blockade by
showing downregulation of proliferation-associated genes
(E2F target genes) only in CM melanomas (figure 3G). In
line with our findings so far, Hsd11b1 expression increased
and correlated with cytotoxic T cell and myeloid cell
content, estimated by marker gene signatures as surrogate
measures, in tPD1-treated CM melanomas (figure 3H,I).
Then, we wondered whether increasing HSD11B1 activity
in the CM model would limit responsiveness to PD-1
blockade. Indeed, the growth of CM melanomas with
ectopic expression of Hsdl1bl (CM.pRP.Hsdl1bl) was
insensitive to oPD-1 treatment (figure 3J,K). As tumors
tended to become necrotic rather rapidly, we harvested
tumors at day 8 to analyze CD8"and CD4' T cell infiltration
by immunofluorescence. Consistently, CM.pRP.Hsd11b1
melanomas showed reduced CD8" and CD4" T cell
infiltration under PD-1 blockade when compared with
control CM melanomas (figure 3L,M). We concluded that
increased HSD11B1 activity locally in the TME, modeled
by enforced expression in tumor cells, limited both the
efficacy of oPD-1 therapy and T cell recruitment.

HSD11B1 inhibitors improve PD-1 blockade in CM mouse
melanoma model

Consequently, we asked whether pharmacological inhi-
bition of HSD11B1 would improve oPD-1 therapy, as
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Figure 3 HSD11B1 expression confers resistance to PD-1 blockade. (A) Overview of mouse melanoma cell lines and
Hsd11b1 expression (3’mRNA-seq). (B) Kinetic of 11-DHCS to CS conversion in indicated cell lines assayed by CS-specific
ELISA (n=3). Dashed line indicates input (100%) of 11-DHCS. Error bars, SD. (C) 11-DHCS to CS conversion (% of input 11-
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Figure 4 Pharmacological HSD11B1 inhibition enhances anti-PD-1 therapy. (A) Titration of HSD11B1 inhibitors carbenoxolone
(CBX) and 10j and inhibitory effect on 11-DHCS to CS conversion (% of input 11-DHCS) assayed by CS-specific ELISA in

CM cells. (B) Overview of CM melanoma samples (n=6 per group) for 3’mRNA-seq analysis and GSEA plots of top enriched
interferon response gene sets in CBX and aPD-1-treated CM melanoma samples compared with non-treated controls.

(C) Heatmap visualizing expression of subset of interferon response genes in CM melanoma samples from (B). (D) GSEA plots
for proliferation-associated gene sets. Samples and group comparisons as in (B, C). (E) Heatmap visualizing expression of
subset of proliferation-associated genes in CM melanoma samples from (B). (F) Individual CM melanoma growth curves treated
as indicated (n=4 per group). (G) Individual CM melanoma growth curves treated as indicated (n=13 control group, n=17 oPD-1
and n=17 aPD-1 + 10j group). Statistics: *p<0.05, **p<0.01, **p<0.001. Two-sided unpaired t-tests (F, G) with correction for
multiple comparisons (Benjamini and Hochberg method). 11-DHCS, 11-dehydrocorticosterone; CM, cutaneous melanoma; CS,
corticosterone; FDR, false discovery rate; GSEA, gene set enrichment analysis; (N)ES, (normalized) enrichment score.

HSD11B1 inhibitors have been in the focus of drug design
for several years for metabolic disorders."”” * CBX and the
11beta-HSD1 inhibitor, 10j are two well-characterized
HSDI11B1 inhibitors used for experimental in vivo
studies, ™" whereby CBX is considered as a non-selective
HSD11B1inhibitor. Using CM cells pretreated with DMSO,
CBX or 10j prior 11-DHCS incubation, we confirmed that
both inhibitors blocked 11-DHCS to CS conversion with

comparable efficacies (figure 4A). Then, we treated CM
melanoma-bearing mice with CBX, oPD-1 or left them
untreated as controls and generated transcriptome data
by RNA-seq. GSEA showed that CBX treatment also led
to an increase of interferon pathway activity, although to
a lesser extent than PD-1 blockade (figure 4B,C, online
supplemental table S4A,B). Proliferation-associated
gene sets (E2F targets) were moderately reduced in
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CBX-treated CM melanomas when compared with oPD-1
treatment (figure 4D,E, online supplemental table
S4C,D). Following the initial molecular characterization
of HSD11B1 inhibition, we next combined PD-1 blockade
with CBX and observed improved tumor growth control of
CM melanomas (figure 4F). Similar results were obtained
when we combined PD-1 blockade with 10j (figure 4G).
We concluded that pharmacological HSD11B1 inhibition
improved the efficacy of PD-1 blockade in our CM mela-
noma model.

HSD11B1 inhibition drives a proinflammatory signature in
tumor-associated macrophages

Because expression of HSDI1B1 has been described
predominantly in macrophages, we wondered whether
expression was dependent on macrophage polarization
and/or occurred in the context of tumor presence. First,
macrophage colony-stimulating factor (M-CSF)-driven
differentiation of bone marrow-derived cells from tumor-
bearing mice, with or without therapeutic intervention,
into macrophages (figure 5A) followed by lipopolysac-
charide (LPS)-induced or IL-4-induced polarization into
Ly6C'arginase1 CD206° M1 or Ly6Carginasel CD206"
M2 (figure 5B) did not result in significant differ-
ences in HSD11B1 expression (figure 5C,D). However,
we observed a slight, although non-significant, trend
toward lower HSD11B1 expression in CD11b'F4/80"
macrophages isolated from CM-transplanted tumors
co-treated with oPD-1 and 10j (figure 5EF). Interest-
ingly, as presented in figure 5G, 10j treatment under PD1
blockage supports the anti-tumoral phenotype of TAMs
by decreasing their CD206 and arginase-1 expression
(figure 5G). In addition, we found an upregulation of
the proinflammatory molecule IL-12 in TAMs under dual
therapy (figure 5H). Macrophage-derived IL-12 has previ-
ously been shown to trigger potent IFN-y secretion in T
cells. Thus, we conclude that 10j promotes their ability of
TAMs to activate T cells in regulating IFN-y secretion in
these cells.

HSD11B1 inhibition promotes IFN-y production by CD8* T cells
under PD-1 blockade

As shown above, CM melanoma cells were highly sensi-
tive to IFN-y exposure in vitro and GCs are known to
impair cytotoxic cytokine production by T cells including
IFN-y. Therefore, we asked whether HSD11B1 inhibi-
tion promoted IFN-y by intratumoral CD8" T cells. After
co-therapy with oPD-1 and 10j, we observe a significant
upregulation of IFN-y-dependent immunity suggesting a
positive immunostimulatory effect triggered by the combi-
nation therapy. Indeed, flow cytometric analyses showed
highest frequencies of IFN-y "CD8" T cells in CM mela-
nomas of mice treated with oPD-1+10j when compared
with the other treatment conditions (figure 6A-C).
Detailed analyses of CD8" T cells isolated from the indi-
vidual treatment groups presented a significant upregu-
lation of selected transcription factors mediating a direct
positive feed-forward regulation of IFN-y production and

mediate cellular responses to IFN-y (online supplemental
figure S4).

To confirm the observed effect of HSD11BI inhi-
bition on CD8" T cells in vitro, we devised a simplified
experimental approach and exposed gpl00 peptide-
activated Pmel-1 CD8" T cells endogenously expressing
Hsdl1b1 to 11-DHCS. Consistently, we detected reduced
IFN-y * production, which could be restored by concom-
itant treatment with HSD11BI inhibitors (figure 6D-F).
Finally, to assess the contribution of CD8" T cells in the
CM melanoma model, we depleted CDS8" T cells with
antibodies and verified effective reduction of CD8" T cell
frequencies in CM melanomas and tumor-draining LN
by flow cytometry (figures 6G and 5H). Of note, oPD-1
monotherapy was only moderately impaired by the deple-
tion of CD8" T cells at early time points of tumor devel-
opment but was severely affected in established tumors
(online supplemental figure S3). In line with our hypoth-
esis, we found that combined treatment with oPD-1+10j
was largely ineffective in mice depleted of CD8" T cells
(figure 61-K). This suggested that inhibition of GC activa-
tion by HSD11B1 elicited both anti-tumor and pro-tumor
effects dependent on the presence of CD8" T cells. Thus,
we propose that HSD11B1 inhibitors could be evaluated
to augment T cell-initiated IFN-y signaling in the context
of ICI therapy, but only in cases with baseline CD8" T cell
infiltration.

DISCUSSION

Systemic levels of GCs are regulated by the hypotha-
lamic—pituitary—adrenal axis,14 but mouse models with
conditional deletion of Hsd11b1 in adipocytes or hepatic
myofibroblasts showed that local regulation of GC activity
is important for metabolism and tissue regeneration.'® **
Furthermore, the majority of circulating GCs are bound
to cortisol-binding globulin (CBG) and thus inactive, but
can be deliberated by cleavage of CBG through neutro-
phil elastase at sites of inflammation.*’ Now, using synge-
neic mouse models of melanoma, our study identified
local GC activation by HSD11B1 as a druggable negative
feedback mechanism of anti-tumor immune responses
induced by T cell therapies.

Recent work by Grasso et al’ underscored the important
association between high IFN-y signaling activity and
benefit from ICI therapy by transcriptome analyses of
pre-treatment and on-treatment biopsies from patients
with melanoma. In view of these clinical data, our CM
and LN syngeneic melanoma models, both derived from
spontaneous melanomas in Mt-Ret transgenic mice, are of
interest, as higher IFN-y pathway activity in CM melanomas
correlated with sensitivity to PD-1 blockade. Co-treat-
ment with HSD11BI inhibitors promoted cellular IFN-y
response and production by CD8" T cells, in line with the
known immunosuppressive functions of GCs,14 further
augmenting IFN-y signaling. In melanoma cells, IFN-y
enforces antigen presentation, release of T cell attracting
chemokines (eg, CXCL9, CXCL10) and growth arrest,8

Martins Nascentes Melo L, et al. J Immunother Cancer 2023;11:004150. doi:10.1136/jitc-2021-004150 11

yBuAdoo Aq paroalold 1senb Aq +20z ‘0T [udy uo jwod g only:dny woly papeojumoq €202 [Udy / Uo 0STH00-T202-oM/9STT 0T Se paysiignd 1s.1y :18oued Jaylounwiw| ¢


https://dx.doi.org/10.1136/jitc-2021-004150
https://dx.doi.org/10.1136/jitc-2021-004150
https://dx.doi.org/10.1136/jitc-2021-004150
https://dx.doi.org/10.1136/jitc-2021-004150
https://dx.doi.org/10.1136/jitc-2021-004150
http://jitc.bmj.com/

A
CM 8 w/o treatment — @ \
Bone  m-csF FACS analysis
marrow —— @ LPS 100 ng/ml —>® / gPCR analysis
Bone marrow -derived IL-4 20 ng/ml —» @
dO d8 macrophages
+-aPD-1:-1, 0, 2, 4,6 [d] (EHEM)
+/-10j:q.d.
+-aPD-1 +10j: -1, 0, 2, 4, 6 [d] +q.d.
B C D
& 1 © - ]
© 0,51% 8 1,98% 2 1 2,20%
kil Q L | <
] O o
A A A @\/ = 3x10"
i S 1.5%x10° -
O = g; S H oPD-1
[ g =
. 3 &, 5x102 29 V aPD-1+ 10
16,5% 2 So gﬁ %102
© 2 1x103 | X o
P ) - &
= -g \ £ '(C) 5x104
T = -4 — ‘ o~ x — v
3 5 3x10 Py N =D
" R oy o L
10° * C/\’(r> \\\/ @ % = Y ¥
100l 0.21% f =
i -4x104 T T T T 0 T
Liver MO M1 M2 M2
10°
0
-10° 0 10® 10¢ 10° 3 -10° 0 10° 10* 10° -10° 0 103 10* 10° .
» F4/80
F
All cells Single cells Live cells
< T <
? 3 ? 5x10% B CM + aPD-1
< K @ s . CM + 10
T T T : g & 41077 V CM + aPD-1 + 10j
: & o
—— S © 3x10*+
—>» FCS-A —» FCS-A — LD 32 S
- ®
Immune cells Myeloid cells 25 2x10™
< o 38
2 e % 1104
%] il
T T 0 T T
— CD45 —>» CD11b
G H
2000 20000 5- ® 19G control
) & 4 M oPD-1
_ 1500 15000+ o aPD-1+10j
w i ©
= = S 34
g — e}
& 1000 S& 10000+ S
8 < o 24
500 5000-] = ;
0-! 04 0

Figure 5 HSD11B1 inhibition modulates macrophage polarization and activity. (A) Experimental outline of bone marrow-
derived macrophages (BMDM) and treatment conditions for in vitro polarization. (B) Representative FACS blots of Ly6C

as marker for M1 and CD206 and Arg1 as markers for M2 macrophages from bone marrow-derived (CD11b*F4/80) cells.
Distribution of Hsd11b1 expression in BMDM from non-treated (C) and treated mice (D) bearing CM melanomas (n=2). Liver
tissue was used as a control. Dotted line indicates the median. MO median: 0.00005, M1 median: 0.0002, M2 median: 0.00008.
(E) Sorting of tumor-derived macrophages. Gating strategy for flow cytometry. (F) Hsd11b1 expression in tumor-derived
macrophages from mice bearing CM melanomas under indicated treatment conditions (n=2). (G) Detection of M2 macrophage
markers CD206 and Arg1 in TAMs of mice under therapy. Median fluorescence intensity (MFI). (H) Quantitative analyses of IL-12
in tumor-derived macrophages in mice of indicated treatment conditions (n=2). CM, cutaneous melanoma; H, IL-4, interleukin-4;
M-CSF, macrophage colony-stimulating factor; LPS, lipopolysaccharide; TAMs, tumor-associated macrophages.FCS, forward
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Figure 6 HSD11B1 inhibition augments IFN-y production of CD8" T cells under PD-1 blockade. (A) Effect of HSD11B1
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which provides an explanation why inactivating mutations
of IFN-y pathway components like JAK2 emerge in some
melanomas acquiring resistance to immunotheralpy.f’o_52
On the contrary, persistent interferon signaling was
shown to activate an intrinsic resistance program to ICI
therapy.” Thus, timing and duration of HSD11B1 inhib-
itor treatment will be critical parameters because IFN-y
can have opposing effects.

Recently, work by others also focused on the emerging
role of GCs in the TME and their capability to restrain
anti-tumor immunity."® ' * Increased GC receptor expres-
sion and GC pathway activity were found in dysfunctional
tumor-infiltrating CD8" T cells.'"® Monocyte-macrophage
lineage cells were identified as main cellular source of
de novo GC biosynthesis with CYP11Al as rate-limiting
enzyme, which was supported by cell lineage-specific
conditional deletion of Cypllal in LysM-Cre;Cypllal”
” mice. Using a similar approach, Mahata et al'’ showed
that ablation of CypI1alin T cells using Cd4-Cre;Cypl1lal’”
/" mice promoted anti-tumor immunity. Another study
found evidence for GC activation by HSD11B1 but not
GC synthesis in peripheral T cells,”* suggesting that
tumor-infiltrating T cells can acquire GC synthesis compe-
tency. Work by Yang et af® found a critical role for GC-in-
duced expression of 75¢22d3 in DCs, which impaired the
capability of DCs to coordinate an effective anti-tumor
immune response. In line with our findings, these recent
studies emphasized the importance of local GC signaling
for tumor immune surveillance. Now, our work defined
GC activation by increased HSD11BI1 activity in mela-
nomas as an early event in response to ICI therapy that
controls IFN-y signaling in the TME driven by CD8" T
cells. Of note, small molecule inhibitors of HSD11B1
are being developed and evaluated for the treatment of
metabolic diseases including diabetes and obesity,"” ** %
for which reason combining HSD11B1 inhibitors with ICI
could be feasible drug repurposing strategy to improve
cancer immunotherapy.

Immune-related adverse advents (irAEs) are well-
documented side effects of ICIs and irAEs can be severe
(grade 3, 4 or 5) leading to discontinuation of the treat-
ment.”**” As GCs are commonly used to treat severe irAFEs,
there is the potential caveat that blocking GC synthesis
or GC activation in combination with ICIs could aggra-
vate irAEs or increase the likelihood of occurrence. In
particular, HSD11B1 inhibition may aggravate the critical
side effects of adoptive cell therapies like cytokine release
syndrome. Taking these issues into consideration, a possi-
bility is that HSD11B1 inhibitors are administered only
for limited period of time to reduce the risk of ICI-related
irAEs, but this is speculative. Therefore, more insights are
needed how local GC regeneration by HSD11B1 influ-
ences the frequency and severity of irAEs. Our results also
indicate that HSD11B1 inhibitor co-treatment with ICIs is
ineffective or even pro-tumoral in the absence of CD8" T
cells. For example, genetic ablation of Hsd11b1 in macro-
phages was shown to promote inflammatory angiogenesis
in mouse models of arthritis.*? Thus, these issues need to

be addressed faithfully before evaluating HSD11B1 inhib-
itors in patients with melanoma treated with IClIs.
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Table S5: Oligonucleotides used for CRISPR/SpCas9-mediated knockouts in this study.

Gene Oligonucleotides (5’ to 3°)

Hsd11bl caccGTCACTGGGGCCAGCAAA

aaacTTTGCTGGCCCCAGTGAC

Abbreviations: CRISPR/SpCas9, Clustered Regularly Interspaced Short Palindromic Repeat/
Streptococcus pyogenes Cas9
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Table S6: Oligonucleotides used for retroviral vector construction.

Gene Oligonucleotides (5’ to 3°)

Hsdl1bl tcgaggatccaccATGGCAGTTATGAAAAATTACCTC

gtcactcgagCTAGTTACTTACAAACATGTCCTTATT
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Table S7: Oligonucleotides used for quantitative RT-PCR.

Gene Oligonucleotides (5’ to 3°)
mActin f: CGTTGACATCCGTAAAGACC

r: TCTCCTTCTGCATCCTGTCA
mHSD11B1 f: TCTACAAATGAAGAGTTCAGACCAG

r: GCCCCAGTGACAATCACTTT
mEomes f: CCACTGGATGAGGCAGGAGATT

r: GTCCTCTGTCACTTCCACGATG
mlrf-1 f: TCCAAGTCCAGCCGAGACACTA

r: ACTGCTGTGGTCATCAGGTAGG
mNfact2 f: ACTTCACAGCGGAGTCCAAGGT

r: GGATGTGCTTGTTCCGATACTCG
mStat1 f: GCCTCTCATTGTCACCGAAGAAC

r: TGGCTGACGTTGGAGATCACCA
mTbx21 f: CCACCTGTTGTGGTCCAAGTTC

r: CCACAAACATCCTGTAATGGCTTG
mIL-12 f: ACGAGAGTTGCCTGGCTACTAG

r: CCTCATAGATGCTACCAAGGCAC
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Supplementary Material & Methods

In vitro pmel-1 T cell activation assay

Pmel-1 TCRtg mice were sacrificed, and the spleens were harvested. Single cell suspensions were
prepared with complete RPMI medium supplemented with Spug/ml human gp100 (25 - 33) (AnaSpec,
#AS62589), treated with DMSO (Carl Roth, #4720.1), CBX (Sigma-Aldrich, #C4790) or 10j (Merck
KGaA, #385581) for 2 hours before DMSO, 11-Dehydrocorticosterone (United States Biological,
#D3224-99), Corticosterone (Cayman Chemical, #16063) or Dexamethasone (Cayman Chemical,
#11015) were added and cultured for 72 hours. Phorbol-12-myristate 13-acetate (PMA) (50ng ml-1,
Sigma-Aldrich, #P1585), ionomycin (lpg ml-1, Sigma-Aldrich, #13909), Golgi Plug (1:1000, BD
Biosciences, #555029) and Golgi Stop (1:1000, BD Biosciences, #554724) were added four hours
prior cell surface and intracellular staining. IFN-[ expression by gpl100 peptide activated Pmel-1
CD8+ T cells was analyzed with the indicated antibodies by flow cytometry. Single cell suspensions
were stained with LIVE/DEAD™ Fixable Red Dead Cell Stain Kit (1:2000, ThermoFisher Scientific,
#1.34971) to exclude dead cells, stained with the antibodies anti-mouse CD16/32 (1:200, BioLegend,
#101301), anti-mouse VB 13 TCR (1:500, BD Biosciences, #746769), anti-mouse CD8a (1:1000,
BioLegend, #100740), anti-mouse CD45 (1:1000,Thermo Fisher Scientific, #58-0451-82) and anti-
mouse CD90.1 (1:1000, BioLegend, #202528), fixed and permeabilized and stained with the antibody
anti-mouse IFN-y (1:250, Thermo Fisher Scientific, #17-7311-82). For intracellular staining the BD
Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences, #554722) was used according to
manufacturer’s protocols. All data were acquired using a Cytek Aurora flow cytometer (Cytek
Biosciences) and analyzed using FlowJoTM v10 software for Windows (BD Biosciences).

Co-detection by indexing tissue imaging

Co-detection by indexing experiments were performed following the protocol published by others
(Black et al., 2021).

Tissue specimen preparation

FFPE tissues were heated at 55°C, for 30 minutes, on a slide warmer heating plate and were then let
cool down at room temperature (RT). Tissues were rehydrated in the following solutions: 100%
xylene (5 minutes, two times), 100% ethanol (5 minutes, two times), 90% ethanol (5 minutes), 70%
ethanol (5 minutes), ddH20 (5 minutes, two times).

Antigen retrieval

Heat-induced antigen retrieval was performed at high-pressure, at 97°C, for 20 minutes, using a
pressure cooker, in which tissues were immersed into a beaker containing the antigen retrieval solution
(Target Retrieval Solution, pH 9, Agilent, S2367) Tissues were then let cool down at RT.

Autofluorescence quenching and staining with DNA-conjugated antibodies

In order to reduce autofluorescence of tissues, samples were immersed into a quenching solution (20
mM NaOH, 4.5% (v/v) H,O,, in PBS), then placed between two LED lamps for 90 minutes. The
solution was changed with fresh one after the first 45 minutes.

After the autofluorescence quenching process, tissues were washed in 1X TBS THC buffer containing
Tween 20 (table 2) for 10 minutes at RT. Then tissues were covered with 100 pL of blocking solution
(table 2) and incubated for 1 h, at RT, in a humidity chamber, as described by Black and colleagues
(Black et al., 2021). At the end of incubation, the blocking solution was removed and 100 pL of the
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mix containing the conjugated antibodies, at the proper dilution (table 1) were added on the tissues.
Samples were incubated overnight at 4°C, in a humidity chamber. The following antibodies were used
SOX10 (clone SOX10/1074, abcam ab212845; working dilution: 1:50), CD45 (clone 92B11 + PS7/26,
NovusBio NBP2-34528, 1:50), CD68 (clone KP-1, BioLegend 916104, 1:100); HSDI11Bl1
(polyclonal, Cayman Cay10004303-500, 1:50).
Tissues were then washed in staining buffer 2 (S2) (table 1), fixed for 10 minutes in 1.6%
paraformaldehyde solution (table 1) and then washed in PBS (2 minutes, 3 times). Samples were
incubated in ice-cold 100% methanol, for 5 minutes at 4°C and washed again three times in PBS.
Samples were placed in the humidity chamber and 100 pL of BS3 fixative solution (Table 1) were
added on each tissue. After 20 minutes of incubation, tissues were washed again three times in PBS
and stored in S4 buffer until the image acquisition.

All the antibodies used for the staining had been previously conjugated to the corresponding
oligonucleotide, following the protocol published by Black and colleagues (Black et al., 2021), that we
slightly adapted.

Briefly, 100 ng of each purified antibody were concentrated by centrifugation (12000g, 8 min, RT),
using 50 kDa filter columns. Then, the antibodies were incubated in presence of Tris (2-carboxyethyl)
phosphine (TCEP) + Ethylene diamine tetraacetic acid (EDTA) solution (table 1) for 30 minutes at
RT.

The antibodies were centrifuged again, and washed three times (12000g, 8 min, RT), by adding 400
pL of Buffer C (table 1), centrifuging (12000g, 8 min, RT) and discarding the flow through each time.

Finally, 200 pg of DNA oligonucleotide solution (0.5 pg/puL, in 1X PBS) were added to the respective
antibody and the mixtures were incubated 2h at RT. At the end of the incubation, tubes were
centrifuged (12000g, 8 min, RT) and antibodies were washed three times by adding 450 puL of high-
salt PBS to each column, and centrifuging again (12000g, 8 min, RT).

After the last centrifugation, antibodies were resuspended in 200 pL of antibody stabilizer buffer (table
1), collected in new tubes and stored at 4°C.

Buffer Composition
1X TBS IHC buffer with Tween 20 Dilute 20x TBS IHC buffer with Tween 20
(ThermoFisher, 28360) in ddH,O
Blocking solution B1 reagent (1:20), B2 reagent (1:20), B3 (1:20),
BC4 (1:30) in S2 buffer
Blocking reagent 1 (B1) 1 mg/mL mouse IgG (Sigma, 15381-5MG) in S2
buffer
Blocking reagent 2 (B2) 1 mg/mL rat IgG (Sigma, 14131-10MG) in S2
buffer
Blocking reagent 3 (B3) 10 mg/mL sheared salmon sperm in ddH,O
(ThermoFisher, AM9680)
BC4 solution Mixture of the 57 nonmodified CODEX® DNA
oligonucleotides, each at the final concentration
of 0.5 mM, in 10 mM Tris + 5 mM EDTA pH
8.0 buffer (Life Technologies GmbH,
14041568)
Staining buffer 1 (S1) 5 mM EDTA (pH 8.0), 0.5 % (wt/vol) BSA
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(Sigma, A3059), 0.02% NaN3, in ddH,0

Staining buffer 2 (S2) 2.5 mM EDTA (pH 8.0), 0.25 % (wt/vol) BSA,
250 mM NaCl, 61 mM Na,HPO, (Sigma,
S7907), 40 mM NaH,PO, (Sigma, S9638) in

ddH,O

Staining buffer 4 (S4) 500 mM Na(l, in S1

Paraformaldehyde solution 1.6% paraformaldehyde (Science Services
GmnH, E15710-S) in S4 buffer

BS3 fixative Dissolve BS3, bis(sulfosuccinimidyl) suberate

(ThermoFisher, 21580) in DMSO, at a final
concentration of 200 mg/mL.

Final BS3 fixative Dilute BS3 fixative 1:50 in 1X PBS,
immediately prior to use.

H2 buffer 150 mM NaCl, 10 mM Tris (pH 7.5), 0.1 %
Triton X-100, 10 mM MgCl,, 0.02% NaNj, in
ddH,O.

TCEP+EDTA solution 2.5 mM TCEP+ 2.5 mM EDTA pH 8, in ddH,O

Buffer C 1 mM Tris pH 7.0, 1 mM Tris pH 7.5, 150 mM
NaCl, 1 mM EDTA pH 8, 0.02% wt/vol NaNj,
in ddH,0O

High salt PBS Add 45 mL of 5M NaCl and 25 mL of 10x

DPBS to 180 mL of ddH,0, add NaNj; to 0.02%
(wt/vol) final concentration

Stock antibody stabilizer solution Add 0.02% NaN3 to Candor PBS antibody
stabilizer solution (purchased from Thermo
Fisher)

Working antibody stabilizer solution 500 mM NaCl, 500 mM EDTA (pH 8.0), in

stock antibody stabilizer solution (Candor)

Preparation of the fluorescent oligonucleotides plate

The cyclic acquisition of the images was enabled using the Phenocycler® instrument (Akoya
Biosciences). Specifically, during each cycle, the instrument enables the acquisition of the signal of up
to three fluorescent oligonucleotides, corresponding to three individual antibodies, and the nuclear
stain DAPI. The fluorescent oligonucleotides were diluted in a total volume of 250 uL of plate buffer
(5 mg/mL sheared salmon sperm, DAPI nuclear stain 1:300, in H2 buffer, table 1), at a concentration
of 400 nM, in a Corning black 96-well plate. Each well corresponds to one cycle and contains up to
three spectrally distinct fluorescent oligonucleotides, ATTO550 (Absorption max. 554 nm, Emission
max. 579 nm), DY647P1 (Absorption max. 653 nm, Emission max. 672 nm), DY747P1 (Absorption
max. 747 nm, Emission max. 769 nm), in addition to DAPI (Absorption max. 358 nm, Emission max.
461 nm) for nuclear detection. The first and the last cycles of the cyclic run do not contain fluorescent
oligonucleotides, but only DAPT (1:300).

In the following table 2, the pairs of antibody-DNA oligonucleotide and the fluorescent DNA-
oligonucleotides chosen for the experiments are summarized. The DNA oligonucleotides were
purchased from Biomers.
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Antibody DNA DNA Oligonucleotide Fluorescent DNA oligonucleotide
Oligonucleot Sequence (5°-3%) sequences (5°-3”)
ide
identificatio
n number
SOX 10 72 /mal/AACGCGACGG /5DY647P1/ATCCGTCGCGTT
AT
CD45 56 /mal/lGGTCACATGG  /5DY647P1/AACGACCATGTGACC
TCGTT
CD68 70 /mal/AACCAAACTG /5DY647P1/CGGTCAGTTTGGTT
ACCG
HSD11B1 59 /mal/GCTTATTATG /5ATTOS550N/GAAGTCCATAATAAG
GACTTC C

Image acquisition and data analysis

Images were acquired using a Zeiss Axio Observer 7 inverted microscope, with Colibri 7 as the LED
Light source and the Plan-Apochromat 20X/0,8 M27 (a=0,55 mm) as objective. The microscope used
is equipped with the Prime BSI PCle camera.

Once acquired, the images were converted to TIF files by using Codex Manager Instrument® (Akoya
Biosciences).

Then, images were processed by using CODEX® Processor 1.8.3, and the following methods were
applied:

- Image stitching

- Deconvolution

- Background subtraction
- Shading correction

Images were analyzed using Halo® v3.3.2541.256 (Indica Labs). Cell segmentation was performed
using the Nuclei Segmentation Classifier, while the algorithm HighPlex FL v4.1.3 was used to analyze
cell phenotypes. Tumor area was marked as Region of Interest (ROI) that was used to analyze the
expression of HSD11B1 in macrophages (CD45+, CD68+) and tumor cells (SOX10+).
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Supplementary Figure 1. Induction of Hsd11b1 expression in B16F1 mouse melanomas early during ACT.

(A) Experimental outline of generating tissues samples for 3’'mRNA-seq analysis from B16F1 melanomas early during
Pmel-1 ACT (n=5) versus non-treated controls (n=4).
(B, C) GSEA plots of indicated gene sets. ACT-treated versus non-treated B16F1 melanomas from A. (N)ES: (nomalized)
enrichment score; FDR: false-discovery rate.
(D) Heatmap visualizing changes in the immune contexture based on marker transcripts in samples from A.
(E) Boxplots showing expression of GC-pathway and related genes in samples from A (3'mRNA-Seq).

(F) Expression of Hsd11b1 correlating genes (top 50) in samples from A in Immgen immune cell subtypes.
(G, H) Correlation of Hsd11b1 expression in samples from A with myloid cells marker genes and T cell (cytotoxic) marker
genes also used in D.r; Pearson’s correlation coefficient. Statistics: *p<0.05, ***p<0.001. Two-sided unpaired t test (E).
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A
NAME SIZE ES NES NOM p-val  FDR g-val
HALLMARK_INTERFERON_GAMMA_RESPONSE 162  0.82818174 3.769457 0.0 0.0
HALLMARK_INTERFERON_ALPHA_RESPONSE 80 0.822985 3.3652632 | 0.0 0.0
HALLMARK_ALLOGRAFT_REJECTION 131  0.75538087 | 3.3276742 | 0.0 0.0
HALLMARK_INFLAMMATORY_RESPONSE 119 0.75865096 3.313479 0.0 0.0
HALLMARK_TNFA_SIGNALING_VIA_NFKB 146 0.6971366 3.1485534 | 0.0 0.0
HALLMARK_IL6_JAK_STAT3_SIGNALING 64 0.7630497 3.0116842 0.0 0.0
HALLMARK_COMPLEMENT 110  0.6383073 2.7192578 | 0.0 0.0
HALLMARK_COAGULATION 69 0.6645757 | 2.6630385 | 0.0 0.0
HALLMARK_KRAS_SIGNALING_UP 125  0.59899926 2.6365316 | 0.0 0.0
HALLMARK _IL2_STAT5_SIGNALING 141 0.5870388 | 2.6272225 0.0 0.0
HALLMARK_P53_PATHWAY 159 | 0.52139574 2.3485548 | 0.0 0.0
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION | 123 0.5310159 | 2.320914 0.0 0.0
HALLMARK_APOPTOSIS 128  0.50832146 22347293 | 0.0 0.0
HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 38 0.5886307 2.0312104 0.0 1.8083333E-4
HALLMARK_MYOGENESIS 123 0.4118246 | 1.8249516 | 0.0 0.0013806964
HALLMARK_APICAL_JUNCTION 120 0.40743148 1.7790085 | 0.0 0.0020232992
HALLMARK_TGF_BETA_SIGNALING 45 0.49098754 | 1.7678022 0.0 0.0023420476
HALLMARK_APICAL_SURFACE 23 0.57444316 1.7604934  0.0062240665 0.002388884
HALLMARK_UV_RESPONSE_UP 110 | 0.40726253 1.7577766 | 0.0 0.0023111408
HALLMARK_XENOBIOTIC_METABOLISM 117  0.39931688 1.7152885 | 0.0 0.0031553935
HALLMARK_HYPOXIA 146 0.37660903 | 1.6752298 | 0.0 0.0043846117
HALLMARK_ANGIOGENESIS 25 0.50647223 | 1.6348407 0.015151516  0.0061984058
HALLMARK_PI3K_AKT_MTOR_SIGNALING 84 0.3574547 | 1.4587454 0.015021459  0.027712682
HALLMARK_ESTROGEN_RESPONSE_EARLY 118  0.32281712 1.3854592 | 0.039447732  0.048783235
B
NAME SIZE ES NES NOM p-val  FDR g-val
HALLMARK_E2F_TARGETS 171 -0.717617  -3.3438206 0.0 0.0
HALLMARK_G2M_CHECKPOINT 176 -0.6518687  -3.03814 0.0 0.0
HALLMARK_MYC_TARGETS_V1 176 -0.5908284  -2.7586758 | 0.0 0.0
HALLMARK_MYC_TARGETS_V2 53 -0.61427283 -2.330544 0.0 0.0
HALLMARK_MITOTIC_SPINDLE 181 -0.42779303 -2.0100524 | 0.0 2.6190476E-4
HALLMARK_SPERMATOGENESIS 53 -0.48224705 -1.8455726  0.0018832391 0.0012595418
HALLMARK_DNA_REPAIR 121 -0.3549868  -1.5644363 | 0.0 0.016240396
HALLMARK_MTORC1_SIGNALING 186 -0.32990193 -1.5464827 | 0.0 0.016532017
HALLMARK_FATTY_ACID_METABOLISM 109 -0.33336532 -1.442712 | 0.015503876  0.040354993

Supplemental table S1. GSEA results comparing ACT-treated versus non-treated B16F1
melanomas early during treatment.

(A) Gene sets with positive enrichments scores (= up in ACT-treated). (B) Gene sets with negative
enrichments scores (= down in ACT-treated). NOM p-val=0.0 corresponds to p<0.001. (N)ES:
(normalized) enrichments score. FDR; false discovery rate.
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Supplementary Figure 2. HSD11B1 expression in the liver and human melanoma cell lines.
(A) Immunohistochemistry of HSD11B1 in human liver. Scale bar = 50 ym.

(B) HSD11B1 expression (log2) in 807 cancer cell lines of the CCLE by Affymetrix microarray.
Melanoma cell lines (n=54) highlighted by black circles.
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Supplementary Table 2: Patients characteristics and clinical data.

Characteristics

Patients, n 24
Matched-pair, n 4
Metastasis, n
Skin 21
Lung 1
Lymph node 2
Gender, n Age (years x SD)
Female, 8 68 +13
Male, 16 63 +15
Therapy, n patients
Pembrolizumab 14
Nivolumab 10
Clinical outcome, n (%)
PD 11
PR 4
SD 6
CR 3

PD: progressive disease; PR: partial response; SD: stable disease; CR: complete response
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A
NAME SIZE ES NES NOM p-val FDR g-val
HALLMARK_INTERFERON_ALPHA_RESPONSE 74 0.7147997 | 2.701154 | 0.0 0.0
HALLMARK_INTERFERON_GAMMA_RESPONSE 142 0.64879125 2.6742682 | 0.0 0.0
HALLMARK_ALLOGRAFT_REJECTION 91 0.53649336 2.1006086 | 0.0 0.0
HALLMARK_INFLAMMATORY_RESPONSE 83 0.5240015 2.0065818 | 0.0 0.0
HALLMARK_COMPLEMENT 92 0.50774217 1.96035 0.0 1.945946E-4
HALLMARK_IL6_JAK_STAT3_SIGNALING 44 1 0.5621248 1.9068547 0.0 9.843857E-4
HALLMARK_OXIDATIVE_PHOSPHORYLATION 170 0.44374618 1.89804 0.0 8.4375916E-4
HALLMARK_KRAS_SIGNALING_UP 100 0.45809048 1.8031284 0.0 0.0024285933
HALLMARK_HYPOXIA 135 | 0.42461038  1.7468218 | 0.0 0.0044223834
HALLMARK_PI3K_AKT_MTOR_SIGNALING 85 0.45153704 1.7463474 0.0 0.003980145
HALLMARK_COAGULATION 59 0.46995404 1.6972476 | 0.002728513 0.0048601115
HALLMARK_IL2_STAT5_SIGNALING 122  0.36895782  1.5050087 | 0.007444169 0.042797077
HALLMARK_APOPTOSIS 106 0.3735777 | 1.4838812 | 0.012820513 0.049013812
HALLMARK_APICAL_JUNCTION 105  0.366879 1.4703022 | 0.016795866 0.052129544
HALLMARK_TNFA_SIGNALING_VIA NFKB 124 0.36338362 1.4645097 | 0.011235955 0.051928267
B
NAME SIZE ES NES NOM p-val FDR g-val
HALLMARK_G2M_CHECKPOINT 178 -0.45532104 | -2.293512 0.0 0.0
HALLMARK_E2F_TARGETS 177 | -0.45066673 -2.258981 | 0.0 0.0
HALLMARK_MYC_TARGETS_V1 176 | -0.34090087 -1.7291223 | 0.0 0.01172436
HALLMARK_MYC_TARGETS_V2 54 -0.4226604 | -1.7207888 | 0.003717472  0.008793269

HALLMARK_WNT_BETA_CATENIN_SIGNALING 20 -0.50100756 | -1.6036451 | 0.016216217 0.016866626

Supplemental table S3. GSEA results comparing non-treated CM melanomas versus non-
treated LN melanomas.

(A) Gene sets with positive enrichments scores (= up in CM). (B) Gene sets with negative enrichments
scores (= down in CM). NOM p-val=0.0 corresponds to p<0.001. (N)ES: (normalized) enrichments
score. FDR,; false discovery rate.
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A
NAME SIZE ES NES NOM p-val  FDR g-val
HALLMARK_INTERFERON_ALPHA_RESPONSE 76 0.6876689 2.7127357 0.0 0.0
HALLMARK_INTERFERON_GAMMA_RESPONSE 151 0.57989234 2.596712 0.0 0.0
HALLMARK_HYPOXIA 140 0.31747052 1.3981382 | 0.023054754 0.29256186
HALLMARK_INFLAMMATORY_RESPONSE 101 0.32413366 1.3591833  0.04024768 | 0.3044521
HALLMARK_OXIDATIVE_PHOSPHORYLATION 171 0.29614064 1.3367879 | 0.034901366 0.2947836

B
NAME SIZE ES NES NOM p-val FDR g-val
HALLMARK_INTERFERON_GAMMA_RESPONSE 151 0.7310796  3.5247443 0.0 0.0
HALLMARK_INTERFERON_ALPHA_RESPONSE 76 0.7948779  3.37133 0.0 0.0
HALLMARK_ALLOGRAFT_REJECTION 115/ 0.5192883  2.4068158 0.0 0.0
HALLMARK_INFLAMMATORY_RESPONSE 101 0.49083138 2.2173204 0.0 0.0
HALLMARK_IL6_JAK_STAT3_SIGNALING 53 0.5114701 | 1.984661 0.0 6.2423653E-4
HALLMARK_IL2_STAT5_SIGNALING 134 0.36817843 1.7503326 0.0 0.006220676
HALLMARK_KRAS_SIGNALING_UP 121 0.34055185 1.5680463 0.0 0.0325136
HALLMARK_COMPLEMENT 104 | 0.33973402 1.5299019 | 0.0055658626 0.038914744
HALLMARK_HYPOXIA 140 0.3210342 | 1.5245386 | 0.0017241379 0.036534436

C
NAME SIZE ES NES NOM p-val FDR g-val
HALLMARK_ADIPOGENESIS 160 | -0.38074797 -1.8496164 0.0 0.008797424

HALLMARK_E2F_TARGETS 180 | -0.31548393 | -1.5805159  0.0032051282 0.07708941

D
NAME SIZE ES NES NOM p-val FDR g-val
HALLMARK_E2F_TARGETS 180 -0.59575105 -3.0263436 0.0 0.0
HALLMARK_MYC_TARGETS_V1 177  -0.49817848 -2.5500927 0.0 0.0
HALLMARK_G2M_CHECKPOINT 181 -0.44648767 -2.269467 0.0 0.0
HALLMARK_MYC_TARGETS_V2 54 -0.503158 -2.0923288 0.0 2.2368421E-4
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 98 -0.3581522  -1.651485 0.0 0.01554688
HALLMARK_MTORC1_SIGNALING 185  -0.32243988 -1.6477787  0.0026041667 0.013246523
HALLMARK_DNA_REPAIR 120 -0.3372135 | -1.6250446 0.0 0.014031643
HALLMARK_OXIDATIVE_PHOSPHORYLATION 171 -0.29370216 -1.4850502  0.0023584906 0.036249034
HALLMARK_CHOLESTEROL_HOMEOSTASIS 54 -0.3575968 | -1.4737701 | 0.027972028 | 0.034740392

Supplemental table S4. GSEA results comparing CBX or anti-PD-1 treated CM melanomas
versus non-treated CM melanomas.

(A) Gene sets with positive enrichments scores (= up in CBX treated). (B) Gene sets with positive
enrichments scores (= up in anti-PD-1 treated). (C) Gene sets with negative enrichments scores (=
down in CBX treated). (D) Gene sets with negative enrichments scores (= down in anti-PD-1 treated).
NOM p-val=0.0 corresponds to p<0.001. (N)ES: (normalized) enrichments score. FDR; false discovery
rate.

Martins Nascentes Melo L, et al. J Immunother Cancer 2023; 11:e004150. doi: 10.1136/jitc-2021-004150



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer
Figure S4
A 4- 4- 20+ 4 40—
- g3 515+ o 3| 220
B g 5 5 5 | IgG control
< & = S 8 ® IgG contro
© 5 G S &
3 2 . o 2- 3 10 3 2 . 2 20- B PD-1
@ £ & p p aPD-1+10j
£ o g 5 N
u‘j1-ﬁ g —1—m Z 5 o 1 & 10
oLl Ll Ll oll LI 1L, ol ol Ll L oleter e

Supplementary Figure 4. Upregulation of interferon gamma (IFN-y)-dependent transcription factors in CD8+ T
cells under co-therapy with aPD-1 and HSD11B1 inhibition.

(A)Quantitative analyses of the immunomodulatory transcription factors Eomesodermin (Eomes), Interferon regulatory
factor 1 (Irf-1), Nuclear factor of activated T-cells cytoplasmic 2 (Nfatc2), Signal transducer and activator of transcription
1 (Stat1) and the T-box transcription factor T-bet (Tbx21) in CD8+ T cells isolated from CM melanomas under indicated

treatment conditions (n=2). Kruskal-Wallis test. Statistics: *p<0.05, **p<0.01.
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Supplementary Figure 3. aPD-1 monotherapy is severely affected in established tumors by CD8* T cells depletion.
Statistics: **p<0.01, ***p<0.001.
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