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Résumé en francais

Le cancer est la seconde cause de déces dans le monde et le cancer rénal en est le dixieme le plus
courant dans les pays développés. Ceux ayant un cancer rénal répondent habituellement aux
inhibiteurs de checkpoint immunitaires (ICl) qui ont pour but de restaurer une réponse immunitaire
antitumorale chez les patients. Cependant des mécanismes de résistance existent et, aux Etats-Unis,
le taux de survie a 5ans est de seulement 12 % pour les patients atteints d’un cancer rénal
métastatique. C’'est pourquoi, de nouveaux traitements sont nécessaires afin de surmonter les
mécanismes de résistance aux actuelles immunothérapies. L'un des potentiel mécanisme de résistance
est I'altération du métabolisme des cellules tumorales et des cellules immunitaires, résultant en une
diminution de I'immunité antitumorale. Parmi les changements métaboliques observés au niveau
tumoral, la voie de la stéroidogenese pourrait jouer une importante fonction de modulation de la
réponse immune. Cependant le role des stéroides endogenes dans la résistance aux immunothérapies
contre le cancer est aujourd’hui peu compris. Dans cette these, nous avons étudié le potentiel
thérapeutique d’une inhibition de la voie des glucocorticoides endogéenes afin d’améliorer la réponse

immune antitumorale et I'efficacité des ICl dans le cancer rénal.

En utilisant des outils bio-informatiques, I'analyse de données du TCGA nous a permis de mettre en
évidence que la voie des glucocorticoides était fortement associée avec le pronostic clinique des
patients souffrant d’'un cancer du rein. La 11-béta-hydroxystéroide déshydrogénase de type 1
(HSD11B1) régénere les glucocorticoides inactifs en glucocorticoides actifs. Il s’agit du principal
producteur de glucocorticoides dans les tissus périphériques non surrénaliens. De facon intéressante,
I’expression d’HSD11B1 est associée avec un mauvais pronostic clinique et corréle avec I'expression de
geénes immunosuppresseurs chez les patients atteints d’un cancer du rein. Nous avons aussi découvert

qu’HSD11B1 était principalement exprimé dans les cellules immunes infiltrant la tumeur rénale.

Suite a l'observation de I'expression d’HSD11B1 associée a un aspect immun, nous avons étudié
I'impact de l'activité d’HSD11B1 dans les cellules immunes. Grace a des tests in vitro murins et
humains, nous avons démontré que l'inhibition d’HSD11B1 augmentait I'élimination des cellules
tumorales par les lymphocytes T, et cela en stimulant leur activation médiée par un antigene. Nous
avons également établi que le traitement avec un inhibiteur d’HSD11B1 synergisait avec un anti-PD-1
pour améliorer I'efficacité de I'ICl. Par conséquent, dans le but déclaré de réutiliser les inhibiteurs
d’HSD11B1 dans le traitement contre le cancer, plusieurs inhibiteurs ont été testés, et un brevet a été

déposé pour protéger leurs utilisations en association avec un ICl.

Puisque I'activation immunitaire était améliorée par l'inhibition d’HSD11B1 in vitro, nous avons étudié

I’effet d’une inhibition de la voie des glucocorticoides sur la réponse immune antitumorale in vivo. La
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combinaison d’un inhibiteur d’"HSD11B1 et d’un ICl ou de resiquimod a démontré une amélioration de
Iefficacité des immunothérapies dans des modeles murins de cancer du rein sous-cutané et intra-
rénal. La voie des glucocorticoides a aussi été ciblée via I'inhibition du récepteur aux glucocorticoides
par la mifepristone. L’association de mifepristone et d’anti-PD-1 a montré un meilleur résultat que la
monothérapie dans un modele murin de cancer du rein sous-cutané. Cette association a révélé une
augmentation dans la tumeur de voies de signalisation liées a la réponse immune, et impliquées dans
le métabolisme du collagene. Cependant des investigations plus poussées doivent étre effectuées afin
de comprendre les mécanismes sous-jacents impliquées dans cette réponse immunitaire
antitumorale, plus particulierement au sujet du réle du métabolisme du collagéne et son impact sur

I’activité des cellules immunes.

En conclusion, cette thése soutient I'hypothése que I'utilisation d’un inhibiteur pharmacologique
d’HSD11B1, et plus généralement, I'inhibition de la voie des glucocorticoides, en association avec une
immunothérapie, pourrait étre bénéfique chez certains patients atteints d’un cancer du rein. Ces
découvertes mettent en évidence le role des glucocorticoides endogénes dans la réponse immunitaire
antitumorale, et ouvrent la voie a de nouvelles combinaisons thérapeutiques pour traiter le cancer du

rein, plus particulierement pour les patients présentant des résistances aux ICl.



Abstract

Cancer is the second cause of death worldwide and renal cancer is the tenth most common cancer in
developed countries. Even though patients with renal cancer usually respond to immune checkpoint
inhibitors (IClI) which aim to restore the antitumor immune response in patients, resistance
mechanisms occur and the 5-year survival rate in USA is only 12 % of patients with metastatic disease.
Therefore, novel treatments are required to overcome resistance mechanisms to current
immunotherapies in renal cancer. One of the potential resistance mechanisms is the alteration of
tumor and immune cell metabolism, which results in a reduction of antitumor immunity. Neo-
steroidogenesis occurs in tumor and endogenous steroids have strong immunomodulatory functions,
but their role in resistance to immunotherapy in cancer is poorly understood. In this thesis, we
explored the potential of inhibiting the endogenous glucocorticoid pathway to improve the antitumor

immune response and the efficacy of ICl in renal cancer.

Using bioinformatic analysis of TCGA data, we found that the glucocorticoid pathway was strongly
associated with clinical outcome of renal cancer patients. The 11 beta-hydroxysteroid dehydrogenase
type 1 (HSD11B1) regenerates inactive glucocorticoids into active glucocorticoids and is the main
peripheral glucocorticoid producer. Interestingly, HSD11B1 expression was associated with a poor
clinical outcome and correlated with immunosuppressive gene expression in renal cancer patients. We
also found that HSD11B1 was mainly expressed in immune infiltrated cells in human renal cancer

samples.

Having observed that HSD11B1 expression was associated with immune components, we investigated
the impact of HSD11B1 activity in immune cells. In murine and human in vitro assays, we demonstrated
that HSD11B1 inhibition increases the T cell dependent killing of tumor cells by stimulating the antigen-
mediated T cell activation, and treatment with an HSD11B1 inhibitor synergized with anti-PD-1 to
improve the efficacy of ICI. Therefore, with the stated goal of repurposing HSD11B1 inhibitor in cancer
treatment, several HSD11B1 inhibitors were tested and a patent was filed to protect the use of

HSD11B1 inhibitor in combination with ICI.

As immune activation was improved by HSD11B1 inhibition in vitro, we investigated the effect of the
glucocorticoid pathway inhibition on the antitumor immune response in vivo. HSD11B1 inhibition in
combination with ICl or resiquimod demonstrated an improvement of the efficacy of immunotherapy
in subcutaneous and intra-renal mouse cancer models. Targeting the glucocorticoid pathway was also
achieved through inhibition of the glucocorticoid receptor with mifepristone. Combination with
mifepristone and anti-PD-1 showed a better outcome in subcutaneous renal mouse cancer than

monotherapy, with an enhancement of immune related pathways and collagen metabolism in the



tumor. However, further studies need to be carried out to understand the underlying mechanisms
involved in this antitumor immune response, especially the role of the collagen metabolism and its

impact on immune cell activity.

To conclude, this thesis supports the hypothesis that the use of HSD11B1 pharmacological inhibitor
and more generally, inhibition of the glucocorticoid pathway, in combination with immunotherapy
could be beneficial in some renal cancer patients. These findings highlight the role of endogenous
glucocorticoids on the antitumor immune response and pave the way for new treatment combinations

in renal cancer, especially for patients exhibiting resistance to ICI.

Xl
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I. The immune system and cancer

Cancer, the second most common cause of death in Europe and the USA in 2020,*? results from an
abnormally excessive proliferation of cells. Cancer is characterized by ten hallmarks described by
Hanahan and Weinberg, which recapitulate the tumor cell capabilities such as the resistance to cell
death, the induction of angiogenesis, and the replicative immortality.® The immune system plays a
crucial role in cancer development and avoiding immune destruction is one of the ten hallmarks. Some
of immune system functions and interactions with tumors are described in the cancer-immunity cycle
in Figure 1.% Through tumor development, tumor cell death occurs, which causes tumor antigens to be
released. Antigen-presenting cells (APCs) in the tumor microenvironment, such as dendritic cells (DCs),
take up, process, and present antigens to T cells in the lymph nodes. Once activated by DCs, T cells are
capable of trafficking through the circulation to the tumor, specifically recognizing tumor cells, and

then killing them.

3. Trafficking of
activated T cells

Lymph node

A= Tymor antigens

W

2. Activation of T cell by
antigen presenting cells

endritic cell

4. Tumor cell killing by
T cells

1. Tumor antigen
presentation

@ microenvironment

Figure 1: The cancer-immunity cycle: A schematic representation of immune activity during cancer

development. Adapted from Chen and Mellman, Immunity, 2013.

However, immune system activity can also favor tumor progression, such as through the selection of

immune-resistant tumor cells. Indeed, adaptation mechanisms have developed in tumor cells, such as
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the loss of tumor-antigen expression or the secretion of immunosuppressive molecules. This dual role
of the immune system — simultaneously anti- and pro-tumoral — is known as cancer immunoediting.>™
7 It is divided into the following three main phases, which do not all always occur: tumor cell
elimination, equilibrium, and tumor cell escape. First, in the elimination or immunosurveillance phase,
immune system activity leads to the killing of tumor cells, as described in Figure 1. Then, the antitumor
immune response is initiated through the activation of innate immune cells by danger signals produced
by tumor cells, such as type | interferon or HMGB1,% and through the activation of the adaptive immune
system starting with APCs.° However, some tumor cells are able to adapt and avoid
immunosurveillance, which is where cancer enters a phase of equilibrium; here, the adaptive immune
system maintains tumor cells in a dormant state. Over time, the selection of more aggressive tumor
cell variants occurs, increasing the presence of tumor cells that are able to escape from immune cells
surveillance, such as through the loss of antigen expression. The proliferation of these immune-
resistant cells leads to tumor progression and the last phase of cancer immunoediting, namely tumor

cell escape.

The immune system consists of several subpopulations, which have antitumoral or pro-tumoral
effects. Cytotoxic T cells and DCs are potent antitumor immune cells, and myeloid-derived suppressor
cells, M2-macrophages, or regulatory T cells belong to immunosuppressive populations and favor
tumor development. To understand their role in a tumoral context and how treatment could
potentiate their antitumor effects, and reverse their pro-tumoral effects, a brief overview of the

immune system is provided in the following subsections.

I.LA. Immune cells

I.A.1. Myeloid cells

DCs are the first actor in the adaptative immune response due to their ability to process and present
extracellular antigens to lymphocytes, thus activating them in an antigen-specific manner. This
antigen-presentation process is called cross-presentation, and it is particularly critical in a tumor
context.’!! This is because it allows the presentation of antigens from tumor cells to CD8" T cells,
which are then able to recognize and eliminate them. After the phagocytosis of tumor cell fragments,
antigens are transferred into the cytosol of DCs, where they are processed and presented on the MHC
class | protein. DCs are essential for inducing a potent antitumor immune response through the
activation of CD8"* T cells.!? To allow the proper activation of T cells, DCs express co-stimulator proteins,
such as CD40, CD80, and CD86, which interact with molecules on T cells, such as CD40L or CD28, and

secrete immunostimulatory cytokines, such as IL-12, IL-6, or TNF-a. However, DCs can also acquire a
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regulatory profile that expresses inhibitory molecules, such as PD-L1, PD-L2, or OX40L, or secreting

cytokines such as TGF-B, leading to a tolerant microenvironment that promotes tumor growth. 3

Macrophages are innate immune cells that can be divided into subpopulations such as M1-like
macrophages, which are also called classically activated macrophages, and M2-like macrophages. M1-
like macrophages have a pro-inflammatory phenotype and promote an antitumor response, while M2-
polarized macrophages are anti-inflammatory and lead to a tolerant response to tumors.}#16
Furthermore, M1-like macrophages have a high antigen presentation capacity and produce

inflammatory cytokines, whereas M2-like macrophages poorly present antigens and secrete anti-

inflammatory cytokines, such as IL-10 and TGF-p.

In the myeloid lineage, neutrophils and myeloid-derived suppressor cells (MDSCs) are two
subpopulations that are particularly involved in the immunosuppression of the tumor
microenvironment. Neutrophils are able to have antitumor activity, through reactive oxygen species
production or the activation of innate and adaptive immune cells, but they also display pro-tumor
functions with the secretion of pro-angiogenic factors and their ability to remodel the extra-cellular
matrix.l” The MDSC population is composed of several immature cells, which exhibit an
immunosuppressive function. As they originate from several myeloid populations, their difference is
based on their functions and not on their surface markers, which do not allow them to be
differentiated from neutrophils or monocytes in mice contrary to human.*®® MDSCs can produce TGF-
B and VEGF;%* consume arginine and tryptophan, which are amino acids required for T cell activity;’

and express co-inhibitory receptors such as PD-L1.

I.A.2. Lymphoid cells

Lymphocytes are also divided into two populations, namely antibody producer B cells and T cells, which
recognize specific antigens after activation through T cell receptors interacting with antigens bound to
the MHC protein on APCs. T cells are further classified into two subpopulations with distinct functions,
depending on their expression of transmembrane proteins, the first of which is CD4* T cells. These act
as helpers of the immune response during the activation of CD8" T cells, which are cytotoxic cells that

kill pathogens or abnormal cells, such as tumor cells.

The second subpopulation is CD8* T cells, which play a crucial role in the antitumor immune response
because they are cytotoxic tumor-infiltrating lymphocytes (TILs). TILs are involved in the killing of
tumoral cells.?! Therefore, high CD8* T cell infiltration in a tumor is correlated with a good prognosis in

patients with most solid cancer types.?>%
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Furthermore, CD4* T cells can differentiate into several subpopulations with more tolerant (e.g., Tu2
phenotype) or pro-inflammatory (e.g., Twl or Ty17) phenotypes.?®?” One of the tolerant CD4* T cell
subpopulations is the T regulatory population (Treg), which is highly involved in cancer.?® Indeed, Treg
promotes a pro-tumorigenic context in the tumor microenvironment by secreting immunosuppressive

cytokines, such as IL-10 and TGF-B, and expressing co-inhibitory receptors, such as CTLA-4 and PD-1.

T cells are affected by tumor cells through the expression of co-inhibitory receptors or the secretion of
anti-inflammatory cytokines, which leads to a tolerant phenotype in infiltrated T cells. TILs either
become anergic, which is a deficient activation state due to a lack of IL-2 production or co-stimulatory

molecules, or exhausted, which refers to a state of decreased efficacy after chronic T cell activation.?®
I.B. Immune checkpoints

I.B.1. Expression and function

Immune checkpoints are co-inhibitory receptors expressed during the activation of immune cells. They
provoke the inhibition of the immune system, which is analogous to a negative feedback on the
immune response. This physiological mechanism is crucial for the homeostasis of the immune system,

especially to prevent auto-immune reactions.

PD-1, also known as CD274, is a protein encoded by the PDCD1 gene and expressed at the surface of T
cells during activation, and binding to its ligands PD-L1 or PD-L2 leads to the exhaustion of T cells.?®
The PD-1 pathway contributes to the homeostasis of the immune system under normal conditions,
preventing T cell overstimulation leading to auto-immune disease. PD-L1 and PD-L2 are expressed by

APCs and cancer cells.

CTLA-4 is another transmembrane protein expressed on the surface of T cells. It is also expressed upon
activation and competes for the B7 receptor on APCs. Thus, the T cell coreceptor CD28 is no longer

able to interact with B7 and T cells become exhausted.*

Due to their immunosuppressive effect, immune checkpoints are targeted in cancer treatment,
especially PD-1 and CTLA-4 on T cells.3! New anti-cancer treatments targeting immune checkpoints
have been developed over the last 30 years.'%3233 These immunotherapeutic treatments are aimed at
increasing the detection and killing of tumor cells by the immune system through enhancing immune

activation and tumor immune infiltration.

I.B.2. Treatment in cancer

New immunotherapies called immune checkpoint inhibitors (ICls) have been developed during the last

decade, which reverse the inhibition in immune cells and restore the antitumor immune response. The
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ICls currently used in clinics are listed in Table 1. They target T lymphocyte populations, and although
PD-L1 is expressed on APC or tumor cells, the aim is to block its interaction with T cells. Other ICls are
under development, especially those that target macrophages as they have a phagocytic activity and

antigen presentation capacity, which is beneficial for the antitumor immune response.?*

Targeted receptor Molecule Approved indications

Advanced melanoma
CTLA-4 Ipilimumab Advanced renal cell carcinoma

Advanced colorectal cancer

Melanoma

Lung cancer
Hodgkin lymphoma
Renal cell carcinoma

Urothelial cancers

Nivolumab
Advanced colorectal cancer
PD-1 Pembrolizumab
Hepatocellular carcinoma
Cemiplimab
Head and neck squamous cell carcinoma
B cell ymphoma
Merkel cell carcinoma
Esophageal and gastric adenocarcinoma
Cutaneous squamous cell carcinoma
Lung cancer
Atezolizumab Breast cancer
PD-L1 Avelumab Renal cell carcinoma
Durvalumab Urothelial cancers

Merkel cell carcinoma

Table 1: Immune checkpoint inhibitors and their current indications.>

Furthermore, while ICIs have demonstrated remarkable efficacy compared with other therapies in

multiple types of cancer,**™*

a major disadvantage is their side effects in patients. Because ICls target
immune cells, they trigger immune-related adverse events (irAEs). Despite a similar to lower number
of fatal irAEs compared with other anti-cancer treatments (0.3 to 1.3 % for ICls, 0.9 % for platinum-
based chemotherapy, and 4 % for VEGF-targeted therapy), ICls induce a high number of grade > 3 irAEs
(6 % of anti-PD-1-treated patients, 24 % of anti-CTLA-4-treated patients, and 55 % of patients with a
combination of both).*? However, the occurrence of irAEs can also be correlated with the
establishment of a proper immune response as well as serve as a biomarker of the antitumor immune

response.*4
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I.C. Resistance to immunotherapy

The discovery of ICIs was a breakthrough in cancer treatment. Yet, many patients do not respond to
these immunotherapies due to de novo or acquired resistance mechanisms. Indeed, only 19-45 % of
patients with melanoma and non-small-cell lung cancer respond to anti-PD-1 monotherapy, and 30 %
of patients with melanoma who respond relapse over time.* Moreover, some types of cancers have a
high rate of non-responder patients, such as metastatic castration-resistant prostate cancer and

pancreatic ductal adenocarcinoma.*®

Resistance to ICIs can result from tumor-cell intrinsic factors, such as mutations during the cancer
immunoediting phase (e.g., the loss of MHC-I molecules or absence of neo-antigens),*”*® or from
tumor-cell extrinsic factors, such as immune cells infiltrating the tumor micro-environment, such as
Tree, M2-macrophages, or MDSCs. Several tumor-cell extrinsic factors are described in the following

paragraphs.

In most cancers, patients with a high tumor mutational burden exhibit high tumor T cell infiltration as
well as an enhanced response to immune checkpoint blockade.**~>! Indeed, to obtain a good antitumor
immune response, functional and activated immune cells are required in the tumor, such as effector
CD8* T cells. To achieve such tumor infiltration, CD8" T cells require potent activation by DCs and an
environment in which they do not become exhausted.!? Therefore, tumors with a low mutational
burden are often less infiltrated by immune cells and are called “cold tumor”. The absence of immune

infiltrate is a cause of resistance to ICl.>?

Angiogenesis is involved in resistance to ICls as vessels are involved in immune cell trafficking. Indeed,
the increase of pro-angiogenic factor VEGF signaling decreases CD8" T effector cells and increases Treg
infiltration in tumors. The normalization of tumor vessels is associated with the resolution of

immunotherapy resistance.*

Furthermore, composition in the tumor microenvironment is a cause of ICl resistance. The secretion
of molecules such as VEGF, TGF-B, and adenosine results in impaired T cell functions and
. . 53 . . . .

immunosuppression.”®> Moreover, the deprivation of some amino acids, such as tryptophan, or a lack

of glucose lead to changes in the immunometabolism and the loss of T cell killing ability.*®

In addition, the gut microbiota also impacts the response to ICls and therefore the appearance of
resistance. Antibiotic usage prior to immunotherapy was found to modify the gut microbiota and
induce resistance in patients with metastatic renal cell carcinoma who responded less to anti-PD-1
treatment.*® This resistance can be abolished and the ICI response restored with fecal microbiota

transplantation from immunotherapy responders.!?
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Although chemotherapy, radiotherapy, and surgery do not target the patient’s immune cells, these
treatments have an effect on the immune compartment.>*> For instance, chemotherapy damages the
peripheral immune system, which may be deleterious to anti-PD-1 therapy, but also increases the
tumor infiltration of DCs, which is beneficial for immune checkpoint blockade.””*® Therefore, their
impact on the immune system must be considered — especially to overcome resistance — when they
are used in combination with immunotherapies, such as ICls, especially regarding the timing of

treatment (i.e., neoadjuvant or concomitant treatments).

59-61

This list of causes of ICl resistance is not exhaustive, and new treatment combinations must be

identified to restore the efficacy of ICls in patients.
Il. Renal cancer
IILA. The kidneys

ILA.1. Anatomy and histology of the kidneys

Each kidney is protected by the renal capsule, a fibrous connective tissue. The functional unit of the
kidney is the nephron, which is a network of two separate fluid circulations integrated together,
constituted of blood vessels around tubes that collect urine. Nephrons are located in the outer region
of the kidney, which is called the cortex; however, some of them extend deep into the inner part, which
is called the medulla. A nephron is composed of the corpuscle and collecting tubules, which start from
the corpuscle by the proximal tubule, and continue with the loop of Henle, distal tubule, and
connecting tubule before the collecting duct, which collects urine before the ureter. The anatomy of

the nephron is detailed in the schema in Figure 2.

The corpuscle consists of the glomerulus and its capsule and contains a large network of capillaries.
These blood vessels are formed of specialized fenestrated glomerular endothelial cells and perivascular
epithelial cells, which are called podocytes.®>®> Podocytes wrap the capillaries and form a barrier with
vessel endothelial cells as illustrated in Figure 2. This barrier is permeable to water and small
molecules, both electrolytes and nonelectrolytes, crossing from the blood to the capsule due to blood

hydrostatic pressure produced by heart beats.
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Figure 2: Anatomy of the kidney and the associated histology. Adapted from Jourde-Chiche et al, Nat.
Rev., 20109.

I1.LA.2. Function of the kidney

The kidney is a well-irrigated organ as it receives 20-25 % of cardiac output, which represents 1 L/min
of blood.®®®” The blood comes from the aorta and is filtered in the nephron. It coordinates several
functions in the body, such as the detoxification of metabolic blood waste, in addition to secreting

hormones involved in blood pressure, bone homeostasis, and erythropoiesis.®>®®
Il.A.2.a. Detoxification

The nephron is composed of the corpuscle, where water and molecules are filtered out of the blood,

and collecting tubules in which water and some salts are reabsorbed into the blood.

The filtration of blood in the glomerulus produces a fluid that contains water and electrolytic
molecules, such as sodium, calcium, potassium, magnesium, phosphate, and bicarbonate, and also
nonelectrolytic molecules, such as glucose, amino acids, urea, uric acid, and creatinine. In the

subsequent tubules of the nephron, endothelial cells passively or actively reabsorb molecules and
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water,% leading to the reabsorption of 99 % of the initially filtered fluid.”° The molecules that are
actively reabsorbed are sodium, potassium, calcium, phosphate, and uric acid, as the electrochemical
gradient is the opposite of their transport.”? Urea, water, chloride, and some bicarbonate and
phosphate are passively reabsorbed in the same direction as the electrochemical gradient.”” The
maintenance of the homeostasis of calcium, phosphate, and magnesium by the kidney is crucial as
these molecules are second messengers for numerous signaling pathways and physiological events,
such as bone formation.”® Proximal and distal tubule cells also secrete molecules of high molecular
weight that are not filtered through glomerulus fenestrated vessels, or molecules in excess in the
blood,®® such as hydrogen, ammonia, or drug and chemical exogenous molecules. The excretion of
hydrogen and the reabsorption of buffers from the urine allow a normal pH level to be maintained in
the blood. The filtration function is quantified by the glomerular filtration rate, which is measured by

the administration of a compound filtered by the glomerulus.”>”3

Kidney metabolism follows oscillations with lower activity during the rest phase of the day, which is
aligned with the circadian rhythm explained in 1)IIl.B.2. Furthermore, 13 % of renal transcripts are
rhythmically expressed during the circadian cycle, and some of them encode transport proteins such
as water channel aquaporins. This explains why the excretion of water and molecules is decreased

during inactive phases.”

I1.LA.2.b. Hormones secreted by the kidney

The kidney regulates blood pressure and red blood cell production by secreting hormones and plays a

role in the production of vitamin D.

Blood pressure is partly regulated by the kidney through the production of renin, which is a component
of the renin-angiotensin-aldosterone system. Terminally, renin production leads to aldosterone

release and an increase in blood pressure, which is explained in detail in the next section.”

In the renal cortex, pericytes, which are components of blood vessels, produce erythropoietin.
Erythropoietin is a cytokine that allows the differentiation and production of erythrocytes in the bone
marrow.”® Hypoxia increases its secretion by renal pericytes, favoring red blood cell production by the
bone marrow, leading to an increase of oxygen transport in the blood and thus the resolution of
hypoxia.”” With their role in erythropoietin secretion and plasma volume regulation, kidneys are crucial

for maintaining the hematocrit within a normal range.

In addition, the kidney is also involved in the production of vitamin D. Indeed, even though 25-

hydroxyvitamin D is produced initially by the liver, the most active form (1,25(0OH),D) is obtained after
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hydroxylation by renal enzymes in tubules. The active form of vitamin D is crucial for calcium

absorption and the effective homeostasis of osteoclasts in bones.”*

11.LA.2.c. Blood pressure regulation

Blood pressure is regulated by several hormones, one of which is produced in the kidney. In the distal
convoluted tubule, the macula densa consists of 10-20 specialized epithelial cells in contact with cells
from the blood vessels of the glomerulus, which are called juxtaglomerular cells. Both are components
of the juxtaglomerular apparatus. Depending on the salt concentration in the urine, macula densa cells
produce and send paracrine signals to the juxtaglomerular cells, which release renin. Renin is the first

6278 It is an

hormone of the renin-angiotensin-aldosterone system, which controls blood pressure.
enzyme secreted in the blood that cleaves the hormone angiotensinogen, which is produced by the
liver. As illustrated in Figure 3, cleaved angiotensinogen forms angiotensin I, which is converted into
angiotensin Il in the lung.”® Angiotensin Il stimulates vasoconstriction and the production of
aldosterone by the adrenal gland. Aldosterone is a mineralocorticoid that promotes the reabsorption
of Na* in the ascending limb of the loop of Henle, distal convoluted tubule, and collecting duct.”® The

reabsorbed sodium generates an osmotic effect that causes the retention of water in the blood, which

increases blood pressure.®’ Therefore, renin secretion terminally produces increased blood pressure.

Drop in blood pressure
Drop in fluid volume

— Angiotensin-converting Angiotensin || stimulates Aldosterone stimulates
enzyme (ACE) aldosterone secretion by Na* and H,O reabsorption
} I adrenal cortex in the nephrons

Angiotensin Il Aldosterone

Liver releases I In pulmonary

angiotensinogen blood
into blood

Kidney releases
renin into blood

Angiotensin |

Angiotensin Il stimulate
vasoconstriction of blood vessel

Figure 3: Renin-angiotensin system for the regulation of blood pressure. Adapted from Gordon Betts et

al., Anatomy and Physiology, 2013.
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I1.B. Renal cell carcinoma

I1.B.1. Classification and physiopathology

Renal cell carcinoma (RCC) is classified into the following three main types based on their histology:812

clear cell RCC (ccRCC), papillary RCC (pRCC), and chromophobe RCC (chRCC). ccRCC represents 75 % of
RCC,% whereas pRCC and chRCC represent 15 % and 5 % of RCC, respectively.?

Papillary RCCis further divided into two types. The less aggressive type 1 is characterized by an increase
in signaling of the MET receptor tyrosine kinase, while the NRF2-antioxidant response element
pathway is increased in type 2.8 Chromophobe RCC is the least aggressive form of RCC. Common
mutations of the TP53 and mTOR pathway genes are found in 50 % of tumors, while the modification
of the telomerase gene is found in 10 %.8! ccRCC is mainly characterized by the deletion or loss of
function of the VHL tumor-suppressor gene.®! However, the mutation of this gene is not sufficient for
triggering ccRCC formation. Papillary and chromophobe RCC have better prognoses than ccRCC, with

only 7 % of chRCC patients developing metastasis disease® compared with 30 % of ccRCC patients.%®

The stages of renal cancer are classified through the tumor-node-metastasis (TNM) system for solid
tumors.®? This system considers the size of the primary tumor; the invasion in adjacent lymph nodes,
renal vein, or adrenal gland; and presence of metastasis in other organs. Patients with RCC can be
distributed into four stages with the TNM classification as described in Table 2. The Fuhrman grading
system is also used to evaluate tumors in patients with RCC. It is based on the histology of the tumor
and the presence of nucleoli in cell nuclei or multilobed nuclei. Although historically divided into four
groups, studies have demonstrated that division into only two or three groups has as much statistical

power in terms of patient survival prediction.®’

T1: primary tumor confined to kidney < 7 cm
Stage | NO: no metastasis in regional lymph nodes

MO: no distant metastasis

T2: primary tumor confined to kidney > 7 cm
Stage Il NO: no metastasis in regional lymph nodes

MO: no distant metastasis

T3:invasion of the primary tumor in peripheral tissues and veins without affecting the
adrenal gland or renal fascia

Stage llI
or N1: presence of metastasis in regional lymph nodes

with MO: no distant metastasis

11



1) Introduction

T4: invasion of the primary tumor in the adrenal gland or beyond the renal fascia
Stage IV
or M1: presence of distant metastasis

Table 2: ccRCC stages from the tumor-node-metastasis (TNM) classification

ccRCC and pRCC arise from epithelial cells of the proximal tubule of the nephron, while chRCC develops
from intercalated cells of the distal tubule.®! However, this origin is not certain for ccRCC, as some
expression markers could be explained by an origin from epithelial cells of the distal tubule,3 even
though they could be gained during the dedifferentiation of cells that occurs during tumorigenesis.
ccRCCis a highly vascularized tumor and the preferential metastatic sites are the lung, liver, and bones.
Histologically, it is defined by clear cytoplasmic cells due to a high accumulation of lipids and glycogen
as illustrated in Figure 4.8 However, ccRCC — and especially the metastatic stage of the disease — can

present different histological features, such as eosinophilic cytoplasm.®
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Figure 4: Section of normal kidney and primary ccRCC stained with hematoxylin and eosin. Normal
structures of the glomerulus (yellow arrow) and tubule (green arrow) can be seen in the normal kidney
and not in the ccRCC. Cells with large and clear cytoplasm are typical of ccRCC, with a distinct cell
membrane (blue arrow) and infiltrated blood vessel (red arrow). Magnification: 40 X, scale bar: 75 um.

Sharma et al, J. Exp. Clin. Cancer Res., 2021

11.B.2. Molecular mechanisms

11.B.2.a. Von Hippel-Lindau pathway

In humans, the von Hippel-Lindau (VHL) tumor suppressor gene is located on the chromosome arm 3p.
VHL is a cellular protein that is involved in the management of hypoxia and is a component of the

ubiquitination complex involved in proteasome degradation.

I1.B.2.a.i. The hypoxia pathway

12
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The main actor of the hypoxia signaling pathway is hypoxia-inducible factor 1 (HIF-1),°° which is a
transcription factor constituted by two dimers, namely HIF-1a and HIF-1B. HIF-1B is constitutively
expressed and located in cell nuclei, while HIF-1a is modulated by the oxygen level, located in the
cytoplasm, and able to translocate into the nucleus. Under normoxic conditions, the presence of
oxygen allows the hydroxylation of HIF-1a, which is then sensitive to proteasome degradation. Under
normal conditions, VHL protein binds to HIF-1la to ubiquitinate it and send it for proteasome
degradation. As HIF-1a cannot translocate to the nucleus, heterodimers cannot interact together to
act as a transcription factor. Under hypoxic conditions, VHL protein is not functional, and HIF-1a is not
hydroxylated nor ubiquitinated and can translocate into the nucleus to form a heterodimer with

HIF-1B, which acts as a transcription factor and regulates target genes.
I1.B.2.a.ii. Vascular endothelial growth factor

One of the target genes of the HIF-1 pathway is the vascular endothelial growth factor (VEGF) gene.%%%?
The VEGF family includes five proteins in mammals, which bind to three transmembrane tyrosine
kinase receptors. VEGF-A is the main pro-angiogenic cytokine in adults and can be produced by
fibroblasts and immune cells, but also some tumor cells. VEGF-A binds to its receptors — VEGFR-1 or
VEGFR-2 — and triggers signaling pathways that lead to angiogenesis, cell migration, and vascular

permeability.
I1.B.2.a.iii. Mammalian target of rapamycin pathway

The P13K/Akt/mTOR pathway (phosphoinositide 3-kinase, serine/threonine kinase Akt, mammalian
target of rapamycin) can be activated through several signals, including metabolic inducers such as
glucose or amino acids, but also through growth factors and their tyrosine kinase receptor.®® Activation
of the mTOR pathway leads to the inhibition of apoptosis, promotion of cell proliferation, and
angiogenesis through increases in the HIF-1a level and VEGF-A production.® The VHL pathway is
connected to the mTOR pathway through the interaction of VHL with the mTORC1 subunit RAPTOR.*

This interaction inhibits the pathway as RAPTOR cannot form mTORC1 complex.

11.B.2.b. Von Hippel-Lindau gene mutation

While ccRCC has a low tumor mutation burden, some specific mutations are observed in tumors. The
most common mutation is the functional biallelic inactivation of the VHL gene, which occurs in more
than 90 % of ccRCC cases, most commonly through the loss of the 3p chromosomic region.’84
Additionally, the 3p chromosomic region includes three other genes that are commonly mutated in
ccRCC, namely polybromo 1 (PBRM1), SET domain-containing 2 (SETD2), and BRCAl-associated protein

1 (BAP1),2! which are three proteins involved in chromatin remodeling. VHL inactive mutation or

13
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deletion leads to the activation of HIF-1a and the mTOR pathway. As previously explained, the
activation of HIF-1a and the mTOR pathway directly or indirectly leads to a high production of VEGF
and enhances angiogenesis and cell proliferation. This explains the high vascularization of ccRCC

tumors.

11.B.3. Immune infiltration

ccRCC tumors are highly immune infiltrated, with an average of 30 % of cells in the tumor being
immune cells.®®?” The tumor microenvironment in ccRCC is more immune infiltrated than in a normal

kidney,®

with mainly T lymphocytes, even though the mutational burden is low and there is a
heterogeneous macrophage population.?®°>1% |t js also the cancer type that is the most infiltrated in
T cells in TCGA cohorts.”” However, unlike most solid tumors, tumor immune infiltration in ccRCC is not
correlated with a good prognosis in patients. Moreover, a high number of CD8" T cells — which are
normally tumor cell-killing T cells but can become exhausted — correlates with late-stage and poor
overall survival, especially in male ccRCC patients.? It seems that high T417, M1 macrophages, and DC
infiltration are correlated with a good prognosis in patients, who benefited from immune checkpoint

blockade,’®* whereas Tn2, Treg Or M2, or naive macrophage infiltration is associated with a poor

prognosis.®’

Moreover, VEGF pathway activation, which is a key in ccRCC tumor progression, also plays a role in
immune compartment development such as DC or T cells.?®? VEGF-A inhibits NF-kB through VEGFR-1
in DCs and prevents their maturation. Moreover, in the presence of IL-4 and IL-10, VEGF-A promotes
the M2 polarization of macrophages.'® It enhances the expression of immune checkpoints in CD8* T
cells, such as CTLA-4 or PD-1, through VEGFR-2 signaling.®* VEGF interferes with the homing and
circulation of immune cells through the downregulation of CXCL10 and 11 (chemokines necessary for
T cell recruitment) and the chemoattraction of myeloid cells, such as M2-macrophages, MDSCs, and

monocytes. 105106

I1.B.4. Epidemiology

In 2020, RCC accounted for 2.2% of all cancers worldwide.’”” Patients are often diagnosed
unexpectedly during unrelated imaging scans because the disease stays asymptomatic; therefore, one-
third of patients are diagnosed at metastatic stages. Moreover, the survival prognosis is highly
dependent on the stage: Patients in stage |, in which the tumor is localized, have a 5-year survival rate
of 93 %, whereas patients with a metastatic disease in stage IV only have a 5-year survival rate of

12 %.8

11.B.4.a. Sex-biased effect in clear cell renal cell carcinoma
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A sexual dimorphism exists in cancer development and treatment response. In renal cancer, the age-
standardized rate was twice as high in men than in women in 2020 for incidence and mortality.”
However, several analyses of gender-related differences in the efficacy of immune checkpoint
blockade in metastatic ccRCC patients have produced controversial data. Some analyses have
demonstrated that men have a significantly reduced risk of death compared with women with immune
checkpoint blockade treatment, while others have not demonstrated any significant differences
between men and women.%11 |n melanoma and non-small-cell lung cancer, women seem to have a

better overall survival rate than men; however, they benefit less from immunotherapy than men.!?

RCC has higher incidence and mortality rates in men than in women,* which could be explained by a
protective role of female hormones in RCC growth and survival. Indeed, several studies have indicated
an impact of the age of the first menarche, first delivery, use of contraceptive therapies, or
hysterectomy on the risk of RCC.1°%®!% However, despite a potential protective role of female
hormones, the obtained results have not all been statistically significant and consistent.!!
Nevertheless, RCC cells express more estrogen receptor B than breast cancer cells and its activation
inhibits RCC cell proliferation and increases apoptosis.'*> Moreover, more than 50 % of tumors express
the androgen receptor, and no difference in expression exists between women and men. This

expression is associated with worse prognosis and more aggressive features.'*®

In addition, the interrelation of steroid pathways also leads to sex differences in ccRCC development.
ccRCC tumors express, from the highest to the lowest level, mineralocorticoid, glucocorticoid,
androgen, estrogen, and progesterone receptor.’* The most potent androgen, dihydrotestosterone,
can bind to the glucocorticoid receptor, which can regulate androgen receptor target genes and
promote RCC cancer cell growth.!'” This is a potential mechanism for explaining the higher risk of ccRCC
in men. Moreover, the expression of the isoform estrogen-receptor-p leads to an antitumor effect,

which could also partially explain the difference of incidence rates in ccRCC in favor of women.

11.B.4.b. Risk factors in clear cell renal cell carcinoma

In addition to the sexual dimorphism, several factors increase the risk of ccRCC development. Age is a
critical risk factor as the risk of mutation increases with time. As in several other types of cancer,
smoking and a high body mass index increase the risk of RCC (relative risk [RR] for ccRCC = 1.5 for

current smokers and 1.8 for obese people).®

Moreover, diet, drug use, and exposure to chemicals
increase the risk of ccRCC development, which is because the kidney is involved in the detoxification
of all hazardous exogenous molecules from the body. The kidney is a highly vascularized organ, and an
increase in blood pressure can damage the glomerulus and the capsule in the nephron; therefore,

hypertension increases the risk of RCC (RR = 2.3-2.4 in Europeans).®* Metabolic syndrome, especially
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due to insulin resistance caused by type 2 diabetes, is also an independent risk factor, with the stage
of ccRCC (odds ratio = 4.028),'*® mortality, and incidence of ccRCC being higher in patients with
metabolic syndrome than those of other patients. In patients with RCC, obesity has a detrimental effect
on the anti-PD-1 treatment response, which is in opposition to the obesity paradox that occurs in some
cancer types, such as melanoma; that is, while obesity increases the risk of cancer development, obese
patients respond better to immune checkpoint blockade than non-obese patients.!'® However, obesity
seems to be beneficial to RCC patients during targeted therapies, such as VEGF inhibitors. These studies
must be confirmed in RCC to obtain a clear consensus regarding obesity’s effect on therapeutic

responses.'®

Prognostic factors can be determined for metastatic RCC patients using the International Metastatic
RCC Database Consortium risk calculator.'?%!2! This tool stratifies patients into good and bad prognosis
groups depending on their daily life abilities, time from diagnosis to treatment, line of treatment

currently used, hemoglobin, neutrophils, platelets, and calcium levels.

I1.B.5. Treatment of clear cell renal cell carcinoma

In this section, ccRCC treatments are described; however, treatment plans follow the same approach
in pRCC and chRCC. Depending on the stage of the disease, patients will receive more or less aggressive
treatments, but treatment plans usually start with surgery followed by tyrosine-kinase inhibitor alone
or in combination if metastasis is present. Surgical resection of the kidney is the main first-line
treatment in ccRCC.1?2 Nephrectomy can be partial in some patients, but most of the time surgeons
perform simple or radical nephrectomy, which consists of removing the kidney, adrenal gland,
surrounding fat, and adjacent lymph node.'?® However, 30 % of patients with a localized tumor who

received a nephrectomy eventually relapse and develop metastasis.!?

I1.B.5.a. Targeted therapies

Before 2000, due to ccRCC chemotherapy and radiotherapy resistance, the recommended treatment
was cytokines, such as IL-2 and interferon, which had efficacy in almost 10 % of patients but severe
side effects, such as cardiac and respiratory toxicity.'?®> From the 2000s onwards, new treatments called
targeted therapies started to be used as the standard of care in ccRCC: tyrosine kinase inhibitors (TKIs)
have been developed, targeting angiogenesis through VEGFR inhibition, as well as inhibitors of the

MTOR pathway, and used in the treatment of metastatic disease.

As VEGF promotes angiogenesis in tumors, ccRCC is a highly vascularized tumor and can be sensitive
to therapies that inhibit pro-angiogenesis factors or receptors. Mechanism of action of these therapies

is described in Figure 5. The treatments used in clinics target the VEGF receptor through the inhibition
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of the tyrosine kinase subunit of the receptor, such as sunitinib or axitinib, but also through the direct
inhibition of VEGF-A, such as bevacizumab, which is a neutralizing antibody of VEGF. Other growth
factor receptors with tyrosine kinase activity can be targeted, such as AXL, c-MET, PDGF-R, or FGF-R,
due to their upregulation under VEGF signaling and/or their positive effect on tumor invasion,
proliferation, and survival. Moreover, resistance to VEGFR inhibition can be overcome by targeting
several receptors, such as the mechanism of action of cabozantinib, which is an inhibitor of several
tyrosine kinase receptors, such as VEGFR, AXL, and c-MET.!2 VEGF pathway inhibition leads to the
normalization of tumor vascularization, a rise in tumor hypoxia, and an increase in the number of
tumor-infiltrating immune cells.’°> Moreover, as the inactivation of VHL increases the mTOR pathway

and favors tumor proliferation, mTOR inhibitors are used in ccRCC treatment management. These

molecules are from the same family as rapamycin, such as the everolimus.

Sunitinib
Axitinib

Renal
cancer cell

Endothelial cell
of blood vessel

_r FGF-R VEGF-R
AXL C-MET PDGF-R V

Figure 5: Pathways and current drugs in metastatic renal-cell carcinoma. Adapted from Choueiri and

Motzer, N. Engl. J. Med., 2017.

11.B.5.b. Immunotherapies

When ICIs was approved in the clinic for several solid tumors, the standard of care for ccRCC changed
drastically. It is a cancer known to be sensitive to ICls, and these molecules, such as anti-PD-1 or anti-

CTLA-4, can be used alone or in combination with other therapies. Anti-CTLA-4 is indicated in ccRCC,
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but the most commonly used immunotherapies target PD-1 and PD-L1.*° Since 2018, some

combinations of ICIs and TKI have been used as the first-line treatment for metastatic ccRCC, such as

anti-PD-1 pembrolizumab with TKI against VEGFR axitinib.2%2125"127 \Moreover, the inhibition of the

VEGF pathway increases T cells’ infiltration into the tumor and decreases the immunosuppressive

microenvironment with the inhibition of Treg and MDS

C, 126

which could improve the efficacy ofimmune

checkpoint blockade. To select the proper treatment, physicians consider the risk of the patient, which

they assess using the stage, size, grade, and necrosis (SSIGN) score using the TNM classification and

histology of the tumor. The guidelines recommended by the ESMO committee are presented in Figure

6 for first-, second-, and third-line treatments.
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Figure 6: Algorithm for treatment choice in ccRCC. The treatment is chosen depending on the line of

treatment, risk of the patients, and availability of treatment. Box outlined in green: standard of care;

box outlined in orange: options if standard of care is not available. SSIGN score: stage, size, grade, and

necrosis score. Adapted from Escudier et al, Ann. Oncol., 2019.
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11.B.5.c. Resistance

Inhibiting the HIF pathway with VEGF inhibitors or the mTOR pathway can lead to the inhibition of
ccRCC progression during the first months of treatment. However, patients who respond first can
develop adaptive resistance to these targeted therapies.!?® While the arrival of ICls has drastically
increased the efficacy of ccRCC treatment in recent years, some patients exhibit primary resistance
and acquired resistance. Indeed, the combination of anti-PD-1 and TKI (pembrolizumab + axitinib) had
an overall response of 55 % in untreated metastatic ccRCC, and anti-PDL-1 (nivolumab) in second-line
treatment had a 25 % overall response.'?® Thus, a need exists for new treatments to overcome these
resistances, especially adjuvant treatments. To find new treatment strategies, we must first

understand the origins of these resistances. Some of them are detailed in the following paragraphs.

Immune cells that infiltrate ccRCC are mainly immune suppressive cells, such as myeloid-derived
suppressor cells or exhausted T cells expressing PD-1, which inhibit the antitumor response.'®
Moreover, the epithelial-mesenchymal transition is a crucial factor in the development of metastasis,
and it is increased through HIFa pathway activation, which favors the loss of epithelial cell adhesion
molecules and increases tumor cell dissemination.?* The endothelial compartment also plays a critical
role in treatment resistance; indeed, tumor endothelial cells can be modified by reactive oxygen
species and VEGF expressed in the tumor microenvironment. This leads to its role of immune regulator
with increased infiltration of immune suppressive cells rather than effector cells.??* This could explain
why patients who do not respond to nivolumab treatment have a higher endothelial compartment in
the tumor microenvironment than those who respond to immune checkpoint blockade.*® Hypoxia can
induce resistance due to the production of an acidic environment — which favors the immune
suppressive phenotype of immune cells —as well as its effect on the expression of immune checkpoints.
Indeed, hypoxia, mainly through HIFa, increases the expression of PD-L1 and VISTA, another immune
checkpoint, on myeloid cells (MDSCs, DCs, and macrophages), leading to the inhibition and exhaustion
of T effector cells. The acidic environment also directly inhibits T cell proliferation and activation as
well as promotes tumor-associated macrophages, Trg and hypoxic MDSCs, which are more

immunosuppressive,?

The anti-angiogenic treatments used to reduce the blood supply to tumors can also lead to secondary
hypoxia. Hypoxia increases the expression of the P-glycoprotein membrane exporter, which is a

protein implicated in the drug efflux that decreases the level of TKI inhibitors inside the cells.?

Therefore, one of the trails followed to overcome RCC resistance is to combine immune checkpoint

blockade together, with or without TKI, despite the high toxicity observed.
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11.B.5.d. Biomarkers

To ensure accuracy in the prognosis and treatment choice for patients, research is being conducted on
new biomarkers in ccRCC, since none are currently validated and used in clinical settings. Despite PD-L1
expression in 25 % of ccRCC tumors, it has no predictive role in patient outcomes.'?® Several proteins
are under investigation, such as the ubiquitin conjugating enzyme E2 C, for which a high expression
promotes the proliferation and migration of cancer cells in ccRCC, thus predicting poor prognosis in
patients.’3° Opa interacting protein 5 expression correlates with immune infiltration in ccRCC and is a
negative prognostic marker; thus, its oncogenic role needs to be examined precisely.'*! Insulin growth
factor-like receptor 1 is expressed in T cells and has a high expression associated with high myeloid-

derived suppressor cell infiltration in ccRCC,?° which is an indicator of poor prognosis in patients.

Immune infiltration is also a biomarker of good or bad prognosis in ccRCC as well as a marker for
predicting anti-PD-1 immunotherapy response. However, as explained in 1)I.B.3, strong immune
infiltration is not correlated with a good prognosis in patients with ccRCC. The presence of different
immune cells in the tumor can interfere in the treatment response as well as tumor growth. Gene
signatures are under investigation for predicting prognosis and immunotherapy response, such as the
immune-related prognostic differential gene signature,’®* which considers the expression of immune

genes, such as WNT5A, IL4R, and genes expressed by cancer cells or stromal cells.
II.C. Clear cell renal cell carcinoma models

11.C.1. Cellular model used in research

Several cell lines have been derived and designed to study RCC in vitro, especially resistances to
treatment. Different human cell lines are used in research to study ccRCC.*3? The ones most commonly

used are listed as follows:

- A-498 is a VHL-mutated cell line used to study ccRCC; however, some studies have discussed
its ccRCC origin and demonstrated a more papillary origin.

- 786-0 also does not express functional VHL, enhancing the HIF and VEGF pathways, leading to
a ccRCC model.

- Caki-1 cells do not express a wild-type VHL protein but produce a high amount of VEGF and
form tumors with a clear cell histology in mice. They are used as a metastatic ccRCC model.

- Caki-2 cells express wild-type VHL protein. It is a tumor cell line originally from a primary kidney

tumor usually used as a ccRCC model, although it exhibits more characteristics of pRCC.

In a mouse model, the cell line most extensively used as a syngeneic model for mimicking ccRCC is the

Renca cell line, which comes from a spontaneous renal adenocarcinoma of Balb/c mouse. Despite a
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Vhl deletion, Renca cells do not recapitulate all of the common ccRCC mutations observed in humans.
Indeed, unlike in humans, Vhl, Pbrm1, Setd2, and Bap1 are not localized on the same chromosome in
mice; therefore, Vhl deletion does not lead to mutations in the other genes. However, Vh/ deletion

does lead to increases in HIF-1a and VEGF in the same way as in human ccRCC.133

11.C.2. In vivo models used in research

To study the tumor microenvironment’s components, several in vivo tumor models have been
developed through implanting tumor cells in naive mice or spontaneously forming tumors in
genetically engineered animals. The easiest model to implement is the ectopic injection of Renca cells
subcutaneously into the flank of mice, which generates a localized solid tumor. This is an extensively
used model due to convenience during injection and tumor measurement. However, this simple model
does not recapitulate the main characteristics of human ccRCC, such as the vascularization and tumor
microenvironment found in the kidney as well as metastases development.!3* Orthotopic models are
also used to study ccRCC. Renca cells are then injected under the kidney capsule or directly into the
kidney, allowing the development of a primary renal tumor and metastases in the lung, lymph nodes,
liver, and peritoneum. Both of these orthotopic models demonstrate a progressive tumor growth in
the kidney and spontaneous metastasis formation. The contralateral kidney does not develop
metastases, preventing death due to renal failure. The subcapsular injection allows a slow growth with
the detection of a tumor after 7-10 days, whereas direct injection into the kidney is more rapid in
tumor progression but less invasive during injection as it does not require suturing. These orthotopic
models allow the primary localized tumor as well as early- and late-stage metastases to be studied
with nephrectomy, mimicking the human disease history.!3 Renca cells can also be injected
intraperitoneally or intravenously to generate metastatic models in the peritoneum or lung. However,
these models do not recapitulate the human RCC as there is no kidney tumor, even though they are

used to study treatment against metastases in RCC.13*

To generate a model as similar as possible to the human disease, several genetically engineered
animals have been produced. However, none of them recapitulate all of the characteristics of human
RCC, despite a clear gene mutation origin in human patients. Considering that the mutation of the VHL
gene is one of the main drivers of ccRCC in humans, complete vh/ knockout (KO) has been performed
in zebrafish. This deletion generates abnormalities in the proximal tubules of the kidney, leading to
ccRCC but also an early death for an unknown reason.3> Because of this premature death, this model
can only be used for early-stage ccRCC. Moreover, the total inactivation of VAl in mice is lethal during
development. Therefore, several models have been generated with the conditional deletion of Vh/,

whether in proximal or distal tubular epithelial cells or collecting duct cells. Nevertheless, none of these
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mouse models have exhibited ccRCC formation despite the presence of several anomalies, especially
clear cells and cysts.!?® These results indicate that vh/ mutation is lethal or insufficient for generating
ccRCC in zebrafish or mouse models, and contributions from other oncogenes or tumor suppressor
genes might be necessary for kidney tumorigenesis. As two of the most well-known tumor suppressor
genes, PTEN and TP53, are often mutated in cancers, the mutation of Pten and Vh/ or Tp53 and Vhl,
have been trialed but they do not mimic patients. Indeed, the first combination does not lead to ccRCC
formation, while the second is not similar to the molecular features found in patients, even though it
leads to tumorigenesis in the kidney. As already mentioned, in human ccRCC, Vh/ deletion can lead to
Pbrm1, Setd2, or Bapl mutation due to their close location on the chromosome 3, but not in mice as
they are not on the same chromosome. Therefore, genetically engineered mice with mutations of
these genes and Vh/ could be a relevant model for ccRCC. The simultaneous deletion of Vh/ and Pbrm1
as well as the deletion of Vh/ and only one allele of Bap1 (Bap1 deficiency is lethal in mice) have been
performed.’*® These mice developed cysts and tumors in their kidneys, mimicking the main features
of human ccRCC at the cellular and molecular levels as they presented an increase in HIF target gene

expression and mTOR signaling as in human patients.*?*

lll. Glucocorticoids: Origin and biological activity
llI.A. Steroidogenesis

Steroids hormones are composed of three main families, namely mineralocorticoids, glucocorticoids,

137 all of which are produced from cholesterol. As Figure 7 indicates, steroidogenesis

and sex hormones,
starts with the steroidogenic acute regulatory protein (StAR), which transports cholesterol from the
outer to the inner mitochondrial membrane. In the inner mitochondrial membrane, cholesterol is
converted into pregnenolone, the precursor of all steroids.’® CYP11A1 converts cholesterol into
pregnenolone in a reaction that is limiting for the rest of the steroidogenesis (Figure 7).13° Several
subsequent enzymatic reactions by cytochromes P (CYP) and hydroxysteroid dehydrogenases (HSD)
produce mineralocorticoids, glucocorticoids, and sex hormones. Aldosterone is the main
mineralocorticoid that plays a role in the renin-angiotensin-aldosterone system, which was previously
explained in 1)Il.A.2.c. Glucocorticoids are composed of cortisol and corticosterone as the active
compounds and cortisone and 11-dehydrocorticosterone (11-DHC) as their inactive forms. They can
be inactivated or reactivated through enzymatic reaction by HSD11B1/2. In humans, the predominant
compounds are cortisol and cortisone, whereas they are corticosterone and 11-DHC in rodents. The

sex hormones are estrogens in females, such as estrone and estradiol, and androgens in males, such

as dehydroepiandrosterone and testosterone.
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Steroidogenesis occurs in the adrenal gland, but also in peripheral organs for terminal enzymatic

reactions, such as the kidney for glucocorticoids, testicles for androgens, and ovaries for estrogens.

These hormones circulate freely or are bound to proteins such as glucocorticoids, which are 90 %

bound to corticosteroid-binding globulin or albumin.*® Only 5-10 % of free plasmatic glucocorticoids

are bioavailable for the targeted tissues and cells.
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Figure 7: Steroidogenesis pathway that occurs in the adrenal gland and its spatial localization.

I1l.B. Hypothalamic-pituitary-adrenal axis

Glucocorticoid secretion follows a cycle throughout the day called the circadian cycle. The

hypothalamic-pituitary-adrenal (HPA) axis controls the release of cortisol by the adrenal gland.

I11.B.1. Anatomy

The HPA pathway involves several hormones that are produced in different organs: the hypothalamic

paraventricular nuclei, the anterior pituitary, and the adrenal gland. The hypothalamic paraventricular

nuclei are part of the hypothalamus and are connected to the anterior pituitary at the base of the

brain. Adrenal glands are located above the kidneys and consist of three layers that produce
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steroids.*! As schematized in Figure 7, the external zona glomerulosa synthetizes mineralocorticoids;
the zona fasciculata, in the middle, produces glucocorticoids; and the internal layer, called the zona

reticularis, produces sex hormones.

111.B.2. Hormone secretion and circadian cycle

In physiological conditions, stress stimuli such as hypoglycemia, or activity signals provoked by the
release of vasopressin hormone, lead to the activation of the HPA axis, which regulates glucocorticoid
secretion.'® The HPA axis is also stimulated by external stress stimuli, such as infections, which

increase pro-inflammatory cytokines secreted by immune cells.'*?

First, the hypothalamic paraventricular nuclei produce corticotropin-releasing hormone (CRH), which
then activates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary. Finally,
ACTH promotes glucocorticoid secretion from the adrenal gland into the blood circulation.'*
Glucocorticoids have a negative feedback effect on the HPA axis. Moreover, a high concentration of
glucocorticoids inhibits CRH secretion by the hypothalamic paraventricular nuclei, decreasing the
stimulation on the adrenal gland and thus glucocorticoid production.}*?4 This negative feedback of
glucocorticoids on the HPA axis is not through a direct effect of the glucocorticoid receptor on CRH
transcription, but rather because of modulations of several signaling pathways in CRH-producer

neurons, which are not yet completely understood.'#

Humans are diurnal, meaning that their activity period is during the day. Thus, their plasmatic
glucocorticoids increase in the morning to reach a peak, and then decrease in the afternoon to reach

a nadir at night.2*¢ Rodents have an opposite circadian cycle as they are nocturnal animals.4

Aldosterone synthesis is also increased upon ACTH stimulation in the adrenal gland; thus, its
concentration increases under stress conditions. Physiologically, its production is increased by
angiotensin Il signaling and mainly regulated at the level of CYP11B2, the last enzyme of its metabolism

as illustrated in Figure 7.
lII.A. Glucocorticoid signaling

I11.LA.1. Glucocorticoid receptor

lllLA.1.a. Expression

The NR3C1 gene encodes the glucocorticoid receptor (GR), which belongs to the same nuclear family
receptor as the other steroid receptors. It is constituted of a DNA binding region, a ligand binding
domain, and dimerization contact regions in between two transactivation domains.’*’ The GR ligand-

binding domain, which forms an internal pocket, accepts endogenous glucocorticoids such as cortisol
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or corticosterone or exogenous glucocorticoids such as dexamethasone. The classical GRa isoform,
which is ubiquitously expressed, binds glucocorticoids and mediates most of their effects. The GRB
isoform acts as a dominant negative and does not bind ligands but rather inhibits GRa’s effects on
reducing the glucocorticoid effect, especially in immune cells.)®® In the kidney, GR is particularly
expressed in the proximal tubules and the glomeruli, while in ccRCC tumors, a high expression

correlates with a less aggressive cancer.!'*

I1I.A.1.b. Activity, target genes, and effects of the glucocorticoid receptor

The GR is located in the cell cytoplasm, where it is bound to heat shock proteins, restraining the
receptor into the cytoplasm in the absence of glucocorticoids. The binding of the ligand into the ligand-
binding-domain pocket induces a change in conformation of the GR as well as the dissociation of heat

shock proteins. GR can dimerize and translocate from the cytosol to the nucleus.*

The activation of GR triggers two separate pathways — namely the non-classical pathway, which
involves the activation of kinases, and the classical signaling pathway, which leads to the modification
of the transcription. The non-classical signaling pathway of the GR involves non-genomic activity, such
as activation in the cytosol of the kinase signaling pathway,'*® and leads to fast signaling.’*” In the
classical signaling pathway, the GR can bind specific DNA sequences in the promoter regions of its
target genes. These DNA regions are called glucocorticoid response elements and are DNA consensus
sequences. DNA tethering of the GR induces a modification of conformation, dependent of the DNA
consensus sequence, allowing the recruitment of other transcription factors and activator or repressor
proteins.’*® In addition to DNA binding, GR activity involves protein-protein interactions between the
nuclear receptor and other transcription factors, impacting the transcription of genes that do not
contain GRE.} The regulation of steroid receptor activation is mainly caused by pre-receptor
regulation with the modulation of ligand availability.*>® Acquired resistance to glucocorticoids appears
because of the downregulation of GR expression, but also because of the abrogation of GR

dimerization without an impact on the expression level.'>?

GR signaling plays a role in several physiological functions that are important during the entire life
course. For instance, during fetal development, glucocorticoids are particularly critical for the
maturation of organs, especially in the lungs for the establishment of proper respiration. Indeed, GR
signaling leads to the maturation of specialized lung cells producing surfactant.’® Moreover,
glucocorticoids are known to inhibit the immune response and have an anti-inflammatory effect, and

they are used therapeutically for this purpose.

The regulation of the immune response through GR signaling involves interactions with AP-1 and NF«k-

B, two transcription factors involved in immune cytokine expression, and inhibits their effects.> The
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GR can also bind to glucocorticoid response elements in the DNA promoter region of pro-inflammatory
immune genes and decrease their transcription by preventing the fixation of NFk-B. Overall, GR
signaling decreases pro-inflammatory immune gene transcription, such as IL-2, IL-1, TNF-a, and MHC
type | and promotes the transcription of immune checkpoints, such as PD-L1,%%3 and anti-

inflammatory genes, such as IL-10 and TSC22D3 (GILZ).%’

I11.LA.2. Mineralocorticoid receptor

The mineralocorticoid receptor is another steroid receptor to which aldosterone can bind. Similar to
the GR, the mineralocorticoid receptor is a nuclear receptor located in the cytosol, and it translocates
in the nucleus to act as a transcription factor upon ligand binding and dimerization. An inactive
mineralocorticoid receptor is bound to cytosolic chaperon proteins, which are consequently
dissociated from the conformational change that occurs during ligand binding. Moreover, the
mineralocorticoid receptor can heterodimerize with the GR, which is broadly expressed in the
kidney.'>*1>> The mineralocorticoid receptor is expressed in aldosterone-target cells, such as in the
distal part of the nephron, the loop of Henle, distal tubules, and collecting ducts of the nephron,** but

also in many other cells that are not involved in the aldosterone pathway.**°

The mineralocorticoid receptor has structural similarities with the GR, leading to an equivalent affinity
of glucocorticoids and aldosterone for the mineralocorticoid receptor. Thus, the mineralocorticoid
receptor can be activated by glucocorticoids in most cells as its concentration is higher than
aldosterone.’ The signaling through aldosterone binding occurs in cells that express HSD11B2, which

can inactivate glucocorticoids, as explained in Figure 8.

In aldosterone-sensitive cells, mineralocorticoid receptor activation produces non-genomic as well as
genomic effects. Non-genomic effects are fast and include calcium transfer and the generation of
reactive oxygen species through NADPH oxidase, which are necessary for vasoconstriction and ion
homeostasis in the kidney. Genomic effects lead to the modulation of target-gene transcription, such

as the ionic membrane transporter.'*®

The mineralocorticoid receptor is also involved in non-aldosterone-sensitive cells. For instance, it can
regulate inflammation through its expression in macrophages, as demonstrated in cardiac fibrosis.*’
Moreover, mineralocorticoid signaling has been detected in neurons of the hypothalamic
paraventricular nuclei and the hippocampus.?®®>> This expression in these cells is involved in the
control of the HPA axis, and the possibility of heterodimerization with the GR could play a role in the
regulation of the circadian rhythm; however, the mechanism is yet to be completely

elucidated.'®>1°81>
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I11.LA.3. Interrelation between glucocorticoids and sex steroid pathways

Crucial differences are observed between men and women in their response to glucocorticoids. Men
have a higher basal glucocorticoid level and exhibit a stronger increase in glucocorticoid levels in

response to psychological stress than premenopausal women 60163

Moreover, exogenous
glucocorticoid treatment leads to a shorter decrease in pro-inflammatory cytokines in women than in
men. Indeed, women are known to have a more reactive immune system than men, which correlates
with a higher prevalence of auto-immune diseases in women and a higher susceptibility to infections

for men.%

Several mechanisms can explain the sex differences in glucocorticoid response, such as the sex
dimorphism of enzymes producing glucocorticoids or the cross-talk between sex hormones and

glucocorticoid receptor (GR) signaling.

The enzymes involved in glucocorticoid synthesis are sexually dimorphic. HSD11B1 and HSD11B2,
which are direct producers of glucocorticoids (Figure 7), are less expressed in females than males.11313°
Indeed, estrogen downregulates HSD11B1 expression, leading to a lower glucocorticoid production in
females than in males in cells involved in estrogen and glucocorticoid production, such as
adipocytes.!®> Moreover, the expression of CYP11A1 and CYP17A1, which are involved at the beginning

of glucocorticoid synthesis (Figure 7), decreases with estrogen exposition. These decreases lead to a

reduction of cortisol production, as one study demonstrated in a zebrafish model.2%®

In addition to sex differences in the expression of glucocorticoid producer enzymes, the glucocorticoid
signaling pathway is connected to sex hormones. First, glucocorticoids regulate other steroids, such as
estrogen production, by enhancing the activity of aromatase P450, which produces estrogen from
androgens in adipose tissue.’®” However, while they increase estrogen production, glucocorticoids also
inhibit estrogen receptor signaling by antagonizing the receptor or binding target gene
promoters.'®81° This antagonism leads to a displacement of estrogen receptors away from their
response element on DNA. Conversely, estrogen receptors inhibit the GR’s function through the post-
translational modification of the receptor.’® Moreover, heterodimerization of the GR leads to the
regulation of different target genes than monomer or homodimers, and a ligand-bound GR can be
dimerized with other steroid receptors, such as mineralocorticoid receptors® or androgen
receptors.!’? Finally, receptors for glucocorticoids, mineralocorticoids, and sex hormones have

7 allowing conformationally

similarities in the tertiary structures of their ligand-binding domain,*
similar ligands to bind with different affinities, as presented in Table 3. This table presents the ranking
of steroid affinities for the different steroid receptors. As the values of each affinity vary between

sources, only an overall ranking is described without dissociation-constant values.
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Receptor Affinity
Dexamethasone > Cortisol/corticosterone > Aldosterone > Estradiol = Progesterone =
ok Testosterone
Aldosterone = Cortisol/corticosterone = Progesterone > Dexamethasone > Estradiol =
MR Testosterone
AR Testosterone >> Estradiol = Progesterone > Dexamethasone = Cortisol/corticosterone >

Aldosterone

n

Estradiol >>> Aldosterone Dexamethasone = Cortisol/corticosterone = Progesterone =
ER

Testosterone

Progesterone >> Estradiol > Testosterone = Aldosterone > Dexamethasone =
PR
Cortisol/corticosterone

Table 3: Ranking of steroid affinity for steroid receptors.?’>*’” AR: androgen receptor, ER: estrogen

receptor, GR: glucocorticoid receptor, MR: mineralocorticoid receptor, PR: progesterone receptor.

Interrelations in these steroid pathways lead to several effects on physiological functions, such as the
immune response. Signaling through glucocorticoid, progesterone, and androgen receptors mainly
results in anti-inflammatory effects, whereas signaling through estrogen receptors leads to pro- or
anti-inflammatory effects, depending on the receptor isoforms and estrogen doses. Glucocorticoid
receptors can bind progesterone, leading to a repression of cyclooxygenase 2 and an inhibition of the
NFk-B pathway.”® Cyclooxygenase 2 is an enzyme that produces prostaglandins and is known to
increase inflammation, which induces a decrease in pro-inflammatory cytokines.'®*'’° Despite mutual
inhibition between the GR and the estrogen receptor, some evidence exists of co-operation between
these two nuclear receptors for the inhibition of pro-inflammatory proteins, such as CD69 or IL-6, for

enhancing an anti-inflammatory context.'®®
I11.B. Production of glucocorticoids in peripheral organs

The 11B-hydroxysteroid dehydrogenases type 1 and 2 (HSD11B1 and HSD11B2) are isozymes involved

in the activation and inactivation of intracellular glucocorticoids in peripheral, non-adrenal organs.*®°

111.B.1. 11B-hydroxysteroid dehydrogenases type 1

HSD11B1 is a 34 kDa protein located in the membrane of the endoplasmic reticulum, with its active
enzymatic site in the lumen of the organelle as illustrated in Figure 8. It is encoded by the HSD11B1

gene on chromosome 1 in humans and mice.®

HSD11B1 acts mainly as a reductase to produce active glucocorticoids (cortisol and corticosterone)

from inactive glucocorticoids (cortisone and 11-DHC) using NADP(H) as a co-factor.’®° HSD11B1 closely
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interacts with hexose-6-phosphate dehydrogenase (H6PDH), another transmembrane protein of the
endoplasmic reticulum that produces the NADP(H) required for its reductase activity. In the absence
of NADP(H), HSD11B1 can also act as a dehydrogenase and produce ketone. The substrates of HSD11B1
dehydrogenase are cortisol, corticosterone, and some synthetic glucocorticoids such as
prednisolone.® The dehydrogenase activity has been described in enzymatic assays lacking NADP(H)

as a co-factor; however, in vivo, HSD11B1 mainly exerts a reductase function.

ﬁ\i Intact cell
Aldo
Cytosol
In kidney

Nucleus

&

HOOQOQOAVIAA
DNA

Figure 8: Glucocorticoid pathway in peripheral organ cells. Aldo: aldosterone, DNA: deoxyribonucleic
acid, E: cortisone or 11-DHC, ER: endoplasmic reticulum, F: cortisol or corticosterone, GR: glucocorticoid
receptor, HSD11B1/2: 1168-hydroxysteroid dehydrogenases 1/2, H6PDH: hexose-6-phosphate
dehydrogenase, MR: mineralocorticoid receptor, NADP/H: nicotinamide adenine dinucleotide

phosphate. Adapted from Chapman, Holmes and Seckl, Physiol. Rev., 2013.

HSD11B1 is ubiquitously expressed and its activity regulates many physiological functions, such as

systemic glucocorticoid levels, angiogenesis, the HPA axis, adipogenesis, and the immune response.

The liver is the organ that expresses the highest level of HSD11B1 and generates 20-40 % of the total

daily glucocorticoid production,&°

independently of the HPA axis. Thus, the systemic amount of
endogenous glucocorticoids depends on not only adrenal production but also the peripheral activity

of HSD11B1.

Furthermore, HSD11B1 can inhibit angiogenesis via its activity in endothelial cells and macrophages.'®!

Enhancing HSD11B1 expression in vascular endothelial cells decreases angiogenesis.'® Macrophages
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are also particularly crucial for the formation of new vessels,'® and the KO of HSD11B1 in this cell type
enhances angiogenesis.’®® The anti-angiogenic effect of HSD11B1 is also due to its inhibitory role in
pro-angiogenic factors. For instance, IL-1, a major pro-angiogenic cytokine, is downregulated by
HSD11B1-produced glucocorticoids. However, HSD11B1 does not have any effect on VEGF-A, the main
pro-angiogenic growth factor, as its expression was not modified in Hsd11b1”" mice, although an

increase in angiogenesis was observed in them.®*

Moreover, the expression of HSD11B1 in the central nervous system* participates in the regulation
of systemic glucocorticoid amounts by the HPA axis. An increase in glucocorticoid levels enhances the
transcription of the HSD11B1 gene, which is regulated by the GR, resulting in a higher intracellular
concentration of glucocorticoids. The increase of glucocorticoid production by HSD11B1 in neurons is
crucial for the negative feedback loop of glucocorticoid signalization. Indeed, it increases the
glucocorticoid amounts directly in the neurons, which induces CRH downregulation and ultimately

inhibits glucocorticoid adrenal production.'®

In addition, HSD11B1 is involved in the regulation of metabolic homeostasis. It regulates adipogenesis,
as was demonstrated in HSD11B1 KO mice that were resistant to diet-induced obesity.'®® The
expression of HSD11B1 in adipocytes increases their differentiation and adipogenesis as well as the
formation of white adipose tissue.'® In addition, HSD11B1 expression in adipocytes is enhanced by
insulin,’® which is often over-secreted in metabolic syndrome, maintaining adipogenesis
dysregulation. HSD11B1 inhibition reduces risk factors in metabolic syndrome, such as the
cardiovascular risk of obese patients.’®%®! Drugs targeting HSD11B1 in this indication have been

developed to reduce metabolic disorders in patients (as detailed in 1)111.D.2.b.i).

Lastly, the immune response can be modulated by HSD11B1 activity through its expression in immune
cells. HSD11B1’s effects on immune cells during the immune response are explained in the next section

(1)11.C).

111.B.2. 11B-hydroxysteroid dehydrogenases type 2

HSD11B2 is a 42—-44 kDa cytosolic protein anchored in the endoplasmic reticulum membrane and
encoded by the Hsd11b2 gene in chromosome 16 in humans and chromosome 8 in mice.8%18 |ts
expression is more restricted than that of its isozyme HSD11B1, as it is only expressed in the kidney,
colon, some parts of the brain, and placenta, but not in immune cells. HSD11B2 acts as a
dehydrogenase in the same proportion as its isozyme HSD11B1. As Figure 8 indicates, HSD11B2

inactivates cortisol and corticosterone into cortisone and 11-DHC with the cofactor NAD*.1&
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Furthermore, HSD11B2 activity is important for several physiological functions in adults as well as
during development. A critical function is the regulation of aldosterone signaling. The
mineralocorticoid receptor has a similar affinity for active glucocorticoids (cortisol or corticosterone)
as it does for aldosterone,®° but its affinity for inactive glucocorticoids (cortisone or 11-DHC) is low.
As HSD11B2 transforms active into inactive glucocorticoids, the intracellular level of the active form
decreases and the mineralocorticoid receptor is less bound by glucocorticoids. Therefore, the
mineralocorticoid receptor is free to bind aldosterone. Despite a higher concentration of
glucocorticoids than aldosterone in the blood, it is the intracellular steroid concentration that is
decisive in determining which steroid will bind the mineralocorticoid receptor. In this context, the
presence of HSD11B2 allows the mineralocorticoid receptor to be protected from glucocorticoids and
the possibility of aldosterone binding.'®® Thus, the co-expression of HSD11B1/2 enzymes, which
regulate the amounts of intracellular glucocorticoids, with the mineralocorticoid receptor, affects its
specific activity.’® For instance, in the distal nephron, where aldosterone regulates salt-water
homeostasis, HSD11B2 and the mineralocorticoid receptor are co-expressed, allowing a binding of
aldosterone to its receptor.’® Moreover, in some parts of the brain, such as the paraventricular
nucleus cells, HSD11B2 is expressed at a low level.®®¥! |n these cells, mineralocorticoid receptor
signaling leads to increased activity of the sympathetic system, such as cardiac activity. HSD11B2 allows
this signaling to be regulated through aldosterone binding and not glucocorticoids.’®® In some patients,
the mutation of HSD11B2 leads to severe hypertension due to glucocorticoid-induced activation of the

mineralocorticoid receptor.!?

Moreover, HSD11B2 is particularly important during fetal development,®

especially in the placenta
and the brain of the fetus. Early exposure to glucocorticoids could affect the maturation of organs of
the embryo and decrease the birth weight of the baby.'® However, they are necessary for the late
maturation of organs, such as the liver and lungs. Indeed, at the end of pregnancy, glucocorticoid
exposure allows the maturation of specialized lung cells, which produce surfactant.?® Thus, HSD11B2
is particularly expressed in the placenta to inactivate active glucocorticoids coming from the mother
before the embryo.’®> At the end of pregnancy, HSD11B2 expression decreases and HSD11B1
expression begins, allowing maturation through the glucocorticoid exposure of organs, such as the
lungs. HSD11B2 is also particularly expressed in the brain of the fetus.'®! Brain cells in development
are sensitive to glucocorticoids, which lead to the defective differentiation of neurons. Indeed,
repeated therapeutic administration of glucocorticoids during pregnancy prevents the maturation of

astrocytes and cell junctions in the brain of the fetus.'® Moreover, during pregnancy, the consumption

of glycyrrhetinic acid, an HSD11B2 inhibitor present in licorice, leads to cognitive disorders and
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hyperactivity of the HPA axis in children.’® Therefore, HSD11B2 expression and its timing are

particularly crucial during fetal development.
lI.C. Glucocorticoid pathways and the immune system

As described in 1)lll.A.1.b, glucocorticoids have an effect on immune genes through binding to the GR,
inhibiting inflammation, and decreasing the activation of immune cells. Glucocorticoids also modulate

the differentiation and polarization of immune cells.

I11.C.1. Effects of glucocorticoids on immune differentiation

Glucocorticoid signaling is involved in the activation of myeloid cells, such as neutrophil activation,*’
macrophage polarization, or DC maturation.'® HSD11B1 is dynamically expressed during the
polarization of naive macrophages into M1 macrophages.'*® Then, glucocorticoids can be reactivated
by HSD11B1, leading to an anti-inflammatory phenotype that drives a fast resolution of
inflammation.}** Macrophages from mice that lack Hsd11b1 in myeloid phagocytes exhibit a faster
polarization into M2 macrophages than macrophages from WT mice.'® These changes in macrophages
are caused by the change in the intracellular level of glucocorticoids and not the modification of the
plasma level.’® Knowing that M2 macrophages are known to be involved in angiogenesis and HSD11B1
promotes an M1 phenotype in macrophages,’® HSD11B1-produced glucocorticoids impair the
homeostasis of angiogenesis through their effects in macrophages. This has also been demonstrated
in Hsd11b1 KO mice that display a pro-angiogenic context.!818318% Through the inhibition of
macrophage maturation, glucocorticoids induce decreases in IFN-y and IL-12 secretion, which are
cytokines produced by M1 macrophages and DCs. Glucocorticoids are also involved in the maturation
of DCs, which leads to the downregulation of IFN-y and IL-12 secretion in particular. Moreover,
HSD11B1 increases during the maturation of DCs, and its activity is especially increased following an
innate immune signal but not after adaptative immune activation.?®® Thus, an innate immune response
leads to an increase of HSD11B1-produced glucocorticoids and decreases of IFN-y and IL-12 secretion

by DCs, preventing Tyl polarization and inducing a tolerogenic phenotype in T cells.

Glucocorticoids are also critical during thymic T cell development and T cell polarization. The GR is
expressed in all T cells and glucocorticoids are produced de novo in the thymus by the thymic epithelial
cells and T cells, which express HSD11B1 and CYP11A1.137139140 GR activation induces the apoptosis of
T cells in both negative and positive selections in the thymus.!®® Moreover, the glucocorticoid pathway

140180 and T cell subpopulations have different sensitivities to

is involved in the polarization of T cells,
glucocorticoids. Glucocorticoid signaling leads to the strong inhibition of Ty1 and moderate inhibition

of Ty2 but permits the development of Tyl7. Furthermore, it induces a loss of the anti-apoptotic
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protein BCL-2 in Tyl cells, thereby promoting their apoptosis, whereas BCL-2 is increased in Ty17 by IL-
17 signaling, which is enhanced by glucocorticoids.?*® In secondary lymphoid organs, GR activation in
T cells promotes Ty differentiation with the activation of the transcription factor TSC22D3 (GILZ),
which induces TGF-8 receptor and FOXP3 expression, a receptor and a transcription factor that

promote T, differentiation.'*°

111.C.2. Effects of glucocorticoids on immune activation

Immune activation is a dynamic process that induces an increase of HSD11B1-produced active
glucocorticoids, especially in immune cells. It is inhibited by GR signaling, leading to the resolution of
the immune response. The modulation of the immune response through glucocorticoids occurs in both

lymphoid and myeloid cells.

In lymphoid cells, HSD11B1 expression is increased by pro-inflammatory cytokine signals and during
TCR activation in T cells.’® GR activation leads to an inhibition of co-stimulatory receptor expression,
such as CD28 and pro-inflammatory cytokines, and induces the expression of immune checkpoints,

such as PDCD1 (PD-1), CTLA-4, and TIM3.14°

In myeloid cells, HSD11B1 is expressed during inflammation in neutrophils and DCs, leading to the
production of active glucocorticoids. However, HSD11B1 is also a target gene of glucocorticoids, which
increase its expression, amplifying the effects of active glucocorticoids and inhibiting inflammation.*”
This dynamic increase of intracellular glucocorticoid amounts due to HSD11B1 in myeloid cells leads to
a modulation of the immune response.'® Glucocorticoid signaling inhibits DC activation with the
downregulation of MHC type Il, co-stimulatory proteins, and cytokines. Moreover, the expression of
TSC22D3 (GILZ) is induced by glucocorticoids in DCs and represses the transcription of immune genes,
leading to a tolerant phenotype that impairs the inhibition of tumor growth.?®® GR activation also
decreases the CD11B expression of neutrophils, which is an important integrin involved in migration

into inflamed tissues.'®’

Overall, glucocorticoid signaling, especially via intracellular HSD11B1-produced glucocorticoids,
induces an autocrine feedback in immune cells, acting as an immune checkpoint and allowing

inflammation to be controlled. '’

I11.C.3. Effects of the circadian cycle on immune cells

Through the circadian cycle, the plasmatic glucocorticoid level is modulated, which particularly affects
T cell trafficking. Lymphocytes migrate from the blood to lymphoid tissues where they can be activated
by APCs. This T cell trafficking fluctuates over 24 h, with the lymphocytes being located more in the

lymphoid tissues during the active period and more in the blood during the low-glucocorticoid
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period.’® In T cells, glucocorticoids enhance IL-7R transcription, leading to an IL-7 driven CXCR4
expression, which is a surface chemokine receptor leading to migration into lymphoid tissues.
Therefore, glucocorticoid circadian fluctuation leads to the rhythmic expression of CXCR4 on the T cell
surface.?02292 This effect of the circadian cycle impacts the resolution of inflammation depending on
the timing of the immune challenge. Indeed, during the active period, T cells are located in the
lymphoid tissues ready to be activated; therefore, an infection that occurs during this period will be

resolved faster than that in periods in which T cells are in the blood.?°%2%2
l11.D. Glucocorticoids in cancer

111.D.1. Link between cancer and glucocorticoids

I11.D.1.a. Therapeutic glucocorticoid use with immunotherapy

In the clinic, synthetic glucocorticoids are used as anti-inflammatory treatment for their immune
inhibitory effects through steroid receptors. In cancer treatment, glucocorticoids are especially
administered to manage side effects during immunotherapy.?® This usage raises the problem of
damping the immunotherapy response due to systemic immunosuppression provoked by
glucocorticoids. Several studies have demonstrated that glucocorticoids have a negative effect on
patients’ survival if the treatment is administered before the immune checkpoint blockade. However,
the use of glucocorticoids to manage side effects due to immune checkpoint blockade does not impair
the clinical benefit of immunotherapy.?*2% |n some cases, patients need to receive glucocorticoids
before immunotherapy, such as in the case of intracranial metastasis for reducing brain edema. Then,
anti-CTLA-4 can be used as an ICI to reduce glucocorticoids’ negative effect on the immune system.2%
Indeed, dexamethasone, a synthetic glucocorticoid, increases the expression of CTLA-4 in T cells, which

can be reversed with CTLA-4 blockade, unlike PD-1 blockade.

Overall, the timing of glucocorticoid treatment is crucial for avoiding the detrimental effects of their
immunosuppression on the immune checkpoint blockade response.?’” Indeed, the antitumor immune
response seems to follow glucocorticoid administration if it was initiated before glucocorticoid

treatment.?’

111.D.1.b. Endogenous glucocorticoids

Much evidence exists to support the involvement of GR activation and endogenous glucocorticoid

production in tumor and metastasis development.?%®

The expression of GR in tumors was associated with poor prognosis in patients, late stages of cancer,

and a higher risk of relapse compared with patients with low GR tumor expression in epithelial ovarian
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cancer and ER breast cancer.2>?1% Furthermore, GR inhibitor treatment in a pancreatic cancer model
promoted tumor immune infiltration and increased the immune checkpoint blockade response.'>3
Moreover, the expression of the GR in some cancer cells (pancreatic, prostate, or breast) increased the
level of transcription factors involved in the epithelial-mesenchymal transition, leading to the

intravasation of cancer cells and metastasis formation.*3

In addition, the increase of circulating endogenous glucocorticoids caused by psychological stress
suppressed the immunogenic effect of chemotherapies, which was restored with the use of a GR

antagonist.2%°

Moreover, psychological stress increases TSC22D3 expression in mouse DCs. TSC22D3
(GILZ) is a glucocorticoid-induced protein that interacts especially with NFk-B, which drives the
tolerogenic phenotype in DCs and the induction of Treg through FOXP3 expression, thereby decreasing
the antitumor immune response. This was confirmed by the KO of TSC22D3 in DCs or the inhibition of

the GR, which increased the immunogenicity in the tumor.2®

Furthermore, glucocorticoid variations caused by the circadian rhythm affect metastasis formation in
breast cancer.?!! During low glucocorticoid periods (e.g., sleep), circulating tumor cells express more
mitotic genes and perform more intravasation into the blood or lymphatic vessels than during the
active phase of the day, leading to the generation of metastases.?!! Moreover, chronic disruptions to
the circadian cycle, such as working night shifts, enhance the ability of breast cancer cells to form
metastases.?*? This abnormal glucocorticoid variation promotes the epithelial-mesenchymal transition

of cancer cells and decreases the efficacy of the antitumor immune response.?*?

Finally, intra-tumoral glucocorticoid synthesis promotes tumor progression. HSD11B1 is expressed in
breast cancer cells, and its inhibition represses metastasis propagation.?'®* Immune cells that infiltrate
the tumor also produce steroids, which promote an immunosuppressive tumor microenvironment.
Deleting CYP11A1 from T cells increases the number of pro-inflammatory cells infiltrating the tumor,
such as M1 macrophages or non-exhausted T cells,’®® thereby increasing the antitumor immune

response.

Thus, the production of glucocorticoids (adrenal and intra-tumor steroid biosynthesis) and GR
activation are detrimental to a proper antitumor immune response. Inhibition of the pathway could

reverse this immunosuppression, leading to an enhanced antitumor immune response.

111.D.2. Inhibition of the glucocorticoid pathway in patients

111.D.2.a. Glucocorticoid receptor inhibitors
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Since glucocorticoid signaling is involved in cancer progression, GR inhibitors could reduce tumor
growth. Several GR inhibitors, whether specific or not to the receptor, are being studied as cancer

treatments in clinical trials.

RU486 (mifepristone), used as an abortive drug for its progesterone receptor antagonism, inhibits the
GR. RU486 has effects on the HPA axis, which depends on the treatment dose, administration route,
and frequency.?** It can produce an abolition of the HPA axis with low ACTH and glucocorticoid
secretion or a disinhibition of the axis with higher corticosterone in the plasma. Overall, the trend
indicates an abolition of the HPA axis during continuous or daily repeated per os administration of
RU486.2147216 RU486 also inhibits steroidogenesis enzymes, such as 21-hydroxylase, 11-hydroxylase,
and 3-hydroxysteroid dehydrogenase,?” which can modify the synthesis of many other steroids, such
as aldosterone or androstenedione. In rodents, the clearance of RU486 is fast because the drug is not
bound to the plasma al-glycoprotein, unlike in humans where the half-life is longer.2}* RU486 has been

studied in several clinical trials to improve the survival of cancer patients,?'2%

such as in prostate
cancer, in which RU486 has a low effect, probably because the treatment increases androgens in favor
of cancer progression.??! This increase in sex hormones could be counteracted with a combination of

androgen receptor inhibitor and RU486.

There are also specific GR inhibitors that do not target steroid receptors other than the GR, such as
CORT125281 (exacorilant)?®® or CORT125134 (relacorilant) from Corcept Therapeutics. Their effects
are being studied in several clinical trials to improve patients’ life with cancer, but also in metabolic

disorder, Cushing’s syndrome, and Alzheimer’s disease.

111.D.2.b. 11B-hydroxysteroid dehydrogenases type 1 inhibitors

Compared with GR inhibition, the main advantage of HSD11B1 inhibition is that the receptor would
still be functional and potentially activated by synthetic glucocorticoids if any strong side effect was to

occur.
111.D.2.b.i. Use in clinic

Several clinical trials are ongoing in phase 1 or 2 for testing HSD11B1 inhibitors in different diseases,
such as Alzheimer’s disease, Cushing’s syndrome, type 2 diabetes, obesity, and metabolic syndrome.
These inhibitors are well tolerated by patients.’® In preclinical studies and in clinical trials on patients
with type 2 diabetes, selective HSD11B1 inhibitor treatment demonstrated improvements in glycemic
control, insulin sensitivity, and lipid metabolism disorder.'®” The inhibition of HSD11B1 in patients is
not reflected in the plasma cortisol level, which means that there is no compensation of the adrenal

pathway through an increase in ACTH.'® HSD11B1 inhibition has an effect on immune cells, with a
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reduction of pro-inflammatory cells infiltrating adipose tissue in obesity and decreases of macrophages

and T cells in an atherosclerosis model.*®’

One of the tested HSD11B1 inhibitors is AZD4017. It leads to an increase in the observed muscle mass,
which can be related to the expression of HSD11B1 and the GR in skeletal muscle cells and the
intracellular level of glucocorticoid in these cells.?22 Moreover, androgen levels have been found to be
increased in these patients, which can also affect muscle tissue. The lipid profile is also modified with

AZD4017 treatment, with the total cholesterol and LDL cholesterol being reduced.
111.D.2.b.ii. ABT-384

ABT-384 is an inhibitor of HSD11B1 that has already been tested in humans in a phase 2 clinical trial
for Alzheimer’s disease. However, this clinical trial was prematurely ended due to a lack of efficacy of
the drug compared with the current treatment for Alzheimer’s.22 This pharmacological inhibitor was

demonstrated to be safe for a daily dose, which fully inhibits HSD11B1.2%*

It is metabolized through CYP3A, and two metabolites of ABT-384 have a potent HSD11B1 inhibition
activity. Therefore, the use of CYP3A inhibitors, such as some antibiotics (e.g., clarithromycin), can
affect the clearance of ABT-384. However, as the therapeutic index is high, there is a low risk of side
effects during such co-medication.??* In the case of co-administration with CYP3A inducers, such as

rifampicin, the dose of ABT-384 might need to be increased to reach the same efficacy.
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2) Aim of the Thesis

The development of immune checkpoint blockade has been found to improve the overall survival of
cancer patients who failed to respond to previous treatments, such as chemotherapy or
radiotherapy.3*38 Even though immune checkpoint blockades have demonstrated high efficacy in the
treatment of many solid tumors, only 25 % of patients with ccRCC have an objective response after 2

years, which highlights the presence of resistance mechanisms to ICls in RCC.125225-228

As already described in 1)I1.B.3, ccRCC is a tumor that is highly immune infiltrated, which correlates
with a poor prognosis for patients.®2% As strong immune infiltration in solid tumors is associated with
an increased chance of immunotherapy response in most cancers,?° this correlation is a paradox that

suggests the interesting role of the immune system in RCC.

Moreover, glucocorticoids are known to possess anti-inflammatory and immunosuppressive activity,
as explained in 1)lll.C. Moreover, in patients with cancer, stress that leads to a high level of
glucocorticoids decreases their overall survival.2231232 The kidneys are highly involved in the
production and elimination of glucocorticoids. They express HSD11B2, which produces a substrate for

active glucocorticoid synthesis.

The aim of this project was to investigate the role of HSD11B1 and endogenous glucocorticoids in the

antitumor immune function in renal cancer. Accordingly, the project’s objectives were as follows:

e Toinvestigate the therapeutic potential of HSD11B1 inhibition in renal cancer models;

e To protect the use of HSD11B1 inhibitors for their use in combination with immunotherapy in
cancer treatment;

e Totestthe impact of Hsd11b1 genetic modulation in a renal cancer model with overexpression
in tumor cells and KO in the host mouse;

e To study the effect of glucocorticoid receptor antagonism in combination with immune

checkpoint blockade on the antitumor immune response in a renal cancer model.

38



3) Results

3) Results

I. Activation of endogenous glucocorticoids by HSD11B1 inhibits the antitumor immune

response in renal cancer
I.A. Introduction

Endogenous steroids and particularly glucocorticoids modulate immune cell differentiation and
activity. To understand the role of endogenous glucocorticoids in the resistance to immune checkpoint

blockade, we investigated the role of the glucocorticoid producer HSD11B1 in renal cancer.

Specifically, we studied a human database of gene expression in tumors and found that HSD11B1
expression is associated with a poor prognosis in renal cancer. In human and murine immune cell
assays, we demonstrated an inhibitory activity of HSD11B1 on the immune response. Moreover, in

renal cancer models, we demonstrated that HSD11B1 inhibition improves immunotherapy response.
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Title

Activation of endogenous glucocorticoids by HSD11B1 inhibits the antitumor immune response

in renal cancer
Abstract

Although immune-based therapies have revolutionized the management of cancer, novel approaches
are urgently needed to improve their outcome. We investigated the role of endogenous steroids in the
resistance to cancer immunotherapy, as these have strong immunomodulatory functions. Using a
publicly available database, we found that the intratumoral expression of 11 beta-hydroxysteroid
dehydrogenase type 1 (HSD11B1l), which regenerates inactive glucocorticoids into active
glucocorticoids, was associated with poor clinical outcome and correlated with immunosuppressive
gene signatures in patients with renal cell carcinoma (RCC). HSD11B1 was mainly expressed in tumor-
infiltrating immune myeloid cells as seen by immunohistochemistry in RCC patient samples. Using
peripheral blood mononuclear cells from healthy donors or immune cells isolated from the tumor of RCC
patients, we showed that the pharmacological inhibition of HSD11B1 improved the response to the
immune checkpoint inhibitor anti-PD-1. In a subcutaneous mouse model of renal cancer, the
combination of an HSD11B1 inhibitor with anti-PD-1 treatment increased the proportion of tumor-
infiltrating dendritic cells. In an intrarenal mouse tumor model, HSD11B1 inhibition increased the survival
of mice treated with anti-PD-1. In addition, inhibition of HSD11B1 sensitized renal tumors in mice to
immunotherapy with resiquimod, a Toll-like receptor 7 agonist. Mechanistically, we demonstrated that
HSD11B1 inhibition combined with resiquimod increased T cell-mediated cytotoxicity to tumor cells by
stimulating the antigen-presenting capacity of dendritic cells. In conclusion, these results support the
use of HSD11B1 inhibitors to improve the outcome of immunotherapy in renal cancer and highlight the

role of the endogenous glucocorticoid metabolism in the efficacy of immunotherapy.
Keywords

Immunotherapy, Renal cancer, HSD11B1, Glucocorticoids, Steroidogenesis
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Introduction

Cancer immunotherapy has revolutionized the field of oncology by prolonging patient survival. In clear
cell renal cell carcinoma (ccRCC), immune checkpoint inhibitors are approved for first-line treatment of
metastatic disease and have improved overall survival across multiple clinical trials." However, only 10%
of patients with advanced ccRCC achieve complete response to checkpoint inhibitors.? Since expression
of PD-L1 does not predict response to treatment in renal cancer?, it is urgent to identify the factors of
resistance to checkpoint inhibition and to develop novel combination therapies to improve the outcome

of immunotherapy.

Steroid hormones such as glucocorticoids play a role in regulating various physiological functions,
including the immune response.* Following treatment with immune checkpoint inhibitors, exogenous
glucocorticoids are prescribed to control immune-related adverse events, but whether endogenous

steroid hormones influence the response to immunotherapy in ccRCC is unknown.®

Although systemic levels of steroids are mostly governed by their production in the gonads and the
adrenal gland, their biological activity is highly regulated in peripheral tissues in which the final steps of
steroidogenesis can occur. This regulation has been demonstrated in several tissues and cell types,
including immune cells.® In particular, glucocorticoids in peripheral tissues are activated by 11 beta-
hydroxysteroid dehydrogenase type 1 (HSD11B1) and inactivated by 11 beta-hydroxysteroid
dehydrogenase type 2 (HSD11B2), a mechanism which contributes to the local regulation of the
stimulation of the glucocorticoid receptor.” In cancer, evidence of intratumoral steroidogenesis was first
shown in hormone-sensitive cancers such as breast and prostate tumors.2® More recently, the
expression of genes involved in steroidogenesis was characterized as a signature for survival of patients

with hormone-independent cancers such as gastric cancer and gastrointestinal stromal tumors.'%"

Since steroids are important modulators of the immune response, we investigated whether the enzymes
involved in steroid metabolism were associated with clinical outcome and antitumor immune responses
in ccRCC. Our results shed light on the inhibitory function of glucocorticoid regeneration through

HSD11B1 in the immune response against renal cancer.
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Materials and Methods
See Supplemental Information
Results

HSD11B1 expression in tumors correlates with poor clinical outcome in patients with renal

cancer.

In order to identify clinically impactful genes that influence the antitumor immune response, we
correlated the intratumoral expression of genes involved in steroidogenesis with the outcome of ccRCC
patients and looked for an association with immunosuppressive markers using the TCGA repository.
We found that high expression of HSD11B1, HSD17B1, CYP21A2 and STAR was associated with poor
overall survival while on the contrary, high expression of AKR1C2, HSD17B2, AKR1C4, AKR1C1,
HSD11B2, HSD17B8 was associated with a longer overall survival (OS) in patients (Fig 1 A). This
analysis drew our attention to the glucocorticoid pathway, as four genes were related to cortisol
metabolism (Fig 1 B, Fig S1 A). The CYP21A2 and HSD11B1 enzymes support the production of
cortisol, while HSD11B2 and AKR1C4 are involved in cortisol inactivation and degradation. This finding
indicated that patients with high expression of cortisol-producing enzymes or a low expression of
cortisol-inactivating enzymes had reduced OS. Hierarchical clustering analysis revealed five main
patient populations with one cluster of patients expressing low levels of these enzymes and four clusters
mainly defined by the strong expression of each individual gene, demonstrating that HSD11B1,
CYP21A2, AKR1C4 and HSD11B2 were mutually exclusively expressed in ccRCC patients (Fig 1 C).
Survival analyses of the patient populations defined by the hierarchical clustering clearly showed that
patients defined by high expression of HSD11B1 or CYP21A2 had a negative outcome compared to the
patients defined by high expression of AKR1C4 or HSD11B2 (Fig 1 D). Since CYP21A2 is not only
involved in the cortisol synthesis pathway but also regulates the mineralocorticoid synthesis pathway,
we then focused our analysis on HSD11B1, which is directly and specifically involved in cortisol
regeneration. The log-rank test showed a greater impact of HSD11B1 on survival when the patient
population was defined by the clustering analyses (HR=2.187, 95%CI: 1.511-3.166) (Fig S1 B)
compared to the median-based method (HR= 1.3, 95%CI:1.17-1.45) (Fig 1 A). Among the 39 cancer
subtypes tested in TCGA, the expression of HSD11B1 was found to correlate with a poor prognosis only
in stomach adenocarcinoma and renal cancer. Renal cancer was the cancer type most significantly
associated with shorter OS (Fig S2).

Since HSD11B1 is involved in cortisol regeneration, which may lead to local immunosuppression,'? we
hypothesized that ccRCC patients defined by a high HSD11B1 could be associated with an
immunosuppressive gene expression pattern. Interestingly, patients with high expression of HSD11B1
had a higher expression of PDCD-1 (coding for PD-1), LAG-3, CTLA-4 and genes involved in a Th2

immune response (Fig 1 E).

In order to confirm the expression of HSD11B1 at the protein level in renal tumors and to identify the
positive cells, we stained twenty tumors from ccRCC patients by immuno-histochemistry. As shown in
Fig 2 A, a positive staining of HSD11B1 was mainly detected in infiltrating cells with 11/20 patients
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showing more than 1% of HSD11B1-positive cells (Fig 2 B). Morphological analysis of the staining by a
pathologist suggested that HSD11B1-positive cells were immune cells of the myeloid lineage, especially
macrophages and neutrophils (Fig S3). Co-staining of HSD11B1 with CD68* cells confirmed that
HSD11B1 was expressed in tumor-infiltrating macrophages (Fig 2 C).

HSD11B1 activity inhibits antigen-mediated T cell activation and limits the response to anti-PD-

1 treatment in human PBMC and tumor-infiltrating immune cells.

A key function of myeloid cells is to stimulate the adaptive T cell response against cancer.'® We tested
the functional impact of HSD11B1 activity in peripheral blood mononuclear cells (PBMCs) healthy
human donors and human immune cells isolated from RCC tumors. An antigen recall assay was
performed to test whether HSD11B1 could impact antigen-dependent T cell activation and the response
to anti-PD-1 treatment in these cells. T cell activation, measured by IFN-y secretion, was detected only
in the presence of antigen stimulation and was increased by anti-PD-1 treatment. Treatment with
cortisone, an inactive HSD11B1 substrate, reduced T cell activation both in isotype and anti-PD-1
treated conditions, suggesting that immune cells were able to metabolize cortisone into the active
hormone cortisol through HSD11B1. The inhibitory effect of cortisone on T cell activation was reversed
using ABT-384, an HSD11B1 inhibitor, demonstrating that the cortisone-mediated inhibition of the
immune response was driven by HSD11B1 (Fig 3 A). Interestingly, while treatment with cortisone
blocked the efficacy of anti-PD-1 treatment in this assay, the addition of ABT-384 restored T cell

activation toward a level comparable with the non-cortisone-treated condition.

The effect of HSD11B1 activity was then tested on immune cell subsets isolated from RCC tumors.
Although only one out of four patients tested showed a response to antigen recall, we observed a
reduction of the T cell response in cortisone-treated samples in both isotype and anti-PD-1 conditions,
which was reversed by ABT-384 (Fig 3 B). These results demonstrated that HSD11B1 can inhibit the

antigen-specific response in tumor-infiltrating immune cells.

HSD11B1 inhibition impacts the immune phenotype in anti-PD-1-treated subcutaneous renal

tumors in mice.

Since HSD11B1 inhibition improved the T cell response to an immune checkpoint inhibitor in vitro, we
tested the therapeutic potential of combining an HSD11B1 inhibitor with anti-PD-1 in mice. First, cortisol-
d4 was administered to non-tumor-bearing mice treated with ABT-384 and HSD11B1 activity was
quantified. We observed a complete inhibition of HSD11B1 activity as demonstrated by the low level of
cortisol-ds measured in the plasma of inhibitor-treated mice (Fig 4 A). In mice bearing subcutaneous
murine renal cancer (Renca) tumors, anti-PD-1 treatment partially inhibited tumor growth. No efficacy of
monotherapy with the HSD11B1 inhibitor was observed when compared to the vehicle-treated control
group (Fig 4 B). Furthermore, there was no effect of the combination treatment with the HSD11B1
inhibitor and anti-PD-1 on tumor growth compared to the anti-PD-1 treated group. Regarding the tumor
immune phenotype, intratumoral CD4* effector cells were increased in the combination group compared
to the anti-PD-1 monotherapy group (Fig 4 C). In addition, a decrease of the myeloid-derived suppressor

cell to dendritic cell ratio (MDSC/DC) in the combination group compared to anti-PD-1 monotherapy-
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treated group was observed (Fig 4 D and Fig S4). Thus, although HSD11B1 inhibition did not confer
higher antitumoral efficacy to anti-PD-1 treatment, the combination impacted the tumor immune

phenotype.

Combination of an HSD11B1 inhibitor with anti-PD-1 therapy increases the survival of mice

bearing orthotopic renal tumors.

As HSD11B2 provides the substrates for HSD11B1 and higher levels of HSD11B2 activity have been
described in the kidney compared to other tissues,' we hypothesized that the inhibition of HSD11B1
could be more impactful in an orthotopic model of renal cancer. We observed a lower ratio of the murine
active hormone corticosterone to the inactive murine precursor 11-dehydrocorticosterone (11-DHC) in
the kidney than in the plasma of naive mice, confirming a predominant activity of HSD11B2 in kidneys
(Fig 5 A). We then confirmed that administration of ABT-384 inhibited HSD11B1 activity in the kidney of
naive mice (Fig 5 B). The combination of the HSD11B1 inhibitor with anti-PD-1 was then tested in mice
bearing orthotopic Renca tumors and tumor growth was assessed by MRI and PET scans (Fig 5 C).
Treatment with ABT-384 decreased the corticosterone-to-11-DHC ratio in the plasma of tumor-bearing
mice (Fig 5 D). The survival of the mice treated with anti-PD-1 was not different from the isotype control
group, indicating that anti-PD-1 was not effective in this model (Fig 5 E, Fig S5 A). The probability of
survival at day 32 was 100% for mice treated with the combination treatment, 70% for the control group
or the mice treated with anti-PD-1 monotherapy and 40% in mice having received the HSD11B1 inhibitor
monotherapy. Thus, a decrease of corticosterone levels through HSD11B1 inhibition may improve the
efficacy to anti-PD-1 treatment in this model, although the difference was not significant. Interestingly, a
higher corticosterone-to-11-DHC ratio was associated with an increased tumor size in the combination
group only, suggesting that low levels of corticosterone correlated with an improved response to anti-
PD-1 treatment (Fig S5 B to E). These results indicated that a decrease of corticosterone levels through

HSD11B1 inhibition may improve the efficacy of anti-PD-1 treatment in mice bearing intrarenal tumors.

HSD11B1 inhibition confers sensitivity to the innate immune stimulating agent resiquimod in

mice bearing subcutaneous Renca tumors.

As HSD11B1 was mainly expressed in myeloid cells of RCC patients, and since we observed an
increase of the MDSC/DC ratio in response to HSD11B1 inhibition in anti-PD-1-treated tumors, we
tested whether HSD11B1 activity modulated the anti-tumor response to resiquimod (R848), which is a
TLR7/8 agonist. We have previously shown that R848 enhances antitumor CD8+ responses and
decreases intratumoral myeloid-derived suppressor cells.">'® Quantification of the corticosterone-to-11-
DHC ratio showed no effect of R848 treatment on the plasma concentration of these steroids (data not
shown). In tumor-bearing mice, although no reduction of tumor growth was observed either with R848
or with ABT-384 as monotherapies, the combination of both led to a decrease in tumor size at 14 days
post-engraftment (Fig 6 A). Interestingly, a reduction in tumor-infiltrating CD4* T cells and an increase
in tumor-infiltrating CD8* T cells were observed in the combination group, as seen by the significant
decrease of the CD4*/CD8" ratio (Fig 6 B, Fig S6 B and C). In addition, the combination treatment
induced a decrease of the mannose receptor (CD206) protein expression in tumor-infiltrating

macrophages, suggesting a switch toward a proinflammatory phenotype (Fig 6 C). Although not
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significant, the combination therapy was also associated with a slight reduction in the MDSC/DC ratio
(Fig 6 D). These results suggested that stimulation of the myeloid compartment by a TLR7/8 agonist in

combination with HSD11B1 inhibition improves the antitumor immune response.

HSD11B1 inhibits T cell-mediated tumor cytotoxicity by down-regulating the activation of

myeloid cells.

In order to better characterize the effect of HSD11B1 inhibition on the antitumor immune response in
the context of TLR7 stimulation, we tested the impact of HSD11B1 activity on the capacity of mouse
dendritic cells to initiate an antitumor immune response against renal cancer cells. HSD11B1 expression
was confirmed in mouse bone marrow-derived dendritic cells (BMDC) (Fig 7 A). Dendritic cells were
activated by R848 to prime cytotoxic T cells (Fig. 7 B)."” Treatment with 11-DHC led to downregulation
of surface CD86 and MHCII indicating decreased BMDC activation, which was reversed by HSD11B1
inhibition (Fig 7 C and D). CD8* T cells and Renca H2-kb GFP cells were then cocultured with the
dendritic cells (Fig 7 B). Exposure to 11-DHC enhanced tumor cell growth, suggesting that myeloid cells
primed T-cell-mediated cytotoxicity against tumor cells less efficiently (Fig 7 E). HSD11B1 inhibition
restored the antitumor immune response in the presence of 11-DHC to the levels seen with the vehicle-
treated control (Fig 7 E). In the absence of immune cells, the growth of Renca H2-kb GFP cells did not
change in response to 11-DHC or HSD11B1 inhibition (data not shown). These results demonstrated
that BMDC are sensitive to 11-DHC and that HSD11B1 inhibits the anti-cancer immune response

through a downregulation of the antigen presentation capacity of the dendritic cells.
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Discussion

Unprecedented advances have been made in the treatment of renal cancer through the use of immune
checkpoint blockade, but some drivers of resistance are still unknown. In RCC a high CD8* T cell
infiltration is associated with a lower probability of response to anti-PD-1 therapy and with a worse
prognosis, in contrast to what is seen in many other types of cancer.'®'® To the best of our knowledge,
it is not fully understood why inflamed renal tumors do not respond well to immune checkpoint inhibitors,
although a low tumor mutational burden and specific somatic mutations may play a role.'®?° Here we

propose HSD11B1 as a novel factor contributing to resistance to immunotherapy in renal cancer.

Among all the cancer types available in the TCGA database, the poor prognostic value of intratumoral
HSD11B1 expression was seen mainly in patients with renal cancer. One explanation may be the high
level of activity in the kidney of its isoenzyme HSD11B2, which inactivates cortisol or corticosterone into
cortisone or 11-DHC and thus produces the substrate for HSD11B1."42" Accordingly, we observed a
lower corticosterone/11-DHC ratio in the kidney than in the plasma of mice. The therapeutic efficacy of
HSD11B1 inhibition in combination with immunotherapy was higher for orthotopic Renca tumors than
for subcutaneous tumors, supporting the hypothesis that HSD11B1 activity may have more impact in
the kidney, where higher levels of its substrates are present than in other organs. Consistently with this
concept, we found that HSD11B1 expression was also associated with poor prognosis in stomach
adenocarcinoma, and it has been shown that HSD11B2 is also expressed in the gastrointestinal tract.?
In addition, HSD11B1 overexpression or gain mutations were associated with poor clinical outcome in

patients with gastrointestinal stromal tumors.

The inhibition of HSD11B1 may have a different impact according to the type of immunotherapy, as we
observed a greater benefit of HSD11B1 inhibition for combination treatment with R848 than with anti-
PD-1 immunotherapy in subcutaneous models. This may be due to the mode of action of R848 which
activates myeloid cells through TLR7, in contrast to anti-PD1 treatment which acts directly on T cell
function. We propose that HSD11B1 contributes to cancer-associated immunosuppression by regulating
the activation of myeloid cells and their capacity to induce an effective T cell response. This is supported
by the expression pattern of HSD11B1, which we found mainly in tumor-infilirating macrophages in
human RCC samples, in agreement with previous observations in RCC and in melanoma.?324
Consistently with our results, a recent study reported a higher infiltration of macrophages in RCC
samples expressing a higher level of HSD11B1, supporting the link between HSD11B1 expression and
myeloid cell in the tumor microenvironment.?3 In mice, we observed a decrease in expression of the anti-
inflammatory marker CD206 on tumor-infiltrating macrophages in response to HSD11B1 inhibition,
suggesting a shift towards a more inflammatory phenotype. Indeed, we showed that HSD11B1 inhibition
improved the ability of both human and mouse myeloid cells to prime T cells. In the context of
vaccination, inhibition of HSD11B1 was shown to synergize with CpG, a TLR9 agonist, to enhance T
cell responses, suggesting that the amplification of endogenous glucocorticoids by HSD11B1 is an

important mechanism for the regulation of the activity of antigen-presenting cells.?®
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In tumors, activation of the glucocorticoid receptor by its ligand leads to a decrease in the expression of
co-stimulatory molecules such as CD28 and of pro-inflammatory cytokines, and to an increased
expression of immune checkpoints such as PDCD1 (PD-1), CTLA-4, and TIM3.28 This is consistent with
our observation that immune checkpoints are more highly expressed in RCC tumors with elevated
HSD11B1 expression. Within tumor-infiltrating CD8" T cells, the glucocorticoid receptor was shown to
be highly expressed in exhausted CD8* T cells and to promote the upregulation of genes associated
with T cell dysfunction.?” Thus, glucocorticoid receptor activity is associated with the suppression of

CD8* T cell responses.

The functional relevance of the immunosuppression induced by endogenous glucocorticoids is
supported by the emerging link between psychological stress and the outcome of cancer
immunotherapy. Production of systemic glucocorticoids limits antitumor immune responses by
abrogating type | interferon responses in dendritic cells.?® This mechanism is in line with our results
showing that suppression of glucocorticoid production in dendritic cells through HSD11B1 inhibition
supports their ability to prime a cytotoxic T cell response. In addition, our findings are consistent with a

recent study demonstrating that HSD11B1 limits the response to PD-1 blockade in melanoma.?*

In conclusion, this work supports the hypothesis that the combination of an HSD11B1 inhibitor with
immune checkpoint blockade may be beneficial in renal cancer patients, highlighting the role of
endogenous glucocorticoid metabolism in the efficacy of immunotherapy. Although not used in the clinic
to date, HSD11B1 inhibitors have been widely developed in the framework of metabolic diseases.?® Our
study provides a rationale to further investigate whether these inhibitors could be repurposed for the

treatment of cancer by boosting antitumor immunity.
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Figure 1: The intratumoral expression of genes involved in glucocorticoid metabolism correlates
with clinical outcomes in patients with ccRCC.
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Figure captions

Figure 1:

A. Forest plot showing the hazard ratio (HR) for overall survival (OS) in ccRCC patients with high versus
low expression of genes involved in steroidogenesis. Patients were dichotomized into high vs. low gene
expression groups based on the median expression values as threshold. HR is represented on a
logarithmic scale, HR>1 indicates that high expression of the gene correlates with a shorter OS. B.
Simplified diagram of the glucocorticoid pathway. C. Heat map representing hierarchical clustering
analysis of genes involved in glucocorticoid metabolism. D. Probability of survival for patients
segregated based on the hierarchical clustering. ** p-value<10?, *** p-value<103, **** p-value<10-. E.
Expression levels for immune checkpoints and Th2 gene signature in patients with high vs. low
HSD11B1 expression. Data are shown as mean +/- SEM of 445 (low hsd11lbl expression) and 57
patients (high hsd11b1 expression), **** p-value<10-.

Figure 2:

A. Human RCC tumor sample stained for HSD11B1 (brown) by immunohistochemistry. The right picture
is a zoom in section. The arrows indicate infiltrating cells positive for HSD11B1 with a macrophage
morphology. B. Percentage of cells positive for HSD11B1 in tumors from 20 patients with RCC. C.
Representative immunohistochemistry staining for CD68, HSD11B1 and hematoxylin in four RCC tumor

specimens from patients. Arrows show colocalization of HSD11B1 and CD68.

Figure 3:

Relative IFN-y levels secreted by PBMC from a healthy donor (A) and immune cells enriched from a
human RCC tumor (B), following antigen recall stimulation. There was no effect of ABT-384 on the level
of IFN-y in absence of cortisone. Fold change compared to the condition with cortisone, isotype and
without HSD11B1 inhibitor is represented as mean +/- SEM of 3 technical replicates in one experiment.
* p-value<0.05, ** p-value<107?, *** p-value<103, **** p-value<10*. A. Data are representative of 3
independent experiments on the same donor. Similar results were obtained with 2 other donors tested

in one experiment. B. Out of 4 patients tested, only the patient shown had a response to antigen recall.

Figure 4:

A. Determination of HSD11B1 activity by the measurement of plasma cortisol-ds levels in naive mouse
after administration of cortisol-d4 +/- the HSD11B1 inhibitor ABT-384. Data are shown as mean +/- SEM

of 3 mice per group. ** p-value<10-2. B. Growth kinetics of subcutaneous Renca tumors. Data are shown
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as mean of tumor area +/- SEM of 8 mice per group. Statistical analysis at day 14, * p-value<0.05, ****
p-value<10. C-D. Immunophenotyping results of the tumor by FACS. CD44-CD62L- CD4* were defined
as effector CD4" cells and are represented as % of total CD4" cells (C). MDSC/DC ratio calculated
based on the % of MDSC/CD45" cells and % of DC/CD45" cells (Fig S4). (D). Data are shown as mean

+/- SEM of 8 mice per group. * p-value<0.05, ** p-value<10-2.

Figure 5:

A. Comparison of corticosterone/11-DHC ratio in plasma and kidney of naive mice. Data are shown as
mean +/- SEM of 12 mice per group. *** p-value=5x10"*. B. Determination of HSD11B1 activity by the
measurement of cortisol-ds levels in kidneys of naive mice after administration of cortisol-d4 +/- the
HSD11B1 inhibitor ABT-384. Data are shown as mean +/- SEM of 3 mice per group. *** p-value<10-3,
C. Representative images of a mouse with an intrarenal Renca tumor. Coronal (left) and axial views
(upper right) of the ['®F]FDG PET/CT scan (back of the mouse on the top). The lower right image
corresponds to the axial view of the MRI scan. Tumor is pointed by the asterisks. D. Corticosterone/11-
DHC ratio in plasma of renal tumor-bearing mice. Data are shown as mean +/- SEM of 6 to 9 mice per
group. * p-value<0.05, ** p-value<102. E. Probability of survival over time in mice bearing intrarenal
Renca tumors based on the tumor volume. Tumor volume >200 mm? considered as event of death. 10

mice per group. Statistical analysis: log-rank (Mantel-Cox) test.

Figure 6:

A. Growth kinetics of subcutaneously implanted Renca tumors. Treatments were initiated at day 7. Data
are shown as mean of tumor area +/- SEM of 7 to 8 mice per group. Statistical analysis at day 14, ** p-
value<102, **** p-value<10®. B-D. Immunophenotyping results of the tumors by flow cytometry.
Percentage of CD4*, CD8" (B), MDSC, and DC (D) represented as ratio of cell populations. CD206
expression (C) represented as mean fluorescence intensity (MFI) of CD206 on macrophages in the

tumor. Data are shown as mean +/- SEM of 7 to 8 mice per group. * p-value<0.05, ** p-value<10-2.

Figure 7:

A. HSD11B1 expression by Western blot in mouse bone marrow-derived dendritic cells, liver and spleen.
B. Experimental design of T cell-mediated tumor cytotoxicity assay. C, D. Surface CD86 (C) and MHCII
(D) molecules on bone marrow-derived dendritic cells measured by flow cytometry at D1. Results are
expressed as fold change of the MFI, relative to the control condition. Data are shown as mean +/- SEM
of 3 technical replicates of one experiment. E. Measurement of Renca H2-Kb GFP tumor cell growth
exposed to antigen stimulated CD8* T cells. Results are expressed as % of tumor cell growth normalized
to the seeding density. Data are shown as mean +/- SEM of 3 replicates and representative of 3

independent experiments. * p-value<0.05, *** p-value<10-3, **** p-value<10-.
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Supplementary information to Poinot et al.

Supplementary figures
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Figure S1: The expression of HSD11B1 correlates with clinical outcome in patients with renal

cancer.

A. Steroidogenesis pathway. Steroids are represented

represented in rectangles, in green for a correlation with good prognosis in RCC patients, in red for a
correlation with poor prognosis in RCC patients. B. Kaplan-Meyer curves showing the probability of
survival over time for ccRCC patients segregated based on the hierarchical clustering. The low
HSD11B1 expression group includes patients of Negative, HSD11B2, CYP21A2 and AKR1C4 clusters

as circle with their name in blue. Enzymes are

(Fig 1C). Statistical analysis: Log-rank (Mantel-Cox) test, *** p-value<10-=3.
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Figure S2: Correlation between HSD11B1 expression and survival in multiple cancer types.

Forest plot showing the hazard ratio (HR) for overall survival (OS) in cancer patients with high versus
low expression of HSD11B1. Patients were segregated into high versus low HSD11B1 expression
groups based on the median expression values as threshold by TIMER (Tumor IMmune Estimation
Resource). The impact of the HSD11B1 expression level on OS was determined with Cox Proportional-
Hazards model and the HR are represented with 95% confidence interval. HR is represented on a
logarithmic scale, HR>1 indicates that high expression of HSD11B1 correlates with a shorter OS. Tested

cancers were ranked by their p-value.

ACC: adrenocortical carcinoma, BLCA: bladder urothelial carcinoma, BRCA: breast invasive carcinoma,
CESC: cervical and endocervical cancer, CHOL: cholangiocarcinoma, COAD: colon adenocarcinoma,
DLBC: diffuse large B-cell ymphoma, ESCA: esophageal carcinoma, GBM: glioblastoma multiforme,
HNSC: head and neck cancer, KICH: kidney chromophobe, KIRC: kidney renal clear cell carcinoma,
KIRP: kidney renal papillary cell carcinoma, LGG: lower grade glioma, LIHC: liver hepatocellular
carcinoma, LUAD: lung adenocarcinoma, LUSC: lung squamous cell carcinoma, MESO: mesothelioma,
OV: ovarian serous cystadenocarcinoma, PAAD: pancreatic adenocarcinoma, PCPG:
pheochromocytoma and paraganglioma, PRAD: prostate adenocarcinoma, READ: rectum
adenocarcinoma, SARC: sarcoma, SKCM: skin cutaneous melanoma, STAD: stomach
adenocarcinoma, TGCT: testicular germ cell tumors, THCA: thyroid carcinoma, THYM: thymoma,

UCEC: uterine corpus endometrial carcinoma, UCS: uterine carcinosarcoma, UVM: uveal melanoma.

60



3) Results

HSD11B1 staining

HSD11B1 staining
ID , location Follow-up
) Macrophages | Neutrophils ; Grade
patients ) period (days)
Core Margin

RCC 6 + n.a. + - 7019 1
RCC 23 - - n.d. n.d. 7215 1
RCC 24 - - n.d. n.d. 6511 1
RCC 30 + - + - 8865 1
RCC 32 + + + _ 730 3
RCC 44 - - + ] 5615 1
RCC 45 + + + - 921 3
RCC 58 + + + - 372 4
RCC 59 + + n.d. n.d. 50 3
RCC 66 - - n.d. n.d. 5175 1
RCC 71 - - + _ 5396 1
RCC 78 - - n.d. n.d. 192 3
RCC 84 - - n.d. n.d. 493 3
RCC 91 - - n.d. n.d. 4962 1
RCC 97 - - n.d. n.d. 5828 1
RCC 107 - - n.d. n.d. 162 3
RCC 117 - - + n.a. 656 3
RCC 119 - - n.d. n.d. 2567 3
RCC 137 + + + + 5302 1
RCC 139 - - n.d. n.d. 3814 3

Figure S3: Expression of HSD11B1 in tumor infiltrating cells.

Immunohistochemistry slides of RCC patient tumor samples were analyzed for HSD11B1 expression
by a pathologist. An HSD11B1 positive staining is represented by +, and negative staining by -.
Macrophages and neutrophils were identified by their morphological characteristics as described in the
supplementary material and methods. Follow-up period and grade of the disease are indicated for each

patient. n.d.: not defined. n.a.: not applicable.
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Figure S4: Effect of HSD11B1 inhibition on the tumor immune phenotype in anti-PD-1-treated

subcutaneous Renca tumors.

Immunophenotyping of the tumor by flow cytometry. Percentage of each subpopulation represented as
% of live cells (A) or as % of CD45" cells (F-H). Percentage of CD4* and CD8" represented as % of
CD3* cells (B-C) and as ratio of cell populations (D). CD44-CD62L"- CD8" were defined as effector CD8*
cells and represented as % of CD8* cells (E). CD206 expression (l) represented as mean fluorescence
intensity (MFI) of CD206 on macrophages in the tumor. Data are shown as mean +/- SEM of 8 mice per

group. * p-value<0.05.
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Figure S5: HSD11B1 may improve the efficacy of anti PD-1 treatment in intrakidney tumor-
bearing mice

A. Growth of intra-renal Renca tumors of the experiment represented in figure 5 C-E. Treatment was
initiated at day 7. Kaplan-Meyer curve showing the probability of survival over time. Survival was defined
by the tumor metabolic activity measured by PET, with a PET signal over 2 considered as event of
death. 10 mice per group. B-E. Relationship between corticosterone to 11-DHC ratio in the plasma and

last tumor volume before death. 6 to 9 mice per group. Statistical analysis: Simple linear regression.
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Figure S6: Inmunophenotyping of subcutaneous Renca tumors in mice treated with an HSD11B1

inhibitor and the innate immune-activating agent R848.

Immunophenotyping results of the tumor by flow cytometry. Percentage of subpopulations represented
as % of live cells (A), CD45" cells (F-H), CD3* cells (B, C), CD4* cells (D) or CD8" cells (E). Data are

shown as mean +/- SEM of 7 to 8 mice per group. * p-value<0.05, ** p-value<10-.
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Figure S7: Gating strategies used for immunophenotyping of subcutaneous Renca tumors.

Immunophenotyping results by flow cytometry of the tumor number 3 of the experiment presented in
Figure 6. A. Gating strategy of the “myeloid activation markers” panel of antibodies. NK cells were
identified in this gating strategy by NKp46 positive staining. Activation level of macrophages and DC
were defined with CD80, CD86 and CD83 staining. B. Gating strategy of the “myeloid population
markers” panel of antibodies. Population of MDSC, DC, and macrophages were identified in this gating
strategy as explained in the “Flow cytometry” paragraph of material and methods. C. Gating strategy of
the “lymphoid population markers” panel of antibodies. Population of B cells, CD4+ and CD8+ T cells

as well as subpopulations of T cells and their level of activation were defined in this gating strategy.
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Supplementary materials and methods
Patient material

The prognostic value of genes involved in steroidogenesis was tested in 533 clear cell renal cancer
patients using RNA sequencing and clinical data from the TCGA. Genes involved in steroidogenesis
were defined from the steroid hormone biosynthesis pathway from the KEGG pathway database.
HSD11B1 staining was performed by immunohistochemistry on FFPE samples from the primary tumors
of ccRCC patients from the Geneva University Hospital biobank. 10 patients with poor prognosis and
10 patients with good prognosis were chosen to avoid a selection bias linked to disease stage. For the
activation assay of immune cells isolated from RCC patients, RCC tumors were collected by the
surgeons at the Geneva University Hospital. The study methodology was reviewed by the Swiss Ethics
Committees on Research Involving Humans and approved by the Commission Cantonale d’éthique de
la recherche de Genéve (2017-00364, to PNS).

Immunohistochemistry

Antigen retrieval was processed for 64 min with EDTA buffer (pH 8) and incubated for 32 min at 1:50
with HSD11B1 polyclonal rabbit antibodies. Primary antibodies were detected with anti-rabbit HRP
complex and revealed by diaminobenzidine using automated routine procedures. Brown coloration

corresponds to a positive staining.

Counterstained mounted slides were scanned, and HSD11B1 staining was quantitated with DEFINIENS
software. Tumoral stained areas were considered as regions of interest (ROI) and were digitally marked.
Then the algorithm counted the number of positively stained cells and the total number of cells in each
selected ROI. The percentage of positive stained cells was calculated as follows: number of positive

cells/total number of cells X 100.

For morphological analysis, macrophages were characterized as large round cells with a non-
segmented nucleus shifted to the periphery and an apparent cytoplasm. Neutrophils were characterized

as small cells with scant cytoplasm and a tri-lobulated nucleus.
Multiplex immunohistochemistry

FFPE tissue sections were cut at 4 um and floated onto a 45 C water bath to be mounted on positively
charged glass slides. After overnight drying, tissue sections were dewaxed by immersion in xylene, and
rehydrated in ethanol of decreasing concentrations. After heat-mediated antigen retrieval of the slides
in pH 6 citrate buffer (10 min), endogenous peroxidases, non-specific proteins, endogenous biotins, and
avidins were blocked with corresponding blocking solutions from Dako™. Primary antibody was
incubated on tissue sections, followed by a biotinylated secondary antibody and a streptavidin-HRP
complex revealed by AEC chromogen. Slides were coated with a glass coverslip with an aqueous
mounting solution and scanned into MRXS images. Glass coverslips were removed by immersion in hot
water, and AEC staining washed in ethanol of increasing concentrations. Antibodies were stripped by
boiling tissue sections in pH 6 citrate buffer for 10 to 20 min, and putative residual antibodies were

blocked by Fab fragments directed against host of the previous primary antibody used. Then,
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multispectral immunohistochemistry was performed which consists of sequential cycles of staining with
primary antibodies revealed by AEC chromogen, tissue section scanning, removal of AEC chromogen

with ethanol, antibody stripping, and blocking with Fab fragments.

For the image processing, whole slide multiplexed images coming from the same tissue section were
processed with an in-house code developed in Matlab R2022b (The MathWorks). Briefly, individual
scans were aligned at a cellular level, according to the same reference image by using manual control
points. Afterwards, hematoxylin and AEC immunohistochemical chromogenic staining of each image

were unmixed and a single multiplexed image was exported.
Human antigen recall assay

PBMC were isolated from buffy coats of healthy donors (Centre de Transfusion Sanguine, Geneva,
agreement n°758). Briefly, buffy coats were diluted by a factor 2 in PBS and centrifugated on a density
gradient medium (Lymphoprep) at 1200 g for 30 min at room temperature using SepMate tubes. PBMC
were collected above the density gradient and washed 3 times in PBS (400 g, 10 min, room
temperature). After counting, PBMC were frozen at 1.5x107 cells/mL for subsequent use (working on
ice, freezing in Corning CoolCell Freezing container at -80 °C 24 h before storing in liquid N2) or tested
for antigen response. Culture medium was filtered through 4 um filters. The antigens were used at a
final concentration of 1 or 0.1 yg/mL for CMV and 0.5 ug/mL for tetanus toxoid. Anti-PD-1 antibody and
its isotype control were used at 1 or 0.1 yg/mL. Cortisone was used at a final concentration of 50 ng/mL.
For the antigen recall assay, PBMC were thawed, carefully washed in culture medium (or used directly
after isolation), counted, added at 2x10° cells/well to a 96-well plate previously prepared with 2 X
compounds, and incubated 6 days at 37 °C, 5 % CO2. Response to antigen was monitored via IFN-y
production measured by ELISA. ABT-384 alone do not activate immune cells with or without Antigen

stimulation (data not shown).
Activation assay of immune cells isolated from RCC patients.

Tumors from RCC patients were collected from the surgeon, mechanically and enzymatically
(collagenase | and 1V) dissociated and immune cells were enriched with a density gradient centrifugation
on Lymphoprep medium as for PBMC. After enrichment and washing, cells were seeded in a 96-well
plate at 1.92x10° cell/well in wells previously prepared with 2 X compounds. Culture medium was
identical to the one used for PBMC, activation was done with a mix of antigens (0.1 ug/mL of CMV,
0.5 yg/mL of tetanus toxoid from Astarte, 0.5 ug/mL of tetanus toxoid from Calbiochem, 300 nM of
MPLA), during 6 days of incubation at 37 °C 5 % CO2. Response to antigen was monitored via IFN-y
production measured by ELISA. One out of the four patients tested showed a response to antigen recall.
The absence of T cell activation observed in the three other donors was attributed either to a low level
of tumor immune cell infiltration or to the absence of reactivity against cytomegalovirus and tetanus

toxoid antigens.
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Genetic modification of MHC H2-Kb Renca cell line

The Renca cell line was genetically modified to express MHC H2-Kb Class | instead of MHC H2-Kd
Class | normally express in BALB/c background. CRISPR/Cas9 was used to remove the H2-Kd gene
and replace by the H2-Kb gene which was brought through a minicircle template as previously
described.?%* Modified Renca cells were termed Renca H2-Kb for further usage. Overexpression of gfp
was performed on the Renca H2-Kb cells using lipofectamine transfection (manufacturer protocol) with
plasmid containing gfp (plasmid #52961 from Addgene modified to replace cas9 by gfp) and the cells
renamed Renca H2-Kb GFP.

Differentiation and activation of bone marrow-derived dendritic cells

Bone marrow from 6 to 15-week-old C57BL/6 mice was flushed out of tibia and femur postmortem. After
a 40 um filtration, a red-blood-cell lysis was performed on the bone marrow cells. After washing and
counting, the cells were incubated at 2.5x10° cells/mL in 6-well plates with 20 ng/mL GM-CSF at 37 C
5 % COz2 for 2 days (BMDC medium in cell media table at the end of the materials and methods section).
At day 2, half of the medium from each well was removed, centrifuged, and the cells resuspended in the
same volume of fresh medium with 40 ng/mL GM-CSF and added back to their wells. At the end of day
3, the cells were collected with all the medium, centrifuged and resuspended in the double amount of
fresh medium with 20 ng/mL GM-CSF and incubated for 3 additional days at 37 °C. At day 6 of the
differentiation process, bone marrow-derived dendritic cells (BMDC) were collected, pooled, washed
and distributed in 96-well plates at 1.5x10° cells/well in presence of the following compounds for 24 or
48 h. R848 was used at a final concentration of 100 nM, the HSD11B1 inhibitor (BMS-823778 or ABT-
384) at 1 uM, and 11-dehydrocorticosterone at 20 ng/mL. Cell surface proteins on BMDC were
measured by flow cytometry with an antibody panel composed of antibodies against myeloid activation

markers. IL-6 concentration in supernatant was measured by ELISA after 24 or 48 h of activation.
Antigen-specific T cell-mediated cytotoxicity of tumor cells

At day 6 of the BMDC differentiation, 2x10* BMDC were seeded in 96-well plates in presence of the
BMDC stimulation mix composed of R848 (100 nM) and ovalbumine (25 yg/mL) and treated with 11-
DHC or vehicle and HSD11B1 inhibitor or vehicle. At day 7 of the BMDC differentiation, a spleen was
collected from a 6 to 15-week-old TCR transgenic OT-I mouse (C57BL/6 background, Charles River),
passed through a 40 um cell strainer, and red blood cell lysis was performed. After washing and
counting, CD8+ T cells were isolated through negative selection with a magnetic bead-based isolation
kit following the manufacturer’s protocol and the purity was checked by flow cytometry. Isolated CD8+
T cells were added to the BMDC at 1x10° cells/well in T cell medium after removing 50 % of the media.
At day 9, H2-Kb-recombined Renca GFP+ cells were pulsed with 2 uyg/mL of the ovalbumin antigenic
peptide SIINFEKL (OVA2s7-264) for 1 h at 37 °C. 2.5x10° cells were added to the co-culture wells. 3 hours
after seeding, the confluency of Renca H2-Kb GFP was measured and used as baseline for further
comparison. Renca H2-Kb GFP growth was then followed during 5 days with the Incucyte live-cell

analysis system.
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Mice

All animal experiments were authorized by Geneva cantonal authorities (Service de la consommation
et des affaires vétérinaires) and followed the 3Rs principles to reduce, refine and replace animal
experimentation. For subcutaneous tumor experiments, 6-week-old BALB/c mice were injected with
1x10% Renca cells in 100 pL of PBS into the flank. After 5 to 7 days, tumors were palpable and measured
with a caliper. Mice were assigned to treatment groups in order to obtain groups of comparable tumor
area average, but were not moved from their initial cages to avoid stress and conflict. Area was
measured 3 times per week.

For the orthotopic tumor experiment, 100 uL of 0.1 mg/kg buprenorphine was administered
subcutaneously to 6-week-old BALB/c at least 20 min before the intervention. Mice were exposed to
2 % isoflurane for the induction of the anesthesia and 0.5 % to 1 % for the maintenance (in an individual
mask on a heating pad). An incision of 0.5 to 0.7 cm was made in the skin of the mouse’s flank without
opening the peritoneum. The experimenter localized the kidney, pulled and maintained it close to the
skin incision, and slowly injected the cells. 10° Renca cells in 10 uL were slowly injected into the kidney
with a Hamilton syringe (needle of 30 G, 20 mm of length, bevel of 12 °) with the needle inserted at 30 °
at a depth of 4 mm (speed of injection around 1 yL/s, followed by a pause of 5 s before removing the
needle). The incision was closed with surgical glue and mice checked twice a day for 3 days. 15 days
after injection, tumor volumes of orthotopic renal cancer model were assessed with magnetic resonance
imaging (MRI) and tumor activity was followed by ['®F]FDG-PET/CT imaging once a week. To represent
survival, tumor volume >200 mm? was considered as event of death in figure 5A and PET signal >2 in
figure S5A.

For both subcutaneous and intra-kidney tumor experiments, mice were treated as follow. Treatment of
mice was initiated at day 7 after tumor cell injection. The HSD11B1 inhibitor ABT-384 or vehicle (0.5 %
methylcellulose, 0.2 % Tween-80) were administered orally once a day in the morning at 10 mg/kg in
200 yL (with a PTFE feeding needle, 20 G, diameter 1.5 in., length 1.9 mm). Resiquimod (R848) or
vehicle (PBS) were injected subcutaneously on two consecutive days repeated every 4 days, at
10 pyg/mouse in 100 yL. Anti-PD-1 antibodies or isotype were injected intraperitoneally three times a

week at 200 pg/mouse in 200 L.

For MRI acquisitions, mice were exposed to 4 % isoflurane for the induction of the anesthesia and 0.5
to 2 % for the maintenance during the scan. 3T MRI acquisitions were performed with a mouse whole
body transmit-receiver coil. T2-weighted fast spin echo FatSat images were acquired in the axial plane
with acquisition parameters as follows: repetition time 7275 ms, echo time 104 ms, 10 excitations, field
of view 40 x 40 mm?, acquisition matrix 128 x 128, spatial resolution 0.31 x 0.31 mm?, slice thickness

0.5 mm, no interslice gap, bandwidth 25,000 Hz, automatic fat saturation, scan durations 19 min 58 s.

For PET/CT acquisitions, mice were anesthetized with 4 % isoflurane and injected in the retro-orbital
venous sinus with 4 to 5 megabecquerel (MBq) of ['®F]FDG. Mice were then left awake for an uptake
period of 60 min. Mice were anesthetized again with 4 % isoflurane and maintained with 2 % during the
scans. Imaging chambers were heated to maintain a body temperature of 37 °C. PET and CT images

were acquired on a preclinical PET/SPECT/CT scanner. CT images were obtained at 75 peak
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kilovoltage (kVp), 150 mA, and 1’024 projections were acquired during the 360 ° rotation with a field of
view of 84.6 mm (1.4 magnification). PET scans were acquired for a total duration of 10 min. CT scans
were reconstructed with the built-in Triumph XO software using a filtered back-projection algorithm with
a matrix of 512 and a voxel size of 165 ym. PET scans were reconstructed with the built-in LabPET
software using an OSEM3D (20 iterations) algorithm, and images were calibrated in Bg/mL by scanning
a phantom cylinder. The Imalytics software version 3.0 (Gremse-IT GmbH, Aachen, Germany) was used
to quantitatively analyze PET and MRI datasets. CT and PET scans were co-registered and PET series
were converted to display standardized uptake values (SUVs) adjusted to the body weight of the
animals. Maximum SUVs (maxSUVs) were quantified in the regions of interest corresponding to renal
tumors and used in subsequent analyses. MRI images were used to quantify tumor volumes by tracing

renal tumors.
Steroid hormone determination in plasma

To measure steroid hormone concentrations in the plasma, blood was terminally collected from mice
through cardiac puncture immediately after CO2 euthanasia. Blood was collected in a heparin tube and
kept on ice until centrifugation (2000 g, 10 min, 4 °C). The plasma corresponding to the upper phase
was collected into clean tubes and snap frozen for mass spectrometric analysis of steroids?®®. Plasma
samples were purified using solid phase extraction on an OasisPrime HLB 96-Well Plate. A Vanquish
UHPLC (equipped with an ACQUITY UPLC HSS T3 Column, 100 A, 1.8 um, 1 mm x 100 mm column)
was coupled to a Q Exactive Plus Orbitrap. Separation was achieved using gradient elution over 12 min
using water and methanol both supplemented with 0.1 % formic acid (all Sigma-Aldrich, Buchs,
Switzerland) as mobile phases. Data analysis was performed using TraceFinder 4.1 (Thermo Fisher

Scientific, Reinach, Switzerland). Steroid hormone concentrations were calculated in nmol/L.
Tumor collection

Tumors were collected post mortem, weighed and divided for subsequent RNA analysis (snap freezing
on dry ice) or flow cytometry analysis. To obtain cell suspensions for flow cytometry, tumors were
digested in 1 mL of tumor dissociation enzyme mix in Gentle MACS C tubes with the program
37C_m_TDK_2 of the Gentle MACS Dissociator. After digestion, enzymes were inactivated with 10 mL
of medium containing FBS, and the tumor suspension was filtered through a 40 pym cell strainer before
washing in PBS and aliquoting in 96-well plates for subsequent staining. Each tumor suspension was
separately stained with 3 different antibody panels: myeloid population markers, myeloid activation

markers, or lymphoid population markers.
Pharmacodynamics of ABT-384

During 5 days, naive 6-week-old BALB/c males were treated with ABT-384 (synthetized by Spirochem)
or vehicle (0.5 % methylcellulose, 0.2 % Tween-80) orally once daily in the morning at 10 mg/kg in
200 pL (with a PTFE feeding needle, 20 G, diameter 1.5 in., length 1.9 mm). The last day, mice were
subcutaneously injected with 360 ug of cortisol-d4 (hydrocortisone-9,11,12,12-d4) in 200 pL (15 mg/kg,
dilution at 1.8 mg/mL in PBS+DMSO (6.8 %)) 6 hours after ABT-384 treatment. Cortisol-d4 is converted
into cortisone-d3 in vivo by HSD11B2 which is the substrate of HSD11B1. Cortisone-d3 is then
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converted into cortisol-d3 by HSD11B1. Conversion into cortisol-d3 was measured to assess HSD11B1
activity. Mice were euthanized 2.5 to 3.5 hours after cortisol-d4 injection and blood was collected post-

mortem.
Steroid hormone determination in kidney and plasma after cortisol-ds injection

Mouse kidneys were collected post mortem and frozen on dry ice. For liquid chromatography-mass
spectrometry (LC-MS), 400 pL of aqueous 0.1 % formic acid were added to 150 mg of frozen tissue and
homogenized with a tissue homogenizer (30 Hz, 2 min, 4 C). Then, 800 uL of cold acetonitrile were
added to precipitate proteins. After vortexing (10 s) and centrifugation (10 min, 13000 rpm, 4 °C), 250 pL
of supernatant were collected. 10 yL of internal standard solution (aldosterone-d7 at 1 ug/mL) were
added and liquid-liquid extraction (LLE) was conducted by adding 0.5 mL of sodium phosphate buffer
(1 M, pH 7), 2 mL of saturated NaCl, and 250 L of K2COs (25 % w/v). After vortexing for 5 s, 6 mL of
ethyl acetate were added and the tubes placed into a rotary mixer for (30 min, 35 rpm) for LLE extraction.
After centrifugation (10 min, 3500 rpm, and 4 °C), the organic phase was transferred into fresh tubes
and evaporated until dryness at reduced pressure. Samples were reconstituted with 100 pL of
water:acetonitrile (50:50 v/v), centrifuged again (10 min, 13000 rpm, 4 °C) and supernatants were

transferred to liquid chromatography (LC) vials for injection.

Plasma was collected as described above. Then, 10 pL of internal standard (aldosterone-d7 at 1 yg/mL)

were added to 100 pL of plasma, and the samples were processed for LLE as for the kidney samples.

LC-MS measurements were performed on an Agilent Infinity 1290 UHPLC system consisting of a binary
solvent delivery pump, a flexible cube module, a flow-through-needle autosampler, and a column oven.
The LC was coupled to an Agilent G6490A triple quadrupole mass spectrometer through an Agilent Jet

Stream ESI source. Data was acquired in dynamic multiple reaction monitoring (dMRM).

All separations were conducted on a Phenomenex core-shell column (Kinetex C18 100 A, 2.1 x 150 mm,
1.7 ym, Phenomenex, Torrance, USA) equipped with the corresponding pre-column, and using water
(A) and acetonitrile (B) as mobile phases, both containing 0.1 % formic acid and applying a gradient
from 2% to 100 % B in 14 min. The column temperature and flow rate were set at 30 °C and

300 yL-min~", respectively.

Source conditions were: gas temperature 250 °C, gas flow 14 L-min™", nebulizer pressure 20 psi, sheath

gas heater 400 °C, sheath gas flow rate 11 L-min-' and capillary voltage 3000 V.

Mass spectrometric conditions (MS/MS transitions, cone voltage, collision energy) were optimized using
the Optimizer version B.08.00 software (Agilent Technologies, Santa Clara, US) by flow injection
analysis of individual steroid standard (1 ug-mL™") using a mixture of water:acetonitrile (50:50 v/v)
containing 0.1 % formic acid at a flow rate of 100 yL-min~". The obtained precursor and product ions,
the collision energies (CE) and retention times monitored for each compound are reported in the table
below. For all transitions, precursor and product ion selection was performed with a resolution of 0.7 Da.

Two transitions (quantifier and qualifier) of the main isotopic form for analytes and internal standard
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were selected for quantification and confirmation. Data acquisition and instrument control were

performed using MassHunter version B.08.00 (Agilent Technologies, Santa Clara, US).

The y-axis of Figure 4A and 5B represents the intensity of the mass spectrometry signal of cortisol-d3
corrected by the one from the internal standard (aldosterone-d7). Raw values for steroid quantification

were normalized by the weight of each kidney tissue sample.

Retention Prec lon | Prod lon
. . Name CE (V) Polarity
time (min) (m/z) (m/z)
6.01 Aldosterone-d7 (internal | 366.2 338.2 12 NEG
' standard) 368.2 350.4 16 POS
366.2 121.1 24 POS
6.60 Cortisol-ds
366.2 97.1 44 POS
367.2 121.1 24 POS
6.61 Cortisol-da4
367.2 97.1 44 POS
363.2 121.0 36 POS
6.65 Cortisol
363.2 109.1 36 POS
366.2 312.0 12 POS
6.65 Cortisol-"3C3
366.2 124 .1 24 POS
364.2 121.0 32 POS
6.72 Cortisone-ds
364.2 97.0 40 POS
361.2 163.0 20 POS
6.75 Cortisone
361.2 121.0 28 POS
364.2 166.0 24 POS
6.75 Cortisone-"3Cs
364.2 124.2 32 POS
347.0 239.0 12 POS
7.58 Corticosterone
347.0 112.0 36 POS
345.0 1211 28 POS
7.35 11-Dehydrocorticosterone
345.0 107.0 48 POS

Flow cytometry

Cells were stained with a Zombie viability marker in PBS during 20 min at 4 °C in the dark. After PBS
wash (400 g, 5 min, 4 °C), the cells were resuspended in the antibody panels and incubated 15 min at
4 °C. Samples were read with a Novocyte3000 (violet, blue and red lasers, 13 colors) and analysis done

with NovoExpress Software.

Gating strategies for the 3 antibody panels are shown in Figure S7. MDSCs were defined as CD45+
Ly6C+ and removed from the following analysis as presented in the gating strategy of the “myeloid
population markers” panel (Figure S7B). Macrophages were defined as CD45+ CD11b+ CD11c- F4/80+

as presented in the gating strategy of the “myeloid population markers” panel (Figure S7B). DC were
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defined as CD45+ CD11b+ CD11c+ as presented in the gating strategy of the “myeloid population
markers” panel (Figure S7B).

Statistical analyses

All statistical analyses were performed using GraphPad Prism software except the hierarchical clusters

and heat maps which were generated by using TIBCO Spotfire.

For the TCGA data analyses, patients were dichotomized into two groups based on the high versus low
expression of each individual genes (median as threshold). The impact of the expression level on overall
survival (OS) was assessed using the Cox proportional-hazards model in GraphPad Prism. All the
analyzed genes were ranked according to their p-value and plotted with their hazard ratio (HR)
generated by the Cox regression model. HR were used to estimate the probability of an event (death of
the patient) occurring in the high and low group of patients. HR are represented with 95 % confidence
interval. A HR > 1 favors patients with low gene expression. In hierarchical clustering analysis, patients
were ranked according to the level of expression of genes involved in glucocorticoid metabolism
(AKR1C4, CYP21A2, HSD11B1, HSD11B2). The Ward’s clustering method was used, with half-square
Euclidean for the distance measure, mean value for the ordering of gene expression, and Z score
calculation for the normalization and correlation of OS was shown using Kaplan-Meyer plot based on
the identified clusters. A Gehan-Breslow-Wilcoxon test was used to assess the difference of survival
between the groups. Immune infiltrate analysis was performed on the five clusters of patients already
identified by hierarchical clustering analysis. For this, the mRNA expression of immune checkpoints
(PDCD-1, LAG-3, and CTLA-4) was evaluated in each patient as well as a Th2 gene signature.?>® The
expression levels for immune checkpoints and the Th2 gene signature in patients with high vs low
HSD11B1 expression were compared with a multiple unpaired t test, two-stage step-up, desired FDR =
1 %.

For all the comparisons of quantitative variables in conditions involving more than one categorical
variable, data were analyzed with ordinary two-way ANOVA, alpha 0.05, Tukey’s multiple comparison
tests (IFN-y concentrations in Fig 3 A and B, tumor surfaces in Fig 4 B and Fig 6 A, expression of CD86
and MHCII and percentage of growth in Fig 7 C, D and E).

For parameters not following normal distribution, a Wilcoxon test with two-tailed p-value was performed
(corticosterone/11-DHC ratio in plasma and kidney in Fig 5 A). When multiple comparisons were
needed, a Kruskal-Wallis test were performed with Dunn’s multiple comparison tests
(immunophenotyping results of the tumor in Fig 4 C and D, and in Fig 6 B-D, corticosterone/11-DHC

ratio in plasma in Fig 5 D).

For parameters following normal distribution, an unpaired t test with two-tailed p-value was performed

(cortisol-ds levels in plasma (Fig4 A) and in kidneys (Fig 5 B)).
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Cell media
Medium Product Provider Ref. number

RPMI Gibco 21875034
10 % FBS

PBMC culture | 1 % MEM Non-Essential Amino Acids Gibco 11140035

medium 10 mM Hepes Gibco 15630056
100 U/mL penicillin/streptomycin Gibco 15140122
2 mM L-glutamine Gibco 25030024

PBMC freezing PBMC culture medium

medium 407% FBS
10 % DMSO
PBS

FACS buffer 0.5 % BSA
2 mM EDTA
RPMI Gibco 21875034
10 % FBS

BMDC 100 U/mL penicillin/streptomycin Gibco 15140122

medium 2 mM L-glutamine Gibco 25030024
0.5 mM sodium pyruvate Gibco 11360039
50 uM 2-mercaptoethanol Gibco 31350010
RPMI-Very low endotoxin Bioswisstec AG M3440
10 % FBS
100 U/mL penicillin/streptomycin Gibco 15140122
2 mM L-glutamine Gibco 25030024

T cell medium | 1 mM sodium pyruvate Gibco 11360039
1 % MEM Non-Essential Amino Acids Gibco 11140035
50 yM 2-mercaptoethanol Gibco 31350010
0.5 % BSA
2 mM EDTA

FACS panels
Dilution in
Panel Antibody FACS Provider Ref.
buffer number
anti-mouse CD16/32 1/100 Biolegend 101319
mouse BMDC | anti-CD11c 1/200 Biolegend 117331
activation anti-CD80 1/200 Biolegend 104729
anti-PD-L1 1/200 Biolegend 124331
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anti-MHC I 1/200 Miltenyi 130-102-168
anti-CD40 1/200 eBioscience 12-0401-82
anti-CD11b 1/200 BD Bioscience | 550993
anti-MHC | 1/200 eBioscience 17-5958-80
anti-CD86 1/200 Biolegend 105030
anti-mouse CD16/32 1/100 Biolegend 101319
anti-CD3 1/200 Biolegend 100203
mouse T cell purity anti-CD8a 1/200 Biolegend 100708
anti-CD4 1/200 Biolegend 100559
anti-CD19 1/200 Biolegend 115512
anti-mouse CD16/32 1/100 Biolegend 101319
anti-CD45 1/200 Biolegend 103154
anti-Ly6C 1/200 Biolegend 128033
mouse tumor - -
immunophenotyping: antf-CD11b 1/200 Bfolegend 101233
myeloid  population anti-IA/IE 1/200 Biolegend 107641
markers anti-CD206 1/200 Biolegend 141710
anti-F4/80 1/200 Biolegend 123146
anti-Ly6G 1/200 Biolegend 127616
anti-CD11c 1/200 Biolegend 117318
anti-mouse CD16/32 1/100 Biolegend 101319
anti-CD45 1/200 Biolegend 103154
anti-CD11b 1/200 Biolegend 101233
mouse tumor | anti-CD80 1/200 Biolegend 104729
immunophenotyping: | anti-IA/IE 1/200 Biolegend 107641
myeloid  activation | anti-CD86 1/200 Biolegend 105043
markers anti-NKp46 1/200 Biolegend 137604
anti-F4/80 1/200 Biolegend 123146
anti-CD11c 1/200 Biolegend 117318
anti-CD83 1/200 Biolegend 121510
anti-mouse CD16/32 1/100 Biolegend 101319
anti-CD45 1/200 Biolegend 103154
anti-CD69 1/200 Biolegend 104532
mouse tumor | anti-CD44 1/200 Biolegend 103049
immunophenotyping: | anti-CD19 1/200 Biolegend 115543
lymphoid population | anti-CD3 1/200 Biolegend 100203
markers anti-CD62L 1/200 Biolegend 104408
anti-CD8a 1/200 Biolegend 100762
anti-CD4 1/200 Biolegend 100422
anti-CD25 1/200 Biolegend 102012
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Reagents
Experiment Product Provider Ref. number
Immunohistochemistry Polyclonal rabbit antibodies of HSD11B1 | Sigma HPA 042186
Multiplex Thermoscientific Superfrost™ Gold Plus | Thermofischer,
immunohistochemistry glass slides Massachusetts, USA
SepMate tubes StemCell 85450
CMmV Astarte 1004
Tetanus toxoid Astarte 1002
Tetanus toxoid Calbiochem 582231-25UG
Human antigen recall
Anti-PD-1, Humanized Antibody BioVision A1306
assay
Human 1gG4, k Isotype Control Antibody | BioVision A1101
Cortisone Sigma C2755
ELISA MAX™ Standard Set Human IFN-
Biolegend 430101
Y
Tumor-derived immune
MPLA Avanti 699800P-1MG
cell activation
Genetic modification of
Lipofectamine™ 2000 Invitrogen 11668019
Renca cells
Differentiation and
ELISA MAX™ Standard Set Mouse IL-6 | Biolegend 431301
activation of BMDC
Antigen-specific T cell- | ovalbumine Invivogen Vac-pova-100
mediated tumor | CD8a+ T Cell Isolation Kit, mouse Miltenyi 130-104-075
cytotoxicity assay SIINFEKL Invivogen vac-sin
R848 Invivogen tirl-r848-5
In vivo tumor model
Surgical glue, VetBond 1469SB
heparin tube BD 365966
Steroid measurement in
: OasisPrime HLB 96-Well Plate Waters, UK
plasma
ACQUITY UPLC HSS T3 Column Waters, Switzerland
Tumor processing for | Tumor Dissociation Kit, mouse Miltenyi 130-096-730
immunophenotyping Gentle MACS C tube Miltenyi 130-096-334
FACS staining Zombie Violet™ Fixable Viability Kit Biolegend 423113
Instruments
Experiment Machine Provider
) . Ventana System on Automates
Immunohistochemistry Roche

Benchmark Ultra

Multiplex

immunohistochemistry

Pannoramic 250 Flash Ill scanner

3D Histech, Budapest, Hungary
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Mouse MRI

nanoScan

Mediso, Medical Imaging Systems,

Budapest, Hungary

Mouse PET

Triumph

Trifoil Imaging, Chatsworth, USA

Steroid measurement in

plasma

Vanquish UHPLC

Thermo Fisher Scientific, Reinach,

Switzerland

Q Exactive Plus Orbitrap

Thermo Fisher Scientific, Reinach,

Switzerland

Steroid measurement in
kidney and plasma after

cortisol-d4 injection

Agilent Infinity 1290 UHPLC system

Agilent Technologies, Santa Clara, US

References:

References are included in the Bibliography of the Thesis.
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II. HSD11B1 inhibitors for use in immunotherapy and the uses thereof
II.LA. Introduction and contributions

Numerous HSD11B1 inhibitors have already been developed in the clinic, especially within the scope
of metabolic diseases, as explained in 1)IIl.D.2.b. However, none of these pharmacological inhibitors
have been pursued in the clinic. To improve anti-PD-1 response, we hypothesized that HSD11B1 could
be a pharmacological target for removing immune suppression by decreasing glucocorticoid levels.
Thus, the repurposing of selective HSD11B1 inhibitors in cancer treatment was considered based on
our findings. Therefore, to protect the use of HSD11B1 inhibitors in combination with immune
checkpoint blockade, a patent has been filed,?®” which is presented below, followed by some

supplementary data.
The authors’ contributions to this work are detailed as follows:

Aurélien Pommier, Carole Bourquin, and Héléne Poinot designed and planned the study. Aurélien
Pommier and Carole Bourquin are the inventors of the patent. Héléne Poinot performed and analyzed
the experiment’s proof of concept with PBMCs (Figure 1 and supplementary results). Aurélien
Pommier performed and analyzed the experiment with tumor cell killing with the help of Montserrat
Alvarez (Figure 2). Aurélien Pommier supervised the study. Aurélien Pommier wrote the application

with the help of attorneys (Reuteler & cie) and Hélene Poinot.
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I1.B. Patent W02021180643
Field of the invention

The present invention relates to the agents useful in combination with immunotherapy, in particular
forincreasing responsiveness to immunotherapy treatments. The invention further relates to methods

and compositions useful in the treatment of cancers, in particular solid tumor cancers.

Background

Immunotherapy of cancer aiming to stimulate the immune system against tumor cells has seen
unprecedented success in recent years. The term immunotherapy regroups several therapeutic
approaches including the use of immune checkpoint inhibitors, cell transfer therapies, monoclonal
antibodies, treatment vaccines, immune system modulators and immunoconjugates. Although the use
of immunotherapy is increasing, an objective clinical response is still observed only in a minority of
patients. The determinant factors driving resistance to immunotherapy are not fully understood and
the identification of immunosuppressive molecular pathways able to reduce the efficacy of
immunotherapy is of high interest to improve clinical outcome of patients with cancer. Biological
processes critical to antitumour immunity, such as interferon signalling, antigen presentation (Kalbasi
et al., 2020, Nat Rev Immunol, 20(1), 25-39), loss of MHCI or mutation in beta-2 microglobulin and PD-
L1 (Programmed death-ligand 1) expression in tumors (Syn, et al., 2017, Lancet Oncol, 18(12), e731-
e741) have been described as important factors involved in sensitivity to immunotherapy. Other
efforts have shed light on the immunological implications of canonical cancer signalling pathways, such
as WNT—B- catenin signalling, cell cycle regulatory signalling, mitogen- activated protein kinase
signalling and pathways activated by loss of the tumour suppressor phosphoinositide phosphatase
PTEN (Phosphatase and tensin homologue on chromosome 10) in the context of immune checkpoint
inhibitors treatment (Kalbasi et al., 2020, supra). In the field of adoptive cell therapies, growing
experience with these agents has revealed that limitations to durable remissions after chimeric antigen
receptor (CAR) T cell therapy includes poor CAR T cell persistence in leukemia (Shah et al., 2019, Nat
Rev Clin Oncol, 16(6), 372-385). CAR T cell persistence is also considered as an important obstacle to
overcome in order to reach efficacy of adoptive T cell therapies in solid tumors (Shah et al., 2019,

supra).

Acquired resistance to checkpoint inhibition such as anti-PD-1 therapy is also a problem, with
approximately one quarter of responders who later present a disease progression (Ribas et al., 2016,

JAMA, 315:1600-9).
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Therefore, it is critical to identify and target novel biological mechanisms involved in resistance to

immunotherapy.

Endogenous glucocorticoids are steroid hormones derived from cholesterol, which have diverse
physiological effects. In humans, cortisol is the main active glucocorticoid which controls several
biological mechanisms in cells by binding to the glucocorticoid receptor. The activated glucocorticoid
receptor-cortisol complex up-regulates the expression of target genes in the nucleus (a process known
as transactivation) and represses the expression of genes involved in inflammation and immune
response by preventing the translocation of other transcription factors such as NF-kB and AP1
(transrepression). Glucocorticoid receptor is expressed in key immune cells involved in antitumor
immunity such as T cells (Purton et al., 2004, J. Immunol, 173(6), 3816-24), dendritic cells and
macrophages (Heasman et al., 2003, J. Endocrinol, 178(1), 29-36).

The activation of glucocorticoid receptor depends on the regulation of cortisol bioavailability. At
systemic level, glucocorticoids are first secreted by the adrenal gland in response to hypothalamic
pituitary stimulation. Second, the human liver/splanchnic bed contributes between 20 and 40% of daily
cortisol production (Andrew et al., 2002, J. Clin. Endocrinol. Metab., 87(1), 277-85; Basu et al., 2004,
Diabetes, 53(8), 2051-9) thus making a major impact on the half-life of cortisol. In tissues, the level of
active cortisol can be controlled by 11-beta-hydroxysteroid dehydrogenase Type 1 (HSD11B1) and Type
2 (HSD11B2) enzymes. HSD11B1 is a low affinity enzyme with Km for cortisone in the micromolar range
that prefers NADPH/NADP- (nicotinamide adenine dinucleotide phosphate) as cofactors. HSD11B1 is
widely expressed with a distribution similar reported in rodents, non-human primates and humans
(Agarwal et al., 1989, J. Biol. Chem, 264(32),18939-43; Moisan et al., 1990, J. Neuroendocrinol, 2(6),
853-8; Tannin et al., 1991, J. Biol. Chem, 266(25), 16653-8).

HSD11B1 expression is found in liver (Tannin et al., 1991, supra; Moisan et al., 1990, Endocrinology,
127(3), 1450-5), brain (Moisan et al., 1990, supra; Lakshmi, et al., 1991, Endocrinology, 128(4), 1741-
8), uterus (Burton et al., 1998, Endocrinology, 139(1), 376-82), placenta (Waddell et al., 1998,
Endocrinology, 139(4), 517-23), adipose tissues (Bujalska et al., 1997, Lancet, 349(9060): p. 1210-3),
skeletal muscle (Whorwood et al., 2002, Diabetes, 51(4), 1066-75), heart (Walker et al., 1991,
Endocrinology, 129(6), 3305-12) and immune and inflammatory cells (Gilmour et al., 2006, J. Immunol.,
176(12), 7605-11). Most studies have shown that HSD11B1 functions primarily as a reductase in intact
cells converting inactive 11-ketoglucocorticoids (i.e., cortisone or dehydrocorticosterone) to active 11-
hydroxycorticoids (i.e., cortisone or corticosterone), and thereby amplifies glucocorticoid action in a

tissue-specific manner.
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Importantly, glucocorticoids have both anti-inflammatory and immunosuppressive activity. The
intensity of theirimmunomodulatory effect depends not only on circulating levels but also on the tight

regulation at the pre-glucocorticoid receptor level where HSD11B1 and HSD11B2 have a critical impact.

In recent years, glucocorticoids have gained interest in the field of cancer research. Studies in breast,
prostate and ovarian cancer have shown a correlation between high levels and activity of GR in tumors
and poor outcome (Arora et al., 2013, Cell, 155(6),1309-22; Pan et al., 2011, Cancer Res, 71(20), 6360-
70; Veneris et al., 2017, 146(1), 153-160).

HSD11B2 catalyses the conversion of cortisol to the inactive metabolite cortisone modulating thereby
the intracellular glucocorticoid levels. HSD11B2 is mainly expressed and active in the kidney and its
primary function is to protect the nonselective mineralocorticoid receptor from occupation by
glucocorticoids. Cirillo et al., 2017, British Journal of Cancer, 117, 984-993 raised the possibility that
different tumor cell types can produce cortisol and that it was possible to modulate the bioavailability

of cortisol by manipulation of HSD11B2.

Zhang et al., 2005, J. Immunol, 174(2), 879-89 demonstrate that inhibition of HSD11B1 in T cell
increases their activation levels, while Rocamora-Reverte et al. 2017, Cell Death Dis, 8(7), €2948

showed that activation of glucocorticoids by HSD11B1 in T cells participates to autonomous cell death.

Inhibition of 11-beta-hydroxysteroid dehydrogenase enzymes in a living system has been described for
the treatment of various conditions by the administration of an inhibitor of conversion of cortisol-to-
cortisone or of an inhibitor of conversion of cortisone-to-cortisol (WO 2004/027047). WO
2006/097337 described the generation of specific inhibitors against HSD11B1 and/or HSD11B2 to
either selectively or combined inhibition of the enzymes and to allow fine tuning of local cortisol levels
to compensate for cortisol excess or deficiencies. It indicated that the use of inhibitors against

HSD11B2 would be preferred for the treatment of cancer and/or cell proliferation.

The preferred inhibition of HSD11B2 claimed in WO 2006/097337 was based on the direct
antiproliferative effect of cortisol on tumor cells. Indeed, since HSD11B2 could provide an enzymatic
shield that may protect the tumor cells from the antiproliferative effects of the glucocorticoids, the
specific inhibition of HSD11B2 over HSD11B1 was preferred. However, based on the low number of
patients currently responding to immunotherapy (only about 20-40% of patients respond to
immunotherapy as reported by Sharma et al., 2017, Cell 168(4), 707-723), there is still a critical need
to discover novel therapeutic methods to improve the efficacy of immunotherapy that would

overcome these shortcomings.

Summary of the Invention
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The invention is based on the unexpected finding that resistance to immunotherapy can derive from a
reduced efficacy of the antitumor immune response which is induced by the enzymatic conversion of
inactive 11-ketoglucocorticoids (i.e., cortisone or dehydrocorticosterone) to active 11-
hydroxycorticoids (i.e., cortisone or corticosterone). The invention further relates to the finding that
the use of selective inhibitors of HSD11B1 in combination with immunotherapy induces an increased

response to immunotherapy, which would be beneficial for the treatment of cancer.

Therefore, the invention further relates to a newly developed combination, which has a surprisingly
effective anticancer activity, and would be useful in preventing intrinsic or acquired resistance to
immunotherapy in particular in malignant and resistant cancers such as melanoma, lung carcinoma,

glioblastoma, renal carcinoma, gastrointestinal stromal tumor and leukemia.

According to one aspect of the invention, is provided a selective HSD11B1 inhibitor for use in the
treatment of a cancer, wherein said HSD11B1 inhibitor is to be administered in combination with

immunotherapy.

According to another aspect of the invention, is provided a combination of at least one selective

HSD11B1 inhibitor and at least one agent useful inimmunotherapy for use in the treatment of a cancer.

According to another aspect of the invention, is provided a use of a combination of the invention for

the preparation of a pharmaceutical composition for the treatment of cancer.

According to another aspect of the invention, is provided a pharmaceutical composition comprising at
least one selective HSD11B1 inhibitor, at least one agent useful in immunotherapy and at least one

pharmaceutically acceptable carrier and its use as a medication.

According to another aspect of the invention, is provided a method for treating a subject who is
suffering from a cancer, said method comprising administering a therapeutically effective amount of
an agent inducing selective HSD11B1 inhibition or any suitable pharmaceutically acceptable

formulation thereof, in a subject in need thereof in combination with immunotherapy.

In another embodiment, the invention provides a method of identifying agents useful in the
potentiation of immunotherapy, said method comprising identifying agents that are able to inhibit

selectively HSD11B1, in particular as described herein.

Description of the figures

Figure 1 represents the immune activation induced by a combination according to the invention based
on A: the levels of IFNy measured in PBMC supernatant after the combined use of various HSD11B1

inhibitors (BMS-823778 (1), PF-915275 (2), 10J (3) and carbenoxolone (4)) with anti-PD-1
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immunotherapy (G4K) in human immune cells compared to vehicle and isotype control; B: the fold
changes in IFNy levels measured in PBMC supernatant after the combined use of various HSD11B1
inhibitors ((1), (2), (3) and (4), AZD4017 (5), BI-135585 (6), AZD8329 (7), ABT-384 (8) and MK-0736 (9))
or DMSO control (10)with anti-PD-1 immunotherapy (G4K) in human immune cells compared to

isotype control in the absence of cortisone as described in Example 1.

Figure 2 represents A: growth of tumor cells cultured with immune cells and the combination of: a:
vehicle control and isotype; b: HSD11B1 inhibitor (1) and isotype; c: vehicle control and anti-PD-1
immunotherapy (G4K) or d: HSD11B1 inhibitor (1) and anti-PD-1 immunotherapy (G4K) B: growth of
tumor cells with immune cells treated with HSD11B1 inhibitors (1), (4), (8), (9) or vehicle control, as

described in Example 2.
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7,000
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6,000
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IFNy (pg/mL)

3,000

LNl 1N [N 1
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(1) () (3) (4)

Figure 1A
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Detailed description

The expression “pharmaceutically acceptable salts” refers to salts of the below-specified compounds.
Examples of such salts include, but are not restricted, to base addition salts formed by reaction of
those compounds with organic or inorganic bases or inorganic acids (e.g. hydrochloric acid and the

like).

As used herein, “treatment” and “treating” and the like generally mean obtaining a desired
pharmacological and physiological effect. The effect may be prophylactic in terms of preventing or
partially preventing a disease, symptom or condition thereof and/or may be therapeutic in terms of a

partial or complete cure of a disease, condition, symptom or adverse effect attributed to the disease.
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The term “treatment” as used herein covers any treatment of a melanoma in a mammal, particularly
a human, and includes inhibiting the disease, i.e., arresting its development; or relieving the disease,
i.e., causing regression of the disease and/or its symptoms or conditions such as improvement or

remediation of damage.

The term “efficacy” of a treatment or method according to the invention can be measured based on
changes in the course of disease or condition in response to a use or a method according to the
invention. According to a particular embodiment, the efficacy of a combined use according to the
invention can be measured through the assessment of efficacy of a compound combination of the
invention, in particular long-term efficacy regarding repression of tumor growth, progression and
dissemination, decrease of the number of cancer cells or their proliferation rate in combination with
immunotherapy as compared to the efficacy of each compound of the combination, taken alone.
According to another embodiment, the efficacy of a combined use according to the invention can be
assessed by the monitoring of immune activation (eg. IFNy expression in peripheral blood) the
observation of progression free survival (defined by the RECIST criteria) and overall survival in human

patients.

According to another aspect, the efficacy of a combined use according to the invention can be assessed
for example through the observation of IFNy secretion level for example by ELISA in an antigen recall
assay using peripheral blood mononuclear cells (PBMC) isolated from healthy donors or by assessing

the immune cell killing potential of T cells against cancer cells in mouse as described herein.

The term “subject” as used herein refers to mammals. For examples, mammals contemplated by the
present invention include humans, primates, domesticated animals such as cattle, sheep, pigs, horses,

laboratory rodents, other pets and the like.

The term “selective HSD11B1 inhibitors” refers to agents inhibiting HSD11B1 with a selectivity over
HSD11B2 >100. The selectivity of HSD11B1 inhibition over HSD11B2 inhibition can be determined by
scintillation proximity assay (Mundt et al., 2005, ASSAY and Drug Development Technologies 3(4), DOI:
10.1089/adt.2005.3.367). Examples of selective HSD11B1linhibitors are provided herein.

The expression “11-beta-hydroxysteroid dehydrogenase Type 1 (HSD11B1) inhibitor” refers to agents
able to inhibit HSD11B1. Inhibition of HSD11B1 can be assessed for example by measuring the
enzymatic transformation of HSD11B1 substrates (11-DHC or cortisone) into products (corticosterone
or cortisol) by ELISA or mass spectrometry or in yeast cell based assays described Vanella et al., 2016,
Microb Cell Fact., 15: 52, or cell-based assays on human 11B-HSD1 transfected HEK-293 cell line with
an Scintillation Proximity Assay (WO 2006/100502) or by molecular modelling of the crystal structure
of one subunit of human 11B-HSD1 such as described by Quian et al., Molecules, (9). pii: E1222.
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Inhibition of HSD11B1 can be also assessed at the functional level for example by testing the inhibitory
effect of immune suppression of HSD11B1 products on immune cells as described in this invention.
HSD11B1 inhibitors can be small molecules inhibitors, peptides, mAbs, chimeric proteins or fusion
proteins, aptamers (including peptide aptamers, DNA and RNA aptamers), soluble receptors and such
agents may be acting by silencing, or down-regulating HSD11B1 at the genetic level by nucleic acid
interaction, nucleic acid mutations or deletion aiming to abrogate the enzymatic activity of HSD11B1
using CRISPR-Cas9 technologies or by systemic administration of RNA interference delivered by

liposomes or nanoparticles in humans.

HSD11B1 inhibitors can be administered in humans or on isolated immune cells in case of adoptive

transfer therapy (e.g. CART cells).

Among those agents, some HSD11B1 inhibitors were actively developed for the treatment of different
diseases including diabetes, metabolic diseases, obesity, Alzheimer, intraocular hypertension,
arteriosclerosis or NAFLD (Non-Alcoholic Fatty Liver Disease) by several companies. All of these
compounds failed in clinical trials so far. Some of them are still on clinical trial (AZD4017, from
AstraZeneca in Phase Il for intra ocular pressure intracranial hypertension). None of them has been
tested in oncology. For example, HSD11B1 inhibitors according to the invention have been described

in Table 1 below.

Table 1
Chemotypes Common names of examples Description of the chemotypes
of specific compounds
3,4,5-trisubstituted-4- | MK-0736 (9) Compounds described in PCT/W02010/68580, in
1,2,4-triazole particular compounds of the following structure as

described in PCT/US2004/133011 and
PCT/US2009/066939, in particular, compounds of the

following structures

o] | PG
"}k®\<”r@
.

R* Q N-N
| T—N\) 1 R 5 FsC x ~ou
3__ aXxs= [
R '@‘1\,‘ R A \ b X = OH
1 s & e:X=H
o R N=N d: X = NMe

As described in Maletic et al., 2011, Bioorg Med Chem
Lett. 2011, 21(8):2568-72
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Chemotypes

Common names of examples

of specific compounds

Description of the chemotypes

BMS 823778 (1)

Compounds of the following structure as described in

PCT/US/2011/288051

;—N
‘E\C\)\f
1

hed

R Ry,

and in particular compounds of the following structure

Cl

~N o h
R "EN‘}_{/
-

as described in Li et al., 2018, ACS Med Chem Lett.,
9(12):1170-1174

MK0916

Compounds of the following structures as described in
PCT/US/2004/004891, PCT/US/2004/0106664
PCT/US/2005/001928

Vs
RYy—=
I

A B

N-(thiazol-2-yl)
benzenesulfonamide
in particular
arylsulfonamides

thiazoles

BVT2733

Compounds described in PCT/SE2001/01155 PCT/WO

2001/090090 and in particular compounds of the following

structure

1
1 Q N X R?
“\-.3‘,/ e ~y
I\ |
o 0 g
B

as described in PCT/US/2010/0113435
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Chemotypes

Common names of examples

of specific compounds

Description of the chemotypes

BVT-3498

Compounds described in PCT/SE/2001/01155, and
PCT/US/2010/011343 and in particular compounds of the

following structure

R

1
N ; . 2
T\;S\/ Yx x\‘{/n
AN
B

as described in PCT/US/2004/0224996

S-(1-H-pyrazol-4-
yl)thiophene-3-

carboxamide

UE2343

Compounds of the following structure as described in
Webster, 2017, british journal of pharmacology,
174(5):396-408.

o)
N=
I — R
X

Spirocyclic ureas

10J (3)

Compounds of the following structure as described in

PCT/US2007/018789

2 3
- ) — )
H [ ) W
_N___N_ 'S5
/ -~ \n ~ 7 — x
! e}

as described in Tice et al., 2010, Bioorg. Med. Chem. Lett.,
20(3):881-6
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Chemotypes Common names of examples Description of the chemotypes
of specific compounds

Adamantanes ABT-384 (8) Compounds of the following structures as described in
PCT/US2005/245534, PCT/US/2005/277647
PCT/WO0/2009/026422, PCT/US/2010/222316 and Rhode
et al., 2006, Bioorganic & Medicinal Chemistry Letters,
16(23):5958-5962

- HYV ) R*
ROC: K[{i)’ o} u\(N "R®
oChR
Carbamoyl AZD8329 (7) Compounds described in PCT/US/2009/0221660

PCT/US/2011/002853 or PCT/US/2011/0028529,
PCT/US/2011/022427, in particular compounds of the
following structure as PCTUS/2008/0269288,
PCT/US/2009/312372, PCT/US/2009/030607

0
R,

/@\ !
TN

0 R!

HO

or of the following structures as described in
PCT/US/20110224273 or Scott et al., 2012, J. Med. Chem.,
55,22, 10136-10147

(8] N
e
_\\
'\\ ) Q N R
N \
] | R
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Q OOH
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Chemotypes

Common names of examples

of specific compounds

Description of the chemotypes

Thiazolones

AMG-221

Compounds as described in PCT/W0/2009/002445,
PCT/WO0/2010/008729, PCT/W0O/2010/014586,
PCT/W0/2012/051139, in particular, compounds of the

following structures

R'—N R'—N \

as described in PCT/US/2008/045503, in particular

compounds of the following structures

\>\J_>4RR".

S

o}
”?\'\ N /c-s
i
R? Rz/j\s R
;

as described in Véniant et al., 2010, J. Med. Chem. 2010,
53, 11, 4481-4487

Arylsulfonamide

PF-915275

Compounds of the following structure
0o £

“ wee
H
NC

as described in PCT/US/2007/0072914 or in Siu et al.,
2009, Bioorg Med Chem Lett., 19(13):3493-7
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Chemotypes

Common names of examples

of specific compounds

Description of the chemotypes

Cyclohexylcarbamoyl

AZD4017

Compounds of the following structures as described in
PCT/US/2008/0269288, PCT/US/2009/312372 and
PCT/US/2009/030607

0
(R, . o}
OO e
| | H
N No ¢ IO'I N R
|
R

HO Y.
T
O

or in Scott, et al., 2012, Journal of medicinal chemistry or

having the following structures

9 ~— N
= N/O F N n=¢ Y
| ) H p— —
N8 F.C
4 ~ 5

nO=w=0

Sulfonamides

HSD-016

Compounds of the following structure as described in

PCT/US/2010/029648, PCT/US/2007/0219198

Bl 135585 (6)

Compounds of the following structures as described in

PCT/US2011/040443, PCT/US/2013/0244993

Q Rl®
RI®
(4] Rle )’L )<
Rib [ N Al
2 N A
Cy

\__ 2

or in Zuang, bioorganic and medicinal chemistry, 2017,
25(14) :3649-3657
0
) 45
|
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Chemotypes

Common names of examples

of specific compounds

Description of the chemotypes

Pyrazoles

Compounds of the following structure as described in

PCT/EP/2007/052269

Alkyl-pyridazine

Compounds of the following structures as described in
PCT/EP/2007/056347

R

R R
\CJJY

|
LN
RY N

Glycyrrhetinic acid
derivatives
(comparative
compounds- non-
selective HSD11B1
inhibitors)

Compounds of the following structure

as described in PCT/CA/2007/001127

According to a particular embodiment, a HSD11B1 inhibitor according to the invention is selected from
an adamantane, in particular an adamantyltriazole, an arylsulfonamide, in particular an
arylsulfonamidothiazole, an anilinothiazolone, a spirocyclic urea and a 3,4,5-trisubstituted-4-1,2,4-

triazole as described in Anagnostis et al., 2013, 62(1):21-33; Webster et al., 2017, supra.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is
selected from adamantyltriazoles, arylsulfonamidothiazoles, anilinothiazolones, spirocyclic ureas as

described in Anagnostis et al., 2013, supra; Webster et al., 2017, supra.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is
selected from 3,4,5-trisubstituted-4-1,2,4-triazole, N-(thiazol-2-yl) benzenesulfonamide, S-(1-H-
pyrazol-4-yl)thiophene-3-carboxamide, cyclohexylcarbamoyl spirocyclic ureas, arylsulfonamides,

adamantanes, sulphonamides, carbamoyl, and thiazolones as described above.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is an

arylsulfonamide, for example an arylsulfonamidothiazole.
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According to another particular embodiment, a HSD11B1 inhibitor according to the invention is

BVT2733, PF-915275 or analogues thereof as described therein.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is an

anilinothiazolone.

According to another further particular embodiment, a HSD11B1 inhibitor according to the invention

is AMG-221 or analogues thereof as described therein.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is a

spirocyclic urea.

According to another further particular embodiment, a HSD11B1 inhibitor according to the invention

is 10J or analogues thereof as described therein.

According to another particular embodiment, a HSD11B1 inhibitor according to the inventionis a 3,4,5-

trisubstituted-4-1,2,4-triazole.

According to another further particular embodiment, a HSD11B1 inhibitor according to the invention

is BMS-823778 or analogues thereof as described therein.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is an

adamantane.

According to another further particular embodiment, a HSD11B1 inhibitor according to the invention

is ABT-384 or analogues thereof as described therein.

According to a particular embodiment, a selective HSD11B1 inhibitor according the invention is a

selective over HSD11B2 with a factor of 100 or more.

For example, according to a further particular embodiment, HSD11B1 inhibitors are selected from

compounds and pharmaceutically acceptable salts thereof reported in Table 2 below:

Table 2

Common name Structure IUPAC name

10) i (+/-)-2-(7-bromo-1'-((2-adamantyl)

(CAS number: 1009373-58-3) carbamoyl)-2,3-dihydrospiro [indene-1,4'-

“ < . piperidine]-3-yl) acetic acid

spirourea
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Common name

Structure

IUPAC name

PF-915275
(CAS number: 857290-04-1)

o H
\\S\,N /Nl NH,
SANe)

N-(6-aminopyridin-2-yl)-4-(4-

cyanophenyl) benzenesulfonamide

0
arylsulfonamide N~
BVT2733 a 3-chloro-2-methyl-N-[4-[2-(4-

(CAS number: 376640-41-4)

methylpiperazin-1-yl)-2-oxoethyl]-1,3-

Arylsulfonamide thiazol-2-yllbenzenesulfonamide
BMS-823778 2-[3-[1-(4-chlorophenyl)cyclopropyl]-
(CAS number: 1140898-87-8) Hsé‘laC oH [1,2,4] triazolo[4,3-a]pyridin-8-yl]propan-
(1) SN, 2-ol
3,4,5-trisubstituted-4-1,2,4- N
triazole é\Qm
MK-0736 F‘-/Lr—r 3-{4-[3-
(CAS number 719272-79-4) {i___}__[ii“w . (ethanesulfonyl)propyl]bicyclo[2.2.2]octa
(9) - K[\:%x/\f%”“ n-1-yl}-4-methyl-5-[2-
(trifluoromethyl)phenyl]-4H-1,2,4-triazole
AMG-221- BVT-83370 o, (55)-2-[[(15,2S,4R)-2-
(CAS number 1095565-81-3) '. M r\i;{)\H bicyclo[2.2.1]heptanyl] imino]-5-methyl-
anilinothiazolone - H ° 5-propan-2-yl-1,3-thiazolidin-4-one
AZD8329 4-[4-(2-adamantylcarbamoyl)-5-tert-butyl

(CAS number 1048668-70-7)
(7)

pyrazol-1-yl]benzoic acid

ABT-384
(CAS number 868623-40-9)

4-[[2-methyl-2-[4-[5-

(trifluoromethyl)pyridin-2-yl]piperazin-1-

(8) -\ yl]propanoyllamino]adamantane-1-
adamantane carboxamide
BVT-3498 ] 3-chloro-2-methyl-N-[4-[2-(3-

(CAS number 376641-49-5)

oxomorpholin-4-yl)  ethyl]-1,3-thiazol-2-

yllbenzenesulfonamide

MK0916
(CAS number 633317-53-0)

3-[1-(4-chlorophenyl)-3-fluorocyclobutyl]-
4,5-dicyclopropyl-1,2,4-triazole
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Common name

Structure

IUPAC name

AZD4017
(CAS number
1024033-43-9)

(5)

2-[(35)-1-[5-(cyclohexylcarbamoyl)-6-
propyl sulfanylpyridin-2-yl]piperidin-3-

yl]acetic acid

HSD-016
(CAS number 946396-92-5)

(2R)-1,1,1-trifluoro-2-[3-[(2R)-4-[4-fluoro-
2-(trifluoromethyl)phenyl]-2-
methylpiperazin-1-

yl]sulfonylphenyl]propan-2-ol

Bl 135585
(CAS number 1114561-85-1)
(6)

(6R)-6-(2-hydroxy-2-methylpropyl)-3-
[(1R)-1-[4-(1-methyl-2-oxopyridin-4-
yl)phenyl]ethyl]-6-phenyl-1,3-oxazinan-2-

one

INCB-13739 (CAS number
872506-67-7)

(3S)-1-[(3-Chloro-2-
methylphenyl)sulfonyl]-N-cyclohexyl-3-

piperidinecarboxamide

UE2343
(CAS number 1346013-80-6)

[(1R,55)-3-hydroxy-3-pyrimidin-2-yI-8-
azabicyclo[3.2.1]octan-8-yl]-[5-(1H-

pyrazol-4-yl)thiophen-3-yllmethanone

UE2316 [4-(2-chlorophenyl)-4-fluoro-1-piperidyl]-
[5-(1H-pyrazol-4-yl)-3-thienylmethanone
CRx-401 2-[4-[2-[(4-chlorobenzoyl)amino]

ethyllphenoxy]-2-methylpropanoic acid

carbenoxolone
(CAS number: 5697-56-3)
(4)
Glycyrrhetinic acid derivatives
(comparative compound- non

selective HSD11B1 inhibitor)

(25,4a$,6aR,6aS,6bR,8aR,10S,12aS,14bR)-
10-(3-carboxypropanoyloxy)-
2,43,6a,6b,9,9,12a-heptamethyl-13-oxo-
3,4,5,6,6a,7,8,823,10,11,12,14b-

dodecahydro-1H-picene-2-carboxylic acid
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According to another particular embodiment, a HSD11B1 inhibitor according to the invention is

selected from:

(10J or (+/-)-2-(7-bromo-1'-((2-adamantyl)carbamoyl)-2,3-dihydrospiro[indene-
1,4'-piperidine]-3-yl)acetic acid);

H
O

 QLN__N__NH
Ay L

(PF-915275 or N-(6-aminopyridin-2-yl)-4'-cyanobiphenyl-4-sulfonamide); and
HyC
HaC—]-OH
Z~\=N
Q\Q‘C' (BMS-823778 or 2-[3-[1-(4-chlorophenyl)cyclopropyl]-[1,2,4]triazolo[4,3-a]pyridin-8-

yllpropan-2-ol) or any pharmaceutically acceptable salts thereof.

According to another particular embodiment, a HSD11B1 inhibitor according to the invention is

selected from:

?O;H

— 9 _N'rf\-/\.‘_ \
1)
<X/ B

N i (10) or (+/-)-2-(7-bromo-1'-((2-adamantyl)carbamoyl)-2,3-dihydrospiro[indene-
1,4'-piperidine]-3-yl)acetic acid);

(PF-915275 or N-(6-aminopyridin-2-yl)-4'-cyanobiphenyl-4-sulfonamide);
HiC
HaC—}-OH
=~ =N
;}\Q‘C' (BMS-823778 or 2-[3-[1-(4-chlorophenyl)cyclopropyl]-[1,2,4]triazolo[4,3-a]pyridin-8-

yl]propan-2-ol);

~ o (MK-0736 or 3-{4-[3-(ethanesulfonyl)propyl]bicyclo[2.2.2]octan-1-yl}-4-
methyl-5-[2-(trifluoromethyl)phenyl]-4H-1,2,4-triazole);
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\ZL ° (AZD8329 or 4-[4-(2-adamantylcarbamoyl)-5-tert-butyl pyrazol-1-

o T

N L

1"’(ABT-384 or 4-[[2-methyl-2-[4-[5-(trifluoromethyl)pyridin-2-yl]piperazin-1-

yllpropanoyl]amino]Jadamantane-1-carboxamide);

do el on
)4

(AZD4017 or 2-[(3S)-1-[5-(cyclohexylcarbamoyl)-6-propyl sulfanylpyridin-2-
yl]piperidin-3-yl]acetic acid); and

e ’J}@\U
N (

oxopyridin-4-yl)phenyl]ethyl]-6-phenyl-1,3-oxazinan-2-one); any pharmaceutically acceptable salts

Bl 135585 or (6R)-6-(2-hydroxy-2-methylpropyl)-3-[(1R)-1-[4-(1-methyl-2-

thereof.

Further inhibitors can be identified by in silico models, as described in Liu et al., 2019, J. Chem. Inf.
Model., 59, 3422-3436. Table 3 below shows the selectivity of HSD11B1 inhibitors for HSD11B1 over
HSD11B2. The selectivity was calculated as follow: (ICso HSD11B2)/(ICso HSD11B1) from published

literature. Carbenoxolone is a dual inhibitor (non-selective HSD11B1 inhibitor).

Table 3
Compounds Selectivity over Source
HSD11B2
National Center for Biotechnology Information (2021). PubChem Bioassay
Record for Bioactivity AID 332064 - SID 103563653, Bioactivity for AID
MK-0916 >100
332064 - SID 103563653, Source: ChEMBL. Retrieved February 10, 2021
fromhttps://pubchem.ncbi.nlm.nih.gov/bioassay/332064#sid=103563653
MK-0736 (9) >100 Maletic et al., 2011, Bioorg Med Chem Lett. 2011, 21(8):2568-72
AMG-221 >100 Véniant et al., 2010, J. Med. Chem. 2010, 53, 11, 4481-4487
ABT-384 (8) >1000 https://doi.org/10.1002/bdd.1912
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Compounds Selectivity over Source
HSD11B2
AZD4017 (5) >1000 dx.doi.org/10.1021/jm300592r|J.Med.Chem.2012, 55, 5951-5964
10J (3) >1000 Tice et al., 2010, Bioorg., Med. Chem. Lett., 20(3):881-6
BMS-823778 (1) >1000 Li et al., 2018, ACS Med Chem Lett., 9(12):1170-1174
PF-915275 (2) >1000 Siu et al., 2009, Bioorg Med Chem Lett., 19(13):3493-7
HSD-016 >1000 https://doi.org/10.1021/jm8004948

Bl 135585 (6) >1000 Zuang, bioorganic and medicinal, chemistry, 2017, 25(14) :3649-3657

Chapman et al, 2013, Physiol Rev 93: 1139
Carbenoxolone (4) <10

120610.1152/physrev.00020.2012

The expression “immunotherapy” includes strategies used to activate effector immune cells to
increase the efficacy of the patient’s own immune response against neoplastic cells (melanoma, lung
carcinoma, glioblastoma, renal carcinoma, gastrointestinal stromal carcinoma and leukemia).
Immunotherapy includes the use of cancer vaccines, oncolytic viruses, cell therapy and/or immune

system modulators.

The expression “immune system modulators” covers small molecules and large molecules (peptides,
chimeric proteins, antibodies, bispecific antibodies) that induce an anti-cancer immune response or
that aim to neutralize immune suppressive mechanisms driven by T regulators cells, tumor associated

macrophages, myeloid derived suppressor cells or immune checkpoints.

Vaccines can be used in an immunotherapy according to the invention and work against cancer by
boosting the immune system’s response to cancer cells. Therapeutic vaccines are different from
vaccines that help prevent disease. Examples of therapeutic vaccines include sipuleucel-T (Topalian et

al., 2011, J. Clin. Oncol., 29: 4828-36, Dendreon).

Oncolytic viruses represent a novel drug class in which native or modified viruses mediate tumor
regression through selective replication within and lysis of tumor cells as well as induction of systemic
antitumor immunity capable of eradicating tumor at distant, uninjected sites. An example of oncolytic
viruses includes the herpesvirus-based treatment T-VEC (talimogene laherparepvec, Liu et al., Gene

Therapy, 2003 10(4):292-303, Amgen).
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Cell therapy includes treatments based on in vitro expanded and/or genetically modified lymphocytes
(T cells or NK cells). For instance, T-cell transfer therapy, also called adoptive cell therapy, adoptive
immunotherapy, or immune cell therapy includes tumor-infiltrating lymphocytes as starting material
and genetically engineered CAR T-cells, which specifically recognize and kill tumor cells, such as
described for the treatment of relapsed or refractory B-cell malignancies, such as B-cell non-Hodgkin
lymphoma (NHL), acute lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia (CLL) in
pediatric and adult patients (Miliotou et al, 2018, Current pharmaceutical biotech., 19(1):5-18.).
Example of T cell transfer therapies includes tisagenlecleucel (Novartis, Forsberg et al., 2018, Ther Clin
Risk Manag. 14:1573-1584 and Vairy, 2018, Drug Design, Development and Therapy, 12: 3885-3898),
and axicabtagene ciloleucel (Gilead Sciences, Jain et al., 2018, Therapeutics and Clinical Risk

Management, 14: 1007-1017).

Immune system modulators enhance the body’s immune response against cancer. Some of these
agents affect specific parts of the immune system, whereas others affect the immune system in a more
general way. This class includes cytokines (interferons, interleukins, granulocyte-macrophage colony-
stimulating factor and granulocyte colony-stimulating factor), Bacillus Calmette-Guérin,
immunomodulatory drugs (thalidomide, lenalidomide, pomalidomide, imiquimod) and
chemotherapeutic agents that induce immunogenic cell death (cyclophosphamide, bleomycin,

shikonin, anthracyclines).

Are included as immune system modulators monoclonal antibodies and antibody-derived constructs
used as immunotherapy according to the invention, which are proteins designed to bind to specific
targets on cancer cells. Some monoclonal antibodies and antibody-derived constructs mark cancer
cells so that they will be better seen and destroyed by the immune system. Monoclonal antibodies
may also be called therapeutic antibodies. For example, those monoclonal antibodies can be rituximab
(Biogen, Genentech, Hoffmann-La Roche, Chugai Pharmaceuticals, Zenyaku Kogyo and AryoGen, DOI:
10.1016/j.trac.2013.02.014). For example, antibody-derived constructs can include short-chain
variable antibody fragments (scFv) and can be bispecific T-cell engagers (BIiTE) such as blinatumomab

(Amgen, Wu et al., 2015, J. Hematol. Oncol., 8, 104).

Are also included as immune system modulators the immune checkpoint blockers targeting PD-1 such
as pembrolizumab (Merck, US 2010/0266617, DOI: 10.1158/1078-04), nivolumab (Bristol-Myers
Squibb, WO 2006/121168), cemiplimab (Regeneron, DOI: 10.1158/1535-71), spartalizumab (PDR001,
Novartis, us 9,683,048), camrelizumab (SHR1210, Jiangsu Hengrui Medicinem,
https://doi.org/10.1007/s40265-019-01167-0), sintilimab (IBI308, Innovent Biologics and Eli Lilly, DOI:

10.1080/19420862.2019.1654303, tislelizumab (BGB-A317, BeiGene and Celgene Corp, US 8,735,553),
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toripalimab (JS 001, Shanghai Junshi Bioscience, Keam, 2019, Drugs 79, 573-578), AMP-224
(GlaxoSmithKline, Amplimmune, Infante et al. 2013, J Clin Oncol, 31, 3044), AMP-514, AstraZeneca,
Naing et al. 2019, J. Inmunotherapy Cancer 7, 225). Are also included the CTLA-4 inhibitors such as
ipilimumab (Bristol-Myers Squibb, WO 2001/014424, EP1503794). Are also included the PD-L1
inhibitors atezolizumab (Tecentriq™, Roche, US 8,217,149, Powles et al., 2014, Nature, 515, 558-562),
avelumab (Bavencio™, Pfizer, Merk KGaA, WO 2013/079174 A1), BMS-936559 (Bristol-Myers Squibb)
and durvalumab (Imfinzi™, AstraZeneca, WO 2011/066389).

Are included as immune system modulators the immunoconjugates that are antibodies, peptides or
proteins conjugated to a second molecule, which can include immune cell death inducer agents and
toxins or immune system modulators (cytokines, Bacillus Calmette-Guérin and immunomodulatory

drugs).

The term “pharmaceutically acceptable salts or complexes” refers to salts or complexes of the below-
specified compounds of the invention. Examples of such salts include, but are not restricted, to base
addition salts formed by reaction of compounds of the invention with organic or inorganic bases such
as hydroxide, carbonate, bicarbonate or the like, of a metal cation such as those selected in the group
consisting of alkali metals (sodium, potassium or lithium), alkaline earth metals (e.g. calcium or
magnesium), or with an organic primary, secondary or tertiary alkyl amine. Other examples of such
salts include, but are not restricted, to acid addition salts formed by reaction of compounds of the
invention with organic or inorganic acids such as hydrochloric acid, hydrobromic acid, sulphuric acid,
para-toluene sulfonic acid, 2-naphtalene sulfonic acid, camphosulfonic acid, benzene sulfonic acid,

oxalic acid or the like.
e Combined use and combined compositions

The invention provides pharmaceutical or therapeutic agents as compositions and methods useful for

the treatment of cancer.

According to a particular embodiment, the HSD11B1 inhibitors of the invention are to be used in
combination with an immunotherapy selected from anti-cancer vaccine, adoptive cell therapy such as
T-cell transfer therapy (inhibitors and genetic approaches), a small or a large molecules such as
chemotherapies inducing immune cell death, anti-cancer monoclonal antibody, immunoconjugates,

bispecific proteins, and cytokines.

According to a further particular aspect, the invention provides a use of a combination comprising at

least one selective HSD11B1 inhibitor and at least one immune checkpoint inhibitor.
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According to a further particular aspect, an immune checkpoint inhibitor is selected from a PD-1

inhibitor, a CTLA-4 inhibitor and a PD-L1 inhibitor.
According to a further particular aspect, a PD-1 inhibitor is pembrolizumab or nivolumab.

According to another aspect, the invention provides a use of a combination comprising at least one
selective HSD11B1 inhibitor and at least one CTLA-4 inhibitor for the treatment of cancer, in particular
of cancers associated with melanoma, lung carcinoma, glioblastoma, renal carcinoma, gastrointestinal

stromal carcinoma and leukemia.
According to a further particular aspect, a CTLA-4 inhibitor is ipilimumab.

According to another aspect, the invention provides a use of a combination comprising at least one
selective HSD11B1 inhibitor and at least one PD-L1 inhibitor for the treatment of cancer, in particular
of cancers associated with melanoma, lung carcinoma, glioblastoma, renal carcinoma, gastrointestinal

stromal carcinoma and leukemia.
According to a further particular aspect, a PD-L1 inhibitor is atezolizumab.

According to another particular aspect, the invention provides a use of a combination comprising at

least one selective HSD11B1 inhibitor and at least one at least one anti-cancer vaccine.

According to another particular aspect, the invention provides a use of a combination comprising at

least one selective HSD11B1 inhibitor and at least one anti-cancer monoclonal antibody.

According to another further aspect, is provided a pharmaceutical composition comprising a

combination according to the invention and at least one more pharmaceutically acceptable carrier.

Compositions of this invention may further comprise one or more pharmaceutically acceptable
additional ingredient(s) such as alum, stabilizers, antimicrobial agents, buffers, colouring agents,

flavouring agents, adjuvants, and the like.

The compositions according to the invention, together with a conventionally employed adjuvant,
carrier, diluent or excipient may be placed into the form of pharmaceutical compositions and may be
employed as solids, such as tablets or filled capsules, or liquids such as solutions, suspensions,
ointments, emulsions, elixirs, or capsules filled with the same, films or gels, all for oral use. The
compositions may also be formulated as a dry product for reconstitution with water or other suitable

vehicle before use.

Compositions of this invention as liquid formulations including, but not limited to, aqueous or oily

suspensions, solutions, emulsions, syrups, and elixirs.
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Such liquid preparations may contain additives including, but not limited to, suspending agents,
emulsifying agents, non-aqueous vehicles and preservatives. Suspending agents include, but are not
limited to, sorbitol syrup, methyl cellulose, glucose/sugar syrup, gelatin, hydroxyethyl cellulose,
carboxymethyl cellulose, aluminum stearate gel, and hydrogenated edible fats. Emulsifying agents
include, but are not limited to, lecithin, sorbitan monooleate, and acacia. Preservatives include, but
are not limited to, methyl or propyl p-hydroxybenzoate and sorbic acid. Dispersing or wetting agents

include but are not limited to poly(ethylene glycol), glycerol, bovine serum albumin, Tween®, Span®.

Further materials as well as formulation processing techniques and the like are set out in The Science
and Practice of Pharmacy (Remington: The Science & Practice of Pharmacy), 22™ Edition, 2012, Lloyd,

Ed. Allen, Pharmaceutical Press, which is incorporated herein by reference.

Solid compositions of this invention may be in the form of tablets or lozenges formulated in a
conventional manner. For example, tablets and capsules for oral administration may contain
conventional excipients including, but not limited to, binding agents, fillers, lubricants, disintegrants
and wetting agents. Binding agents include, but are not limited to, syrup, acacia, gelatin, sorbitol,
tragacanth, mucilage of starch and polyvinylpyrrolidone. Fillers include, but are not limited to, lactose,
sugar, microcrystalline cellulose, maize starch, calcium phosphate, and sorbitol. Lubricants include, but
are not limited to, magnesium stearate, stearic acid, talc, polyethylene glycol, and silica. Disintegrants
include, but are not limited to, potato starch and sodium starch glycolate. Wetting agents include, but
are not limited to, sodium lauryl sulfate. Tablets may be coated according to methods well known in

the art.

In a particular embodiment, the invention provides a pharmaceutical formulation according to the

invention for use as a medicament.
e Mode of administration

According to the invention, the HSD11B1 inhibitor or a pharmaceutical formulation thereof, are
administered to an individual prior to, or simultaneously with an anti-cancer immunotherapeutic
agent, for example concomitantly through the same formulation or separately through different

formulations, in particular through different formulation routes.

According to a particular aspect of the invention, a HSD11B1 inhibitor according to the invention and
pharmaceutical formulations thereof is to be administered chronically (e.g. daily or weekly) for the
duration of treatment and prior to the administration of an anti-cancer immunotherapeutic agent

treatment.
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According to another particular aspect of the invention, a HSD11B1 inhibitor according to the invention
and pharmaceutical formulations thereof is to be administered concomitantly with an anti-cancer

immunotherapeutic agent.

Compositions of this invention may be administered in any manner, including, but not limited to, orally,
intravenously, intramuscularly, subcutaneously, parenterally, nasally, intralesionally or combinations
thereof. Parenteral administration includes, but is not limited to subcutaneous and intramuscular. The
compositions of this invention may also be administered in the form of an implant, which allows slow
release of the compositions as well as a slow controlled i.v. infusion. In a particular embodiment, one

or more HSD11B1 inhibitor is administered orally.

The compounds of a combination of this invention may be administered independently by any manner
by oral route such as sublingually, via buccal administration, including to the mucosal surfaces of the

oral cavity including the gingiva, the floor of the oral cavity, cheeks, lips, tongue, teeth.

According to a particular embodiment, compositions of this invention may be administered by

intravenous or intra-muscular or sub-cutaneous injection.

The dosage administered, as single or multiple doses, to an individual will vary depending upon a
variety of factors, including pharmacokinetic properties, patient conditions and characteristics (age,

body weight, health, body size), extent of symptoms, frequency of treatment and the effect desired.
e Patients
In an embodiment, patients according to the invention are patients suffering from a cancer.

In a particular embodiment, patients according to the invention are patients suffering from a cancer
selected from melanoma, lung carcinoma, glioblastoma, renal carcinoma, gastrointestinal stromal

carcinoma and leukemia.

In a particular embodiment, patients according to the invention are patients suffering from tumors of
the skin, melanoma, lung, pancreas, breast, colon, rectum, brain, laryngeal, ovarian, prostate,
colorectal, head, neck, testicular, lymphoid, marrow, bone, sarcoma, renal, gastrointestinal tract,

sweat gland, and the like tissues.
In a particular embodiment, patients according to the invention are patients suffering from melanoma.

In another particular embodiment, patients according to the invention are patients suffering from lung

carcinoma.
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In a particular embodiment, patients according to the invention are patients suffering from

glioblastoma.

In a particular embodiment, patients according to the invention are patients suffering from renal

carcinoma.

In a particular embodiment, patients according to the invention are patients suffering from

gastrointestinal stromal carcinoma.
In a particular embodiment, patients according to the invention are patients suffering from leukemia.

In another further embodiment, patients according to the invention are patients suffering from breast

and renal cancer.

e Use and methods according to the invention

In a particular embodiment, the use of compounds of the invention or methods of treatment using

those increases responsiveness to immunotherapy.

In another particular embodiment, the combined use of compounds of the invention and methods

using this combination induce the level of IFN gamma.

Therefore, the use of inhibitory agents or methods that would silence or down-regulate or selectively
inhibit HSD11B1 would be beneficial to subject’s responsiveness to immunotherapeutic treatment of

cancer.

According to another aspect of the invention, is provided a method for treating a subject who is
suffering from a cancer, said method comprising administering a therapeutically effective amount of
an agent inducing selective HSD11B1 inhibition or any suitable pharmaceutically acceptable

formulation thereof, in a subject in need thereof in combination with immunotherapy.

According to another further embodiment, such agent inducing HSD11B1 inhibition can be agents that
knock out or knock down HSD11B1 at the genetic level using methods such as CRISPR-Cas9 technology
(Pickar-Olivier and Gerbach, 2019, Nature Reviews Molecular Cell Biology, 20, 490-50) and small
interference RNA (Chakraborty et al., Mol Ther Nucleic Acids. 2017, 8: 132—143.) or gene therapy
(Dunbar et al., 2018, Science 359, 6372).

In another embodiment, the invention provides a method of identifying agents useful in the

potentiation of immunotherapy, said method comprising the following steps:

- exposing at least one immune cell such as dendritic cells, macrophages, neutrophils, T cells

with cancer cells (alone or in co-culture) with HSD11B1 substrates (e.g. cortisone or 11-DHC);
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- contacting said at least one cell with at least one candidate agents;

- identifying agents that are able to inhibit selectively HSD11B1 in said cells.

Examples illustrating the invention will be described hereinafter in a more detailed manner and by

reference to the embodiments represented in the Figures.
EXAMPLES
The following abbreviations refer respectively to the definitions below:

BMDC (Bone marrow derived dendritic cells); DMEM (Modified Eagle's minimal essential medium);
DMSO (Dimethyl Sulfoxyde); FBS (Fetal bovine serum); GFP (green fluorescent protein); GMCSF

(Granulocyte-macrophage colony-stimulating factor); RPMI (Roswell Park Memorial Institute).

Example 1: Assessing the effect of inhibition of HSD11B1 in combination with immunotherapy for

the use as treatment of cancer in an antigen recall assay

Response to immunotherapy rely on critical biological steps including antigen presentation and T cell
activation. Therefore, the therapeutic potential of combining immunotherapy with HSD11B1 inhibition

was investigated in an antigen recall assay as described below.

Antigen recall assay is the gold standard in vitro method to assess the bioactivity of immune checkpoint
inhibitors because it measures at the same time the potential of antigen presenting cells to activate T
cell and the actual T cell activation, taking into account thereby the two critical mechanisms required
for an optimal response to immunotherapy. The level of IFNy secreted in this human immune cell-
based assay is considered as a good indicator of the T cells activation to immunomodulatory molecules.
Cryopreserved human peripheral blood mononuclear cell (PBMC) isolated from cytomegalovirus
(CMV) positive heathy donors were thawed in a 37°C water bath and seeded in round bottom 96 well
plates at 2 X 10° cells/well in 150 pL final volume of RPMI media supplemented with 10% fetal bovin
serum, 1% non-essential amino acids, 0.01M Hepes, 1% Penicilin/Streptomycin, 1% L-glutamine and
50 ng/ml cortisone). PBMC were stimulated with 1 pg/ml CMV antigen (Astarte) and with 1 pg/ml anti
PD-1 (G4K) or isotype control (Biovision) and with 1uM of a HSD11B1 inhibitors (10J (3), carbenoxolone
(4) and BMS-823778 (1) all from Sigma, AZD4017 (5), BI-135585 (6), AZD8329 (7), ABT-384 (8) and MK-
0736 (9), all from custom synthesis and PF-915275 (2) from R&D Systems) or DMSO control (10). Plates
were incubated at 37°C, 6% CO,.

After 6 days, supernatants were assayed for IFNy by ELISA (Biolegend).

As illustrated in Fig. 1, the level of immune activation measured by IFNy secretion in PBMC supernatant

was increased in the presence of the anti-PD-1 compared to isotype control in the absence of
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cortisone. Addition of cortisone strongly reduced the therapeutic activity of the anti-PD-1. The
treatment with HSD11B1 inhibitors increased the immune activation in isotype control and anti-PD-1

treated conditions.

As shown in Table 4 below, the combination of HSD11B1 inhibitors plus the anti-PD-1 led to an
unexpected synergistic effect that increased the immune activation to a superior level than the

addition of anti-PD-1 plus HSD11B1 inhibitor taken separately.

Table 4
Compounds Additive effect Synergic effect Synergic factor

4

(comparative) 1,4 3,3 1,9
1 3,9 8,2 4,3
5 3,5 8,7 5,2
6 4 7,2 3,1
3 2,1 6,8 4,6
2 2,8 6,9 4,1
7 2,8 8,3 5,5
8 4,4 8,7 4,2
9 3 9,5 6,4

Importantly, the treatment with selective HSD11B1 inhibitors (1, 2, 3, 5, 6, 7, 8, 9) in combination with
the anti-PD-1 not only completely abolished the immune suppressive effect of cortisone but led to a
higher level of immune activation than the anti-PD-1 alone. Only the none selective HSD11B1 inhibitor

carbenoxolone was not able to abolish the immune suppressive effect of cortisone.

This experiment therefore provides evidence that treatment with selective HSD11B1 inhibitors
synergies with immunotherapy and represent an effective option to improve the efficacy of

immunotherapy.

Example 2: Assessing the effect of inhibition of HSD11B1 in combination with immunotherapy for

the use as treatment of cancer in a cell growth assay

Another critical biological mechanism required for an optimal response to immunotherapy of cancer
is the capacity of T cells to kill the tumor target cells. The therapeutic potential of combining
immunotherapy with HSD11B1 inhibition for the treatment of cancer was therefore assessed in a

murine T cell-mediated tumor cell-killing assay.

Wild type C57BL/6J murine bone marrow progenitors cells were maintained with 20 ng/ml GMCSF
(Peprotech) to induce differentiation into bone marrow derived dendritic cells (BMDCs) for 6 days. At

day 6, 2 X 10° BMDCs/well together with 2 X 10° Renca tumor cells/well were seeded in flat bottom 96
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well plate in RPMI 1640 supplemented with 10% FBS, 1% Penicillin/streptomycin, 1% L-glutamine, 50
mM betamercaptoethanol and 0.5% of sodium pyruvate, 32 ng/ml R848 (Invivogen) and 25 pg/ml
ovalbumin (Invivogen). After 24 hours, cell supernatant was removed and 1x10° OT-1 CD8* T cells/well
were added in very low endotoxin RPMI 1640 medium supplemented with 10% fetal bovine serum, 1%
L-glutamine, 1% penicillin-streptomycin, 1% sodium-pyruvate, 1% glutamine, 1%, non-essential amino
acids and 50 mM beta-mercaptoethanol. After 24 hours, 5x10° H2kb-recombined; SEQ ID NO: 1
SIINFEKL (Invivogen) loaded-GFP-expressing Renca cells/well were added. The growth of GFP Renca
cells was measured and quantified in real time by cell imaging using the Incucyte technology. 200 ng/ml
11-DHC (US Biological), 10 uM HSD11B1 inhibitor (BMS-823778 (1) and carbenoxolone (4) from Sigma,
ABT-384 (8) and MK-0736 (9) from custom synthesis) or vehicle DMSO and anti-PD-1 (Invivogen) or

isotype control (Invivogen) were maintained from day 6 until the end of the experiment.

As illustrated in Fig. 2, the combination of an HSD11B1 inhibitor with an anti-PD-1 (mouse) inhibited
the growth of tumor cells more efficiently than the single treatments. Further, the data supports that
treatment with selective HSD11B1 inhibitors only was able to stimulate the antitumor immune
response leading to the inhibition of tumor cell growth whereas no efficacy was observed with a none

selective HSD11B1 inhibitor such as carbenoxolone.

These data provide therefore strong evidences that the selective inhibition of HSD11B1 is effective to

improve the efficacy of immunotherapy for the treatment of cancer.

Example 3: Genetic deletion of HSD11B1

In order to assess the utility of genetic loss of function particularly for adoptive cell therapy (CAR T
cell), genetic deletion of HSD11B1 can be performed using CRISPR-Cas9 technology (Pickar-Olivier and
Gerbach, 2019, Nature Reviews Molecular Cell Biology, 20, 490-50) in mouse T cells. Isolated CD8* T
cell from OT-1 mouse are grown for 24 hours with 5 ng/ml IL-7 (R&D system) in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% sodium-pyruvate, 1% glutamine, 1%,
non-essential amino acids and 50 mM beta-mercaptoethanol. After 24h, cells are electroporated with
Cas9/crRNA complex targeting HSD11B1 (crRNA sequence 1: 5-GCTGGGCACAAGTTCGAGTTAGG-3’
(SEQ ID NO: 2); crRNA sequence 2: 5'-ATGGTGGTCATCTTGGTCGTAGG-3’ (SEQ ID NO: 3)) with Neon
electroporation (Thermofisher) as described by Seki et al. 2018, JEM, 5;,215(3):985-997. T cells are then
activated with ovalbumin loaded BMDCs as described in Example 2. Three days post activation, 5x10°
H2kb-recombined; SIINFEKL (SEQ ID NO: 1) loaded-GFP-expressing Renca cells/well are added. The
growth of GFP Renca cells is then measured and quantified in real time by cell imaging using the

Incucyte technology. 200 ng/ml 11-DHC (US Biological), 10 uM HSD11B1 inhibitor (BMS-823778 from
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Sigma) or vehicle DMSO and anti-PD-1 (Invivogen) or isotype control (Invivogen) are maintained from

day 2 post T cell activation until the end of the experiment.

SEQUENCE LISTING

SEQ ID NO: 1 - Ovalbumin peptide (chicken)

SIINFEKL

SEQ ID NO: 2 - crRNA sequence (gRNA targeting mouse hsd11b1)
5’-GCTGGGCACAAGTTCGAGTTAGG-3’

SEQ ID NO: 3 - crRNA sequence (gRNA targeting mouse hsd11b1)

5-ATGGTGGTCATCTTGGTCGTAGG-3’

Claims:

1. A selective HSD11B1 inhibitor for use in the treatment of a cancer, wherein said selective

HSD11B1 inhibitor is to be administered in combination with immunotherapy.

2. A selective HSD11B1 inhibitor for use according to claim 1 in combination with at least one
immunotherapeutic agent selected from a cancer vaccine, oncolytic virus and an immune

system modulator.

3. Aselective HSD11B1 inhibitor for use according to claim 1 in combination with cell therapy.

4. A selective HSD11B1 inhibitor for use according to claim 1 or 2 in combination with at least

one immune checkpoint inhibitor.

5. A selective HSD11B1 inhibitor for use according to claim 4, wherein said at least one immune
checkpoint inhibitor is selected from a PD-1linhibitor, an CTLA-4 inhibitor and an PD-L1

inhibitor.

6. Aselective HSD11B1 inhibitor for use according to any one of claims 1 to 5 in combination with

at least one PD-1linhibitor.

7. A selective HSD11B1 inhibitor for use according to claim 6, wherein said at least one PD-1

inhibitor is pembrolizumab.
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A selective HSD11B1 inhibitor for use according to any one of claims 1 to 5 in combination with

at least one CTLA-4 inhibitor.

A selective HSD11B1 inhibitor for use according to claim 1 or 2 in combination with at least

one anti-cancer vaccine.

A selective HSD11B1 inhibitor for use according to any one of claims 1 to 9, wherein said

HSD11B1 inhibitor is a selective over HSD11B2 with a factor or 100 or more.

A selective HSD11B1 inhibitor for use according to any one of claims 1 to 10, wherein said
selective HSD11B1 inhibitor is selected from a 3,4,5-trisubstituted-4-1,2,4-triazole, an
adamantane, in particular an adamantyltriazole, an arylsulfonamide, in particular an

arylsulfonamidothiazole, an anilinothiazolone and a spirocyclic urea.

A selective HSD11B1 inhibitor for use according to any one of claims 1 to 11, wherein said

HSD11B1 inhibitor is a 3,4,5-trisubstituted-4-1,2,4-triazole.

13.A selective HSD11B1 inhibitor for use according to any one of claims 1 to 11, wherein said

14.

HSD11B1 inhibitor is an adamantane.

A selective HSD11B1 inhibitor for use according to any one of claims 1 to 11, wherein said

selective HSD11B1 inhibitor is selected from:
coH

o 1
~ %N

N — L)

W (10J or (+/-)-2-(7-bromo-1'-((2-adamantyl)carbamoyl)-2,3-

dihydrospiro[indene-1,4'-piperidine]-3-yl)acetic acid);

H
N___N.__NH;

(PF-915275 or N-(6-aminopyridin-2-yl)-4'-cyanobiphenyl-4-sulfonamide);

A (BMS-823778 or 2-[3-[1-(4-chlorophenyl)cyclopropyl]-[1,2,4]triazolo[4,3-
a]pyridin-8-yl]propan-2-ol);

N

~% (MK-0736 or 3-{4-[3-(ethanesulfonyl)propyl]bicyclo[2.2.2]octan-1-yl}-4-
methyl-5-[2-(trifluoromethyl)phenyl]-4H-1,2,4-triazole);
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(AZD8329 or 4-[4-(2-adamantylcarbamoyl)-5-tert-butyl pyrazol-1-

F (ABT-384 or 4-[[2-methyl-2-[4-[5-(trifluoromethyl)pyridin-2-yl]piperazin-

1-yl]propanoyllaminoladamantane-1-carboxamide);

Lol OH
o

(AZD4017 or 2-[(3S)-1-[5-(cyclohexylcarbamoyl)-6-propyl sulfanylpyridin-2-
ylpiperidin-3-yl]acetic acid); and

HO
%S:oko A0

s (BI 135585 or (6R)-6-(2-hydroxy-2-methylpropyl)-3-[(1R)-1-[4-(1-methyl-2-
oxopyridin-4-yl)phenyllethyl]-6-phenyl-1,3-oxazinan-2-one); any pharmaceutically acceptable

salts thereof.

A selective HSD11B1 inhibitor for use according to any one of claims 1 to 11, wherein said

selective HSD11B1 inhibitor is selected from ABT-384 and BMS-83778.

A selective HSD11B1 inhibitor for use according to any one of claims 1 to 15, wherein cancer is
selected from melanoma, lung carcinoma, glioblastoma, renal carcinoma, gastrointestinal

stromal carcinoma and leukemia.

A pharmaceutical composition comprising at least one selective HSD11B1 inhibitor and at least

one agent useful in immunotherapy and at least one pharmaceutically acceptable carrier.

A pharmaceutical composition according to claim 17, wherein said selective HSD11B1 inhibitor
is selected from 10J, PF-915275, BMS-823778, MK-0736, AZD8329, ABT-384, AZD4017 and BI
135585.

A pharmaceutical composition according to claim 17 or 18, wherein said at least one
immunotherapeutic agent selected from a cancer vaccine, oncolytic virus and an immune

system modulator.

A pharmaceutical composition according to any one of claims 17 to 19 for use as a

medicament.
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21. A pharmaceutical composition according to any one of claims 17 to 19 for use in the treatment

of a cancer.

22. A pharmaceutical composition for use according to claim 21, wherein cancer is selected from
melanoma, lung carcinoma, glioblastoma, renal carcinoma, gastrointestinal stromal carcinoma

and leukemia.

23. A method of identifying agents useful in the potentiation of immunotherapy, said method
comprising the following steps:
- exposing at least one immune cell such as dendritic cell, macrophage, neutrophil, T
cell with cancer cell with at least one selective HSD11B1 substrate;
- contacting said at least one cell with at least one candidate agent;

- identifying agents that are able to inhibit selective HSD11B1 in said cells.

24. A method for treating a subject who is suffering from a cancer, said method comprising
administering a therapeutically effective amount of an agent inducing selective HSD11B1
inhibition or any suitable pharmaceutically acceptable formulation thereof, in a subject in need

thereof in combination with immunotherapy.

Abstract of the invention

The present invention relates to HSD11B1 inhibitors useful for increasing antitumor immune response
in combination with immunotherapy, in particular for the treatment of cancers and to related

compositions and methods using those.
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II.C. Supplementary results

To test the efficacy of HSD11B1 inhibitors in combination with immunotherapy, a human ex vivo assay
was developed in which several inhibitors of HSD11B1 covering different chemotypes (presented in
Table 1 of the patent) were used. This is described in Example 1 and Figure 1 of the patent. To complete
the results published in the patent, the potency and therapeutic efficacy of the various inhibitors were
measured and compared in this assay. Moreover, a dose response of the most promising inhibitor was

performed.

I1.C.1. Materials and methods

To use pharmacological inhibitors in a cell assay, their dilution in proper solvent was necessary.
Chemical inhibitors of HSD11B1 were solubilized in the appropriate solvent in 10 uM stock solution for
BI-135585 (in chloroform), HSD-016 (in DMSO, 10 % EtOH), AZD8329 (in DMSO), ABT-384 (in DMSO),
BMS-823778 (in DMSO), AZD4017 (in DMSO), BVT-3498 (in DMSO), or MK-0736 (in DMSO), or in
100 uM stock solution for 10J (in DMSO, 1/10 EtOH), PF915275 (in DMSO, 10 % EtOH), BVT-2733 (in
DMSO, 10 % EtOH), and CBX (in PBS). The inhibitors were then used at the concentrations previously

described in Examples 1 and 2 of the patent.
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I1.C.2. Results

To test the therapeutic potential of HSD11B1 inhibitors in immune oncology, an antigen recall assay
with PBMCs was set up as explained in Example 1 of the patent. This assay was selected because PBMCs
contain APCs and T cells, which allowed us to investigate the antigen presentation mechanism.
Moreover, anti-PD-1 treatment was effective in this assay, allowing us to study the effect of the

combination of HSD11B1 inhibitors and immune checkpoint blockade.

IFN-y concentration was used to follow the antigen-dependent T cell activation in the presence of
human HSD11B1 substrate (cortisone). The maximum IFN-y produced during T cell activation was
reached in the absence of cortisone and the presence of anti-PD-1. Therefore, the concentration of
IFN-y obtained in this condition treated with anti-PD-1 without cortisone was set as the maximum level

and called the maximum effect.

As indicated in Table 4, seven out of the twelve HSD11B1 inhibitors tested reached over 100 % of the
maximum effect, thus allowing HSD11B1 inhibition to be overcome. Moreover, as the IFN-y
concentration produced was higher than that in the condition without cortisone, which explains why
the maximum effect was > 100 %, these seven inhibitors were demonstrated to be able to improve
anti-PD-1 response. Among these seven HSD11B1 inhibitors, only BMS-823778 and ABT-3842 had an
EC50 below 1 nM, with ABT-384 being the more efficient with EC50 = 0.01671 nM. Therefore, an
additional response curve was created with ABT-384. As represented in Figure 9, ABT-384 reached its
maximum effect at 0.1 nM in combination with anti-PD-1 treatment. As the more potent inhibitor,
ABT-384 was retained for subsequent in vivo testing in different renal cancer models to study whether

the anti-PD-1 response could be improved in vivo.
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Inhibitor Maximum Effect (%) EC50 (nM) R2
AZD8329 167.8 298.2 0.8595
AZD4017 154.5 131.9 0.8025
BI-135585 150.5 8.115 0.773
ABT-384 144.4 0.01671 0.8478
BMS-823778 137.8 0.6708 0.9666
PF915275 135.2 261.4 0.8292
MK-0736 133.6 8.158 0.8779
10J 82.12 2.264 0.7475
BVT-3498 68.41 0.0647 0.9813
Carbenoxolone 47.99 0.7827 0.8495
HSD-016 47.48 0.54 0.7341
BVT-2733 32.99 0.4662 0.8922

Table 4: Effect of HSD11B1 inhibitors on restoration of immune response. Potency and efficacy of

HSD11B1 pharmacological inhibitors in combination with anti-PD-1 treatment during antigen recall

assay. Effect maximum expressed in percentage of IFN-y concentration in the condition without

cortisone with anti-PD-1. Half maximal effective concentration expressed in nM. Goodness of fit to the

regression model is represented as R2. R2 close to 1 means a low variance of the variable compare to

the model.
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Figure 9: ABT-384 inhibits HSD11B1 in human ex
vivo model. Conditions with 50 ng/mL of cortisone.
IFN-y concentration was measured in supernatant
after 1 week of antigen stimulation of PBMCs. Fold
change compared to the condition with isotype and
without ABT-384 is represented as mean +/- SEM of
3 technical replicates in one experiment. Data are
representative of 2 independent experiments on the

o Isotype same donor. Statistical test: ordinary two-way

®  anti-PD-1 . .
ANOVA, alpha 0.05, Tukey’s multiple comparison

test, **** p value < 0.0001.
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lll. Effect of Hsd11b1 genetic modulation on the antitumor immune response in a renal cancer

model

Pharmacological inhibitors of HSD11B1 are administered systemically and can exhibit an activity
against non-target proteins when concentrations are excessively high. Thus, to study the effect of
HSD11B1 only in tumor cells as well as the impact of a specific inhibition of HSD11B1 in the host mouse,

we performed an overexpression in the tumor cell line and the constitutive KO of Hsd11b1 in mice.
The authors’ contributions to this work are detailed as follows:

Aurélien Pommier, Carole Bourquin, and Héléne Poinot designed and planned the study. Héléne Poinot
performed and analyzed all of the experiments with the help of Eulalia Olesti for steroid measurement.
Héléne Poinot maintained the Hsd11b1¥° mouse lines with the help of Aurélien Pommier and Fabrizio
Thorel (Transgenic Core Facility of Geneva University) for their obtention, and of Montserrat Alvarez,
Barbara Pinheiro Tonneau, and Isis Senoner for the genotyping during back-crossing. Aurélien

Pommier supervised the study. This paragraph was written by Héléne Poinot.
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llI.A. Material and methods
Overexpression of Hsd11b1

Renal tumor cells (Renca) were genetically engineered to overexpress Hsd11b1 with a lentiviral
plasmid. The plasmid #52961 (Addgene) and Hsd11b1 plasmid (ordered from Genscript, transcript
sequence inserted between BamHI and Xbal restriction sites in a pUC57-Kan plasmid) were digested
by BamHI and Xbal and ligated together. Hsd11b1 was located in front of the P2A sequence and the
puromycin resistance gene, which necessarily allowed the expression of Hsd11b1 at the same time as
the antibiotic resistance before peptide cleavage. The plasmid #52961 is a third-generation lentiviral
plasmid; lentiviruses were produced and Renca cells infected before being placed in selection pressure
(puromycin). To obtain a relevant negative control for subsequent in vivo tumor experiments, a
random sequence of 29 amino acids (determined with

http://www.faculty.ucr.edu/~mmaduro/random.htm) was inserted before the P2A sequence instead

of Hsd11b1 transcript. The cells that overexpressed HSD11B1 were called Renca HSD11B1"'°" and their

negative controls were called Renca WT control.
Expression and activity of HSD11B1 measurement

Renca cell lines were cultured for few passages (kept below fifteen passages and always subconfluent)
in RPMI, 10 % FBS, 1 % MEM Non-Essential Amino Acids, 2 mM L-glutamine, and 0.5 mM sodium
pyruvate. To measure whether HSD11B1 was active in Renca that overexpressed the protein,
1.10%/well of Renca were cultured in 3 mL of medium in a six-well plate. Then, 11-DHC at a final
concentration of 200 nM was added as it is the HSD11B1 substrate. After 48 h, the supernatant was
collected and sent for mass spectrometry analysis of corticosterone and 11-DHC, as detailed in the
material and methods of Section 3)I (with the method used for steroid measurement in kidney and

plasma after D4-cortisol injection).
Constitutive knockout of Hsd11b1 in mice

The KO of the Hsd11b1 gene was performed in mice with the CRISPR/Cas9 method with the help of
the Transgenic Core Facility of Geneva University. After in vitro fecundation, the embryos were injected
with Cas9 protein and guide RNA (gRNA), allowing the Hsd11b1 gene to be targeted. Two gRNAs were
used to lead to two double strands cut and the elimination of a part of the gene, not only the creation
of a frameshift (gRNA 1 and gRNA 2; Supplementary Table 1). The two gRNAs were located around
exons 4 and 5 (HSD11B1 being composed of seven exons), leading to the removal of 552 base pairs
(bp) out of the gene. To assess whether both cuts were happening, mice were genotyped with two PCR

primers around exons 4 and 5 (Fw1 and Rv1 primers; Supplementary Table 1). The PCR product was
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1080 bp long in WT mice and 552 bp in full KO mice. After the obtention of Hsd11b1%° mice in the
strain used for in vitro fecundation (B6D2F1 mice), back-crossing was carried into the two strains of
interest, namely C57BL/6 and Balb/c. To increase the genetic background of each of the strains,
Hsd11b1*%° mice were crossed with WT mice and the heterozygotes of the next generation were kept

for further crossing.
Subcutaneous tumor model

Subcutaneous (s.c.) Renca tumors were induced and anti-PD-1 treatment performed as described in
the materials and methods of Section 3)I. The tumor volume was calculated with the following

formula:2*®
(r/6)*length*width*height

Steroid quantification in plasma was performed as described in the materials and methods of Section
3)1, with the method used for steroid measurement in plasma. The lower limits of quantification were

0.1 nmol/L for corticosterone and 2 nmol/L for 11-DHC.
Flow cytometry staining

All flow cytometry staining and analyses were performed as described in the materials and methods

of Section 3)L.
Statistical analyses

All statistical tests were performed as described in the materials and methods of Section 3)I. The tests

performed are indicated in the legends of figures.
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I11.B. Effect of intratumoral HSD11B1 over-expression on the antitumor immune response in a

subcutaneous tumor model

During our investigation of HSD11B1 expression in a ccRCC tumor by immunohistochemistry
(represented in Figure 2A of the manuscript in Section 3)I.B), we found that HSD11B1 was expressed
in tumor cells in some patients (data not shown). Therefore, we hypothesized that HSD11B1 activity in

tumor cells could affect tumor growth and the antitumor immune response.

To further investigate the impact of HSD11B1 tumor expression on the antitumor immune response,
Renca cells overexpressing HSD11B1 were produced. To validate the phenotype of Renca HSD11B1M¢H
cells, the consumption of 11-DHC, HSD11B1 substrate, and production of corticosterone in the
supernatant of the cells were measured. The amounts of corticosterone and 11-DHC were measured
by LC-MS after 48 h of culture. As Figure 10 A and B indicate, the amount of 11-DHC in the culture
medium was too low for us to detect basal activity of HSD11B1 without 11-DHC supplementation in
these experimental conditions. Thus, known concentrations of 11-DHC were added to the medium.
Corticosterone was only detected in the presence of cells. As Figure 10 A and B indicate, Renca
HSD11B1"" cells consumed more 11-DHC and produced more corticosterone than the WT control
cells. Overall, the murine renal cancer cell line exhibited HSD11B1 activity, which increased with the

overexpression of Hsd11b1.

We then engrafted Renca HSD11B1™" and WT control cells in WT mice to study the impact of
intratumoral HSD11B1 expression on the antitumor immune response. As Figure 10 C indicates, the
overexpression of HSD11B1 in tumor cells did not affect tumor growth. Moreover, an examination of
the immune population infiltrating the tumor revealed no differences between the groups (Figure 10

D-l).

We conclude that despite a higher in vitro production of corticosterone, HSD11B1 overexpression in

tumor cells does not impact tumor growth nor the immune response to the tumor.
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Figure 10: Intratumoral hsd11b1 over-expression does not have an effect on the antitumor immune
response. A-B. 11-DHC (A) and corticosterone (B) concentrations in cell supernatant measured by mass
spectrometry. C. Tumor growth of s.c. Renca B1"9" tumor in WT mice. Data are shown as mean of tumor
volume +/- SEM. 7 to 8 mice per group. D-l. Inmunophenotyping results of the tumor by flow
cytometry. Percentage of cells represented as % of alive cells (D), CD45" cells (E-G) and CD3* cells (H-I).

Data are shown as mean +/- SEM. Each dot represents one mouse, 7 to 8 mice per group.
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lII.C. Impact of Hsd11lbl knockout in mice on the antitumor immune response in a

subcutaneous tumor model

To test the role of Hsd11b1 expressed by the host mouse on the antitumor immune response, a mouse

line with constitutive loss of Hsd11b1 was produced.

First, we measured the effect of Hsd11b1 loss on the immune system. Immunophenotyping of spleen
and lymph nodes was performed on naive Hsd11b1*° mice and their littermate controls. No differences
were found between genotypes in the total number of leukocytes (data not shown) nor in the
proportion of DCs, T lymphocytes, or otherimmune subpopulations in the spleen, as indicated in Figure
11 A and B (and Supplementary Figure 1 A-C), or in the lymph nodes (Figure 11 C-D and
Supplementary Figure 1 D—F).

Constitutive Hsd11b1° mice were then subcutaneously injected with Renca WT cells to study the
effect of HSD11B1 activity in the host compartment on the antitumor immune response. Treatment
with anti-PD-1 was administered to study the effect of the constitutive loss of Hsd11b1 on the immune
checkpoint response. Unexpectedly, anti-PD-1 treatment did not have an effect on the tumor growth
in Hsd11b1%° mice. By contrast, in WT mice, anti-PD-1 treatment reduced tumor growth, as indicated
in Figure 11 E. The intratumoral infiltration of immune cells was similar in all groups, despite a slight
increase in the mice treated with anti-PD-1 in both genotypes, although this was nonsignificant (Figure
11 F, Supplementary Figure 1 G-J). The only significant difference regarding the tumor immune
infiltration between Hsd11b1*° and control mice was found for the MDSCs. Indeed, a higher MDSC
infiltration was observed in the WT group compared with the hsd11b1%° group with anti-PD-1
treatment (Figure 11 G). As Figure 11 H illustrates, the Hsd11b1*° mice exhibited a lower ratio of
plasmatic corticosterone to 11-DHC. Despite a significant difference in 11-DHC concentration between
Hsd11b1*° and WT mice (Figure 11 1), the corticosterone concentration and corticosterone-to-11-DHC
ratio were not significantly different between the anti-PD-1 treated groups (Supplementary Figure 1

K and Figure 11 H).
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Figure 11: Constitutive knock out of Hsd11b1 prevents anti-PD-1 response in a subcutaneous tumor model.
A-D. Immunophenotyping results of spleen (A-B) and lymph nodes (C-D) of naive WT and Hsd11b1*° mice
by flow cytometry. Percentage of cells represented as % of CD45" cells. Data are shown as mean +/— SEM.
Each dot represents one mouse, 4 per group. E. Tumor growth of Renca s.c. tumor in Hsd11b1*° mouse
females and control littermate. Treatment started at day 7. Data are shown as mean of tumor volume +/-
SEM. 10 mice per group. Statistical analysis: results showed for day 16, ordinary two-way ANOVA, alpha
0.05, Tukey’s multiple comparisons tests, ** p value < 0.01, *** p value < 0.001. F-G. Inmunophenotyping
results of the tumor by flow cytometry. Percentage of cells represented as % of alive cells (F), or CD45* cells
(G). Data are shown as mean +/- SEM. Each dot represents one mouse, 8 to 10 mice per group. Statistical
analysis: Kruskal-Wallis test, alpha 0.05, Dunn’s multiple comparisons test, * pvalue <0.05. H-I.
Corticosterone and 11-DHC concentrations measured in plasma of s.c. tumor bearing mice by mass
spectrometry represented as ratio (H) or nmol/L (I). Data are shown as mean +/- SEM. Each dot represents
one mouse, 6 mice per group. Statistical analysis: Kruskal-Wallis test, alpha 0.05, Dunn’s multiple

comparisons test, * p value < 0.05, ** p value < 0.01.
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I11.D. Discussion

As corticosterone inhibits the immune response and we demonstrated that a higher expression of
Hsd11b1 is associated with more corticosterone (Figure 10 A and B), immunosuppression was expected
in the Renca HSD11B1"'°" tumors. However, s.c. Renca tumors overexpressing HSD11B1 displayed the
same growth as Renca WT control tumors (Figure 10 C). Moreover, they were not less infiltrated by
immune cells than the WT tumors (Figure 10 D), and we found no differences in the immune infiltrate

(Figure 10 E-I).

1M8H and WT tumors was

One hypothesis regarding this absence of difference between Renca HSD11B
a lack of HSD11B1 substrate in the tumor microenvironment. Indeed, the absence of 11-DHC available
for HSD11B1 in the tumor microenvironment would prevent increased corticosterone production even
though Hsd11b1 was overexpressed in tumor cells. As 11-DHC is produced by HSD11B2, which is mainly
expressed in the kidney and not in the skin, a solution for overcoming this lack of HSD11B1 substrate
could be an orthotopic tumor model. Indeed, in this case, Renca HSD11B1"'%" tumor cells would be
directly in the kidney, and thus, 11-DHC would be available directly in the tumor microenvironment.

One could expect an increase of corticosterone production by HSD11B1 compared with Renca WT cells

in this orthotopic condition.

Another hypothesis to explain why Hsd11b1 overexpression in tumor cells did not lead to any change
in tumor growth nor in the intratumoral immune infiltration, is that the activity of HSD11B1 was more
decisive in the tumor microenvironment cells as immune cells. Thus, the constitutive loss of Hsd11b1

was performed in mice.

However, Hsd11b1*° in the host appeared to be detrimental to the mice as there was a loss of anti-
PD-1 response in Hsd11b1¥° mice compared with WT mice. MDSC infiltration in WT anti-PD-1 treated
tumors was increased compared with Hsd11b1*° tumors. MDSCs are known to be immunosuppressors,
and immunosuppressive infiltration in tumors is associated with resistance to immune checkpoint
blockade and higher tumor growth.?® Therefore, as the number of MDSCs is the lowest in the only
group that responded regarding tumor growth, one could assume that their role in the resistance to
treatment is not substantial, and other factors must be of importance. Functionality of T cells could be

particularly impacted by Hsd11b1 loss as HSD11B1 plays a role in their thymic development.2®°

This lack of anti-PD-1 response in Hsd11b1%° could suggest an adrenal compensation of the steroid
level in these mice, which could lead to high concentrations of steroids, as already described for some
mouse strains.'® However, we did not observe this, as indicated in Figure 11 H, which reveals a relative
decrease in active glucocorticoids in KO mice compared with WT mice. Nevertheless, these results

regarding steroid levels must be carefully considered, especially for the corticosterone concentration
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(Supplementary Figure 1 K). Indeed, corticosterone is rapidly increased by stress, and a particular
setup must be followed during euthanasia to avoid pre-mortem stress and obtain a reliable
corticosterone level. During tumor experiments, the mice were placed in a quiet and calm environment
at least 1 h before euthanasia to limit their stress. However, the method used for euthanasia (CO;) did
not cause a fast enough death to ensure a lack of pre-mortem stress. Therefore, corticosterone
concentrations could be higher in Hsd11b1%° mice compared with WT mice, while the plasmatic level
in WT mice could increase pre-mortem due to the stress of euthanasia leading to the average of all

groups (Supplementary Figure 1 K).

Overall, increased HSD11B1 activity in tumor cells, which was expected to be pro-tumoral, did not
exhibit an effect on tumor growth in our s.c. renal model. We also demonstrated an inhibitory effect
of HSD11B1 activity on immune response in in vitro assays, and therefore, we hypothesized a potential
benefit to its loss in a cancer model. This hypothesis was not confirmed by the results obtained with
the tumor model in Hsd11b1° mice. Even though loss of HSD11B1 reduces the level of active
glucocorticoids, and thus, should decrease the immunosuppression in a tumor context, antitumor
immune response was not improved in Hsd11b1*° mice. Moreover, despite no difference in immune
cells between Hsd11b1*° and WT mice, we demonstrated a pro-tumoral effect of constitutive Hsd11b1
KO as we lost the anti-PD-1 response in Hsd11b1¥° mice. Further investigations are needed to decipher
the impact of constitutive loss of Hsd11b1 such as extensive characterization of T cells as HSD11B1 is

known to play a role in their differentiation.2®®
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IV. Effect of glucocorticoid receptor antagonism on tumor growth and antitumor immune

response

To investigate not only the effect of glucocorticoid regeneration through HSD11B1 but also the total
effect of endogenous glucocorticoids, we tested the impact of GR antagonism on the antitumor

immune response.

Because RU486 (mifepristone) is a GR antagonist already delivered in clinic (as explained in Section
1)111.D.2.a), we used it in combination with anti-PD-1 in an s.c. renal tumor model to examine the GR

inhibition effect.
The authors’ contributions to this work are detailed as follows:

Aurélien Pommier and Héléne Poinot designed and planned the study. Héléne Poinot performed and
analyzed all of the experiments with the help of Eloise Dupuychaffray for the Bulk RNA barcoding and
sequencing protocol as well as advice from Aurélien Pommier. Aurélien Pommier supervised the study.

This paragraph was written by Héléne Poinot.
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IV.A. Material and methods
Pharmacological inhibition of the glucocorticoid receptor in a renal cancer subcutaneous model

An s.c. renal tumor model was obtained with the induction of Renca tumors as explained in the

material and methods of Section 3)I. The tumor volume was calculated using the following formula:2>®
(r/6)*length*width*height

At day 7 after tumor induction, mice were assigned to treatment groups with the aim of obtaining
groups of comparable average tumor areas. The mice were not moved from their initial cages to avoid
stress and conflict. Treatments were started at day 7 after tumor induction. RU486 suspension
(35 mg/kg) or vehicle (0.5 % (hydroxypropyl)methyl cellulose + 0.2 % tween 80) were administered in
100 uL per os twice a day. Then, anti-PD-1 (200 pg/mouse) or isotype were injected intraperitoneally
three times a week in 200 pL of PBS.

Steroid quantification in plasma was performed as described in the material and methods of Section
3)I, with the method used for steroid measurement in plasma. The lower limits of quantification were

0.1 nmol/L for corticosterone and 2 nmol/L for 11-DHC.
RNA sequencing

Tumors were collected post-mortem, snap frozen, and stocked at -80°C before RNA extraction with
TRIzol reagent. Then, 1 mL of cold TRIzol reagent was added to tumor samples and homogenized with
tissue homogenizer (two times successively, 25 Hz, 2 min, 4°C). After 5 min of incubation at room
temperature, the samples were centrifuged (10 min, 18,000 g, 4°C) and the supernatants were
vigorously mixed with 200 uL of biophenol:chloroform:isoamylalcohol (25:24:1). After 10 min of
incubation at room temperature, samples were centrifuged (15 min, 13,000 g, 4°C) and the upper
aqueous phase pipetted out into a new tube with 500 pL of isopropanol. After 10 min of incubation at
room temperature, the samples were centrifuged (10 min, 13,000 g, 4°C) and the supernatants were
discarded. RNA pellets were washed with 1 mL of ethanol (centrifugation 5 min, 7,500 g, 4°C) and air

dried for 5-10 min before being resuspended in water.

A library for bulk RNA barcoding and sequencing was prepared following the provider’s protocol
(Alithea Genomics, Barcoded Oligo-dT V4D2 module #10511 and Library Preparation module #10521).

The library was sequenced using the Genomics platform of Geneva University.

Next, RNA sequencing data were filtered and normalized using the Voom method with the Automated
Single-Cell Analysis Pipeline from the Ecole Polytechnique Fédérale de Lausanne (EPFL). Normalized

log2(expression) data were downloaded for subsequent analysis.

129



3) Results

Hierarchical clustering was generated with the TIBCO Spotfire software package. Gene clustering was
calculated using Ward’s method and distance was measured with the half square Euclidean distance,

with the weight of expression ordered by the average value and normalization with Z-score calculation.

Gene set enrichment analysis was performed with gene expressions obtained with GSEA software.
One-to-one comparisons were performed with the gene sets database m2.cp.v2022.1.Mm.symbols of
GSEA, which contains mouse curated canonical pathway gene sets from BioCarta, Reactome, and

WikiPathways.
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IV.B. Results

The combination of RU486 and anti-PD-1 treatment was tested in an s.c. renal tumor model in mice.
GR activation leads to the inhibition of the immune response (as explained in Section 1)Ill.C), and
because RU486 is known to antagonize the GR, its effect on the immune system was expected to be

beneficial for the antitumor immune response.

Asillustrated in Figure 12 A, the combination of RU486 and anti-PD-1 treatment significantly decreased
tumor growth compared with anti-PD-1 alone. However, this effect on tumor growth could not be
detected in the immune populations by FACS analysis (Supplementary Figure 2 A—G). To investigate
the effect of the combination of RU486 + anti-PD-1 on the steroid pathway further, we examined the
steroid levels in the plasma of the tumor-bearing mice. The ratio of corticosterone to 11-DHC
concentrations decreased in the combination group compared with mice receiving only anti-PD-1, as
indicated in Figure 12 B. Despite no differences in tumor immune infiltration, the mice treated with
the combination therapy exhibited a higher percentage of CD45" cells in the spleen compared with

untreated mice (Figure 12 C and Supplementary Figure 2 H—K).
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Figure 12: Inhibition of GR improved anti-PD-1 response in tumor-bearing mice. A. Growth of Renca s.c.
tumors in female mice. Treatment started at day 7. Data are presented as the mean of tumor volume
+/- SEM. 10 mice per group. Statistical analysis: results presented for day 19, ordinary two-way ANOVA,
alpha 0.05, Tukey’s multiple comparisons test, * p value < 0.05, *** p value < 0.001. B. Concentrations
of corticosterone and 11-DHC measured in the plasma of s.c. tumor bearing mice by mass spectrometry
and represented as the ratio. Data are presented as mean +/- SEM. Each dot represents one mouse, 6
mice per group. Statistical analysis: Kruskal-Wallis test, alpha 0.05, Dunn’s multiple comparisons test,
** pvalue <0.01. C. Immunophenotyping results of the spleen of tumor bearing mice by flow
cytometry. Percentage of CD45* cells represented as % of alive cells. Data are presented as mean +/-
SEM. Each dot represents one mouse, 10 mice per group. Statistical analysis: Kruskal-Wallis test, alpha

0.05, Dunn’s multiple comparisons test, * p value < 0.05.
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To further identify biomarkers of the response to the combination therapy, RNA sequencing analyses
were performed on the tumor samples and gene expression was investigated in the different

treatment groups.

Several approaches were employed to explore gene expression data to detect changes between the
treatment groups. First, a gene ontology-based approach was employed to identify the physiological
pathways differentially expressed in the different treatment groups. This approach is a broad method
compared with the second approach described next. Indeed, this first method of analysis is based on
gene sets. One gene set corresponds to one pathway ontology, which considers the expression of
several genes simultaneously. Therefore, one individual gene can be analyzed inside several gene sets,
and even a low difference of gene expression can be considered within a gene set. However, this
method allowed us to identify the main physiological pathways differentially expressed between the

groups.

The second approach was based on the results of a t test performed to compare the gene expression
between groups. Two-by-two comparisons were performed to compare tumor gene expression
between the treatment groups. This method was more precise and reduced the result to individual
differentially expressed genes. However, it made understanding the overall picture difficult as no

physiological pathway was associated with each gene.

First, to obtain a comprehensive view of the biological functions impacted in the anti-PD-1+RU486
group versus the other groups, a gene ontology analysis was performed with GSEA software. As
presented in Figure 13 A, gene ontology analysis revealed an enrichment in genes involved in immune
pathways, such as the TYROBP signaling pathway, PD-1 signaling, and chemokines signaling pathways,
or the phosphorylation of CD3 and TCR in the anti-PD-1+RU486 group compared with all other groups.
As all of the genes from a gene set are not automatically enriched to obtain a significantly enriched
gene set, the first 10 gene sets enriched in anti-PD-1+RU486 from the comparison in Figure 13 are

detailed in Supplementary Table 2.

Subsequent to the GSEA analysis, the fifty more and fifty less enriched genes in the anti-PD-1+RU486
group, compared with all other groups, were extracted and represented in a heat map, which is

presented in Figure 14.

This comparison of the anti-PD-1+RU486 group with the other groups led to the average of the genes
expressed in the three other groups, as represented in the heat map in Figure 14. Therefore, all of the
two-by-two comparisons were performed in the same way and are presented in Supplementary Figure
3 to Supplementary Figure 7. Noteworthily, the genes involved in collagen metabolism were enriched

in the tumors of mice treated with the combination treatment compared with those treated with anti-
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PD-1 alone (Supplementary Figure 7). This suggests an important role of the extracellular matrix

metabolism in the anti-PD-1 response.
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Figure 13: Physiological pathways differentially expressed in tumor of mice. Comparison of gene
expression in tumors of females receiving anti-PD-1+RU486 to all the other groups of treatment
(Iso+Veh, Iso+RU486 and anti-PD-1+Veh) with GSEA software. RNA from bulk s.c. Renca tumors from
the experiment presented in Figure 12. Gene sets obtained from GSEA software, using the mouse
canonical pathways data base. Gene set are ranked on the x axis from the smallest to the largest
nominal pvalue. Only the first 20 statistically differentially expressed gene sets are showed
(p value < 0.05 and FDR < 0.25). 9 to 10 mice per group. A. Physiological pathways enriched in tumor
of mice treated with anti-PD-1+RU486. B. Physiological pathways reduced in tumor of mice treated
with anti-PD-1+RU486.

133



1ssa.dxg) By

B 2|BLUS)

g =|Bwsa)

[FCEIETEN

yan+os|

2ews,

EE

BE

g7 slews

B2,

BLLE,
B

SBFNH+OsI

ELL

BLwa)

eway

Blway

BE 9

2

Lt

9t 3|

-

e

9z 3

e

ZE 9
0z =

r-T-TEN

¥ B|BLE)

GETalewa)

3) Results

Group » Mice

o
i)
= o
S 3
=]
- a
+ c
= &
] ]
= @
T T T T T . D T D
3@ 3 332 3 3 3 3
=3 z a2 g Ee
Lo @@ Z @ & @
] ! LI L
Wl R R s ] I 2 s
£ W LW wom [F R XN ¥ ]

Nphp3
Fignl2
Cyp1ial
UbxnZb
Z1p560
Gm16104

1110020A21Rik
Dfib

Kdmé&a
Gm2664
Bicra
4930511 MOGRik
Gm15860
Shid21

Hoxab

Sbf2

BB123696

Lif

Arhgefa7

Sinhcaf
Rps18-ps4
o

Gm35021
Tmem$1

Pagrs

Gm2614
D130017NOERik
GmE394

Krt5

Fam25c

13RIk

Mrpl22

134

sauag



3) Results

Figure 14: Combination of anti-PD-1+RU486 led to a modification of the intratumoral gene profile. This
heat map represents the hierarchical clustering of the 50 most and 50 least expressed genes in the
tumors of mice receiving anti-PD-1+RU486 compared with all other treatment groups. The gene
selection is based on the GSEA analysis in Figure 13. Genes are along the horizontal axis and mice are

along the vertical axis (clustered by treatment group).

The second approach increased the level of precision of the gene expression analysis. First, based on
tumor growth, we identified three non-responder groups (Iso+Veh, Iso+RU486, and anti-PD-1+Veh)
and one responder group (anti-PD-1+RU486). Comparisons of gene expression were performed
between the responder group and each of the non-responder groups. With these comparisons, a Venn
diagram was obtained to visualize the intersection of differentially expressed genes between the
groups in Figure 15 A. Forty common genes were found to be differentially expressed in the
anti-PD-1+RU486 in the three comparisons, which were used to create the heat map presented in

Figure 15 B.

To further explore the effect of the anti-PD-1+RU486 combination on gene expression, bibliographic
research was conducted. The aim was to determine whether these gene expressions were known to
be immune-specific or to play a role in immune cells. The results are indicated in Table 5 and Table 6.
Several upregulated genes were immune-specific, especially in the innate immune response, such as
Spag9, or Ppp6r3 and Mark3, which are expressed in eosinophils (Table 5). Some genes involved in the
adaptive immune response were also enhanced, such as Ptpn4 and Casp6, which are implicated in TCR

signaling, or Cd5/, whose activation leads to the differentiation of T cells into Thy7 (Table 5).

Moreover, some of these genes were known to be modulated depending on the glucocorticoid
context, such as Zbtb43, which is enriched in low glucocorticoid conditions, or Tomm34, which inhibits

GR nuclear activation.
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Figure 15: Combination of a GR inhibitor and anti-PD-1 impacts gene expression in the tumor. A. Venn

diagram of differentially expressed genes in Renca s.c. tumors of female mice. The number of

significantly differentially expressed genes between groups Iso+Veh and anti-PD-1+RU486, groups

Iso+RU486 and anti-PD-1+RU486, group anti-PD-1+Veh and anti-PD-1+RU486, are represented in the

brackets below the respective comparison (Statistical analysis: Student test, alpha 0.05, data of 9 to 10

mice). Numbers indicated in the diagram represent the number of genes which are differentially

expressed in several comparison or exclusive of 1 comparison. B. Heat map representing the

hierarchical clustering of the genes differentially expressed in all the comparisons of A (40 genes).

Genes are in the horizontal axis and mice are in the vertical axis (clustered by treatment group).
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Gene Function involved Immune cell expression
Dnajcl | Protein synthesis Low in immune cells
Maintenance of immune self-tolerance Low in immune cells
Pppér3 ; ;
Eosinophils
7btba3 Transcriptional regulation Low in i.mmune cells
Basophils
Intracellular pH, sodium homeostasis, and cell volume Enhanced in immune cells
Slc9b2
NK cells
Caso6 Programmed cell death, innate immunity Low in immune cells
P Cleaves NFkB and CREBBP T cell (T cell receptor)
Ptona Negatively regulates: TLR4-induced IFN-B production and Adaptive immune response
P TCR-mediated signaling pathway T cell
Taf7 Initiation of RNA polymerase Il Low in immune cells
Granulocytes
Spagd Scaffold protein Innate immune response
pag Involved in tumor growth and development Myeloid cells
En400 Transcriptional activation of select genes of NuA4 histone Low in immune cells
P acetyltransferase complex Plasmacytoid DC
Gdf1s Stress-induced hormone Enhanced in immune cells
Food intake, energy consumption in response to stresses Neutrophil
Mark3 Innate |m‘mune response
Eosinophil
Regulation of lipid synthesis Macrophage
cdsl Macrophages: promotes anti-inflammatory cytokine profile in | Thys cells
response to TLR activation?®!
Key regulator of metabolic switch in Thy; cells
Mef2a Activation of numerous growth factor and stress-induced Low in immune cells
genes Monocyte
Pbrmi Negative regulator of cell proliferation Low in immune cells
Stability of the SWI/SNF chromatin remodeling complex Eosinophil
Wdrs1 Negative regulator of PI3 kinase/PI13K activity Low in immune cells
Endosome fusion, recycling, sorting, transport Eosinophil
Ubxn2b Adapter protein required for Golgi and endoplasmic Innate immune response
reticulum biogenesis Neutrophil
Prkar2a cAMP signaling in cells Low in immune cells

CREB pathway signaling

Monocyte

Table 5: Genes enhanced in the tumor of mice receiving anti-PD-1+RU486. Genes enhanced in tumors

of anti-PD-1+RU486 group compare to all the other groups (from the 40 genes showed in Figure 15).

137




3) Results

Gene Function involved Immune cell expression
Tomm34 Pro'Feln import |nt9 mitochondria Antigen presenting cell
Antigen presentation
Faim2 Protects cells uniquely from Fas-induced apoptosis Enhanced in immune cells
Treg
Orai2 Ca?* release-activated Ca?'-like channel subunit Innate immune response
Eosinophil
Crocc2 Bone formation, plasticity, and evolution Not detected in immune cells
Required for polyglutamylation of axonemal tubulin Low in immune cells
Ttc30b .
Basophil
Slc4alap May be involved in inflammatory response Low in immune cells
Mersl Cellular respiration Low in |.mmune cells
Basophil
Cbs Elimination of L-methionine and L-homocysteine Innate immune response
Production of H2S Neutrophil
Rhpn2 Involved in stress fiber formation and turnover of actin Not detected in immune cells
St3eald Selectin-mediated rolling and adhesion of leukocytes during Basophil, plasmacytoid DC,
8 extravasation neutrophil
Cbr3 NADPH-dependent oxidoreductase No immune specificity
Pamrl In breast cancer: tumor suppressor Not detected in immune cells
Suppresses MYC target and mTORC1 signaling
Gata3 Promotes Th2 response
Driver of T cell differentiation and /L-5 and /L-13 transcription.
Gorsa Receptor for medium-chain free fatty acid Myeloid DCs
P Regulation of the immune system. Neutrophils
Regulates cell junction organization. Not detected in immune cells
Tmem47 . . .
Involved in podocyte differentiation.
Rwdd2b Cellular respiration Basophils
Gotl Biosynthesis of L-glutamate Low in immune cells

Regulates source of H2S

Plasmacytoid DC

4933434E20Rik,2

General regulator of phagocytosis

Macrophages

Rhob

Apoptosis in transformed cells after DNA damage
Intracellular protein trafficking

Innate immune response
Eosinophil

Table 6: Genes downregulated in the tumor of mice receiving anti-PD-1+RU486. Genes downregulated

in tumors of anti-PD-1+RU486 group compare to all the other groups (from the 40 genes showed in

Figure 15).
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IV.C. Discussion

In the s.c. renal cancer model used in this study, we demonstrated that the combination of anti-PD-1
and RU486 improved the antitumor response, as already demonstrated in stress conditions in several
tumor models by Yang et al.?**® Moreover, the combination of RU486 and anti-PD-1 treatment induced
a decrease in active glucocorticoids. As glucocorticoids are known to have an immunosuppressive
function (as explained in Section 1)111.C), we expected to produce a better immune response. However,
no major change was detected in the immune populations infiltrating the tumor by flow cytometry

despite a response in tumor growth.

Noteworthily, even though the tumor immune compartment was not modified by the treatment at
the cell level, genes involved in immune pathways were particularly enriched in the tumor of the anti-
PD-1+RU486 group, which highlights the importance of the treatment to the immune response.
Indeed, our RNA sequencing analysis revealed that tumors treated with RU486 and anti-PD-1
expressed more genes involved in the PD-1 signaling pathway and in signaling through TCR. The
enhancement of these two signaling pathways could indicate the presence of an antitumor immune
response, which correlates with the decrease in tumor growth in this treatment group. Moreover,
several genes differentially expressed in the anti-PD-1+RU486 group are known to be involved in
immune functions, as exemplified in Table 5 and Table 6. One example is Gata3 expression, which

promoted Ty2 response in T cells and decreased in the combination treatment group.

Some of these findings support the hypothesis that even though no modulations were seen in the
results of tumor immunophenotyping, the combination of anti-PD-1+RU486 led to an enhanced
intratumoral immune response. However, an inconsistency seemed to exist in our results for validating
this hypothesis. Indeed, some genes downregulated in the tumors of mice treated with RU486+anti-
PD-1 (Table 6) are known to be involved in the immune response, such as Tomm34, which is implicated
in antigen presentation. By contrast, some genes enhanced in tumors treated with the combination
treatment are known to be anti-inflammatory, such as Ptpn4 and Cd5I. Therefore, one should expect
an increase of Tomm34 expression and a decrease of Ptpn4 and Cd5/ expressions in the tumors of the
responder group. Yet, there could also be genes with ambiguous immune functions, such as Gpré&4,
which is involved in the activation of neutrophils and ROS production.?®> However, neutrophils can

have an antitumoral role, whereas the production of ROS can have a pro-tumoral role.?3

Overall, we demonstrated an improvement of the anti-PD-1 response in combination with the GR
antagonist in a renal cancer model. Further investigations must be performed to understand the effect

of the GR antagonist on the antitumor immune response.
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4) General Discussion

I. Impact of stress-induced glucocorticoids on the anti-PD-1 response in cancer

Our work on the impact of HSD11B1 on the antitumor immune response highlights the role of
endogenous cortisol in cancer and its impact on the response to immunotherapy. Active
glucocorticoids such as cortisol and corticosterone are increased during stress conditions,?®* and they
are also known to play a role in cancer progression.2312657267 Stress increases the risk of cancer and,
through its impact on immune cell activity, impairs the antitumor immune response, leading to
enhanced tumor growth and tumor cell dissemination.?%®2%° A study recently demonstrated that stress-
induced cortisol impacts the function of DCs during the anti-cancer immune response, especially
through GILZ expression.’® Consistent with these data, we demonstrated that HSD11B1 produced
cortisol and impacted the function of APCs in a renal cancer model. Moreover, we demonstrated an
improvement of the response to immunotherapy, which was associated with a decrease of the active
glucocorticoid level in two different renal cancer models (the intra-kidney model [Figure 5] of Poinot

et al. and the s.c. model [data not shown] from the experiment in Figure 6 of Poinot et al.).

Noteworthily, we found that the response to anti-PD-1 monotherapy in our experiments was not
consistent with data in the literature. The Renca model is usually described as a non-responder to anti-
PD-1 monotherapy.!'>?7%273 However, we found tumor sensitivity to anti-PD-1 in several of our
experiments. These results could be due to the animal facility conditions, as some mice were produced
in the animal facility (such as the Hsd11b1 KO mice) and others were received from a supplier (even
though they had an adaptation period before experiments). It could also be due to variable stress
conditions, such as changes in animal caretakers or higher occupancy of the animal room. This
discrepancy needs to be further elucidated and highlights the impact of stress on the response to

immune checkpoint blockade.

Stress-induced glucocorticoids impair the antitumor immune response, which raises the question of
the impact of corticosteroid use during immune checkpoint blockade. Indeed, corticosteroids are
widely administered to cancer patients to manage immune-related side effects that occur during
treatment with immune checkpoint inhibitors, and their effect on antitumor immune response is
poorly understood.?’* Some studies have demonstrated that such immunosuppressant treatments
have no effect on the antitumor immune response or only impact the anti-PD-1 response and not the
anti-CTLA-4 response.?**2% Moreover, the onset of corticosteroid treatment seems to be crucial, and
the initiation of the immune checkpoint blockade response must precede glucocorticoid
administration.?’” However, these results are not consistent in the literature, as other studies have

demonstrated a reduction of the overall survival of patients when corticosteroids were administered
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during immune checkpoint blockade.?’>?”® Qur data are in line with this impairment of the
immunotherapy response in the presence of the administration of exogenous corticosteroids, even
though the plasmatic concentration of endogenous glucocorticoids was much lower than that of
exogenous glucocorticoids. Our data emphasize the negative effect of glucocorticoids on immune
response during cancer immunotherapy as well as support the need for more research on the

inhibition of the glucocorticoid pathway in combination with immune checkpoint blockade.

Il. Role of HSD11B1 and the dual effect of its inhibitor ABT-384 on the antitumor immune

response in a renal cancer model

In this study, we assessed the efficacy and potency of several HSD11B-specific pharmacological
inhibitors from different chemotypes. Several molecules already developed by pharmaceutical
companies were tested for their ability to restore the anti-PD-1 immune response. Bristol-Myers
Squibb, AstraZeneca, Boehringer Ingelheim, AbbVie, and other companies or academic teams have
developed HSD11B1 inhibitors such as BMS-823778,277278 AZD8329 and AZD4017,%792% B|-135585,%81
BVT-2733 and BVT-3498,%82 PF915275,28 MK-0736,2%* HSD-016,2852% and ABT-384.223224287,288 p|| of
these molecules have been demonstrated to inhibit HSD11B1 and mainly been studied to improve
symptoms of metabolic syndrome, particularly due to their effect on the regulation of glucose and
insulin. However, in a recent study, Melo et al. demonstrated a benefit of the combination with 10J or
carbenoxolone and immunotherapy in a melanoma model.?%2892%0 |n this work, ABT-384, an
adamantane, was found to be the molecule in all of the inhibitors tested in vitro that improved the
anti-PD-1 response the most, which was inhibited in the presence of HSD11B1 substrate. Therefore,
ABT-84 was selected for an in vivo study with the stated goal of repurposing this molecule in cancer
treatment. We confirmed the activity of ABT-384 in not only naive mice but also tumor-bearing mice.
Indeed, we found that ABT-384 was active when administered per os and led to a decrease of
cortisone-to-cortisol conversion and a decrease of the plasmatic ratio of corticosterone-to-11-DHC,
which was consistent with the decrease of the urine ratio of cortisol-to-cortisone observed in

humans.?8

As discussed by Poinot et al., our findings highlight the importance of glucocorticoid regeneration
through HSD11B1 on the impairment of the antitumor immune response in renal cancer. We
demonstrated the involvement of the myeloid compartment, especially DCs, in the reestablishment of
a proper immune response during combination with immunotherapy and HSD11B1 inhibitor. These
results were confirmed by a recent study that also found an improvement of the anti-PD-1 response
in a melanoma model due to the inhibition of HSD11B1 activity in myeloid cells, especially

macrophages, as well as in CD8" cells.?*° To further investigate HSD11B1’s impact on immune cells,
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especially myeloid cells, it would be interesting to pursue the combination of HSD11B1 inhibitor and
R848 in an intra-kidney model. Indeed, the tumor microenvironment of this model contains more
HSD11B1 substrate — 11-DHC —since the 11-DHC-producer enzyme HSD11B2 is highly expressed in the
kidney.'® Moreover, HSD11B1’s combination with anti-PD-1 demonstrated an anti-PD-1 response
improvement in the intra-kidney model compared with the s.c. model, which could indicate a greater

impact of HSD11B1 activity in this orthotopic model.

Adaptation through metabolic change, such as an increase of adrenal-glucocorticoid production, or
acquired resistance to the HSD11B1 pharmacological inhibitor could be a concern.?’**! However, the
results that we obtained with the intra-kidney model suggest that if such an adaptation was happening,
our treatment timing was too short to detect it. Indeed, we measured a decrease of plasmatic
glucocorticoid in animals treated with ABT-384 at the end of the experiment (Figure 5D in Poinot et
al.). Adaptation through metabolic change would involve adrenal compensation to restore a normal
level of plasmatic glucocorticoids. The fact that glucocorticoids were still lower in the ABT-384 treated
mice suggests an absence of adrenal compensation. Therefore, the results that we obtained with the
orthotopic cancer model suggest that the lack of efficacy of anti-PD-1+ABT-384 in the s.c. model was
not due to acquired adaptation, as the treatment time was even shorter than that for the intra-kidney

model.

Moreover, monotherapy with HSD11B1 inhibitor in the intra-kidney model had a pro-tumoral effect.
One hypothesis for explaining this tumorigenic effect could be increased angiogenesis favoring tumor
progression. Indeed, numerous studies have investigated the role of HSD11B1, especially in
cardiovascular events and ischemia.®"8* |n this context, glucocorticoids are known to impede
angiogenesis. Thus, decrease of glucocorticoid production by HSD11B1 inhibition leads to an increase
of angiogenesis.’®! However, the role of HSD11B1 in angiogenesis in cancer is unknown. RCC is a
particularly vascularized tumor.?*? Yet, contrary to other solid tumors, a high density of vessels in the
tumor does not correlate with poor prognosis in renal cancer.?®® Despite this absence of a correlation
between high vascularization and poor prognosis, treatments administered to patients target the
angiogenesis such as anti-VEGF therapy.!?? In our work, the tumor progression was higher in the intra-
kidney model treated with ABT-384 compared with the vehicle, which also correlated with higher
tumor metabolism. Through PET imaging analysis, the consumption of glucose was measured, and
tumors treated with ABT-384 exhibited a higher consumption of glucose than tumors treated with the
vehicle (data not shown). Beyond glucose consumption translating the metabolic activity of the tumor,
PET signals also correlate with vascularization.?®* Therefore, one can assume that the tumors treated
with ABT-384 were more vascularized than those treated with the vehicle. Therefore, our hypothesis

for explaining the antitumor effect obtained in the combination of anti-PD-1+ABT-384 is that it could
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be due to improved tumor access of the treatment due to the presence of more vessels. Indeed,
increased access of anti-PD-1 to the tumor improves the antitumor immune response, as one study
demonstrated it with anti-PD-1 intratumor injection.?®® Moreover, the metastasis count in the lung
suggested a pro-metastatic effect of ABT-384 monotherapy, despite a lack of significant statistics (data
not shown). These results could also be explained by increased angiogenesis in this group as well as
increased access to the blood circulation. However, if it is confirmed, a pro-metastatic effect would
exclude usage in the clinic. Therefore, further investigation should be pursued to determine a potential
impact of HSD11B1 in the formation of metastasis, and in the angiogenesis pathway. First histology
analysis could be easily performed, then RNA sequencing analysis of an intra-kidney tumor would bring

more precise results.

lll. Glucocorticoid receptor as a new target for improving immune checkpoint blockade

response

In line with the inhibition the glucocorticoid pathway, we took a step back and focused on the GR to
ensure a wider inhibitory effect. Indeed, with the inhibition of the receptor, we also prevented the
effect of glucocorticoids produced by the adrenal gland and not only by HSD11B1. With this aim in
mind, we reviewed the use of mifepristone, a glucocorticoid receptor antagonist, in cancer patients.
Mifepristone or RU486 is used in the clinic as progesterone and a GR antagonist. It was studied in a
preclinical cancer model as pre-treatment as well as for its direct role in cancer cells, especially because
it downregulates the expression of integrin in cancer cells, which decreases metastasis
development.?*® Mifepristone was also studied for its impact on immune cells and, in this context, it
improved immune checkpoint blockade when mice were subjected to stress conditions.?”® Moreover,
the compassionate use of mifepristone and clinical trials with this drug have been performed in
cancers. Despite a lack of efficacy in meningioma patients or metastatic prostate cancer in combination
with an androgen receptor antagonist,?°’ 2% encouraging results have been obtained in patients with
pancreatic and lung cancer.3%%3%! Moreover, in this thesis, we demonstrated an improvement of anti-
PD-1 therapy in combination with RU486 in a renal cancer model, which was associated with an
increased immune response. These pre-clinical results and case reports strengthen the use of GR

antagonists in combination with immune checkpoint blockade in non-responder cancer patients.

Noteworthily, the inhibition of the GR in an anti-PD-1 context limits tumor growth. Moreover, RNA
sequencing analysis revealed an upregulation of genes involved in collagen metabolism and
extracellular matrix modulation as illustrated in the comparison of anti-PD.1+RU486 to anti-PD-1+Veh
group in Supplementary Figure 7. Collagen metabolism is known to be important in angiogenesis,3?

therefore, the enhancement of such a pathway would support increased angiogenesis, which could be
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verified using histological staining. Noteworthily, collagen degradation using matrix
metalloproteinases (MMP) and the crosslinking of collagen fibers using lysyl oxidase (LOX), which
enhances the stiffness of the extracellular matrix, are both associated with an increase of tumor
progression and invasion in the literature.?® Therefore, our findings of low tumor growth being
associated with the enhancement of collagen metabolism genes, such as MMP, contradict the
literature and must be repeated.3** However, we can also hypothesize that the modification of the
extracellular matrix detected through RNA sequencing analysis allows improved access to effective
immune cells, even though no changes were detectable by flow cytometry. We can also hypothesize
that the timing of tumor analysis was different between groups. Indeed, we saw a decrease of tumor
growth in the combination group and an enhancement of collagen pathway genes, whereas in tumors
of the anti-PD-1 monotherapy group, immune response pathways were enhanced but no effects on
tumor growth could be detected. Therefore, we can assume that the kinetic of the immune response
is different in both groups, and thus, the metabolic pathways and cells infiltrated were different.3%
Tumor growth may have decreased in the combination group because the immune response occurred
more rapidly, and collagen pathway genes were enhanced to create new tissues after the resolution
of the immune response. On the other hand, in the anti-PD-1 monotherapy group, the response could
have been slower and upon initiation; therefore, we found more immune genes enhanced in the

tumors of this group.
IV. Repurposing drugs in cancer treatment to improve patients’ quality of life

Although the results obtained with mifepristone encourage research on the inhibition of the GR in
cancer treatment, we cannot rule out an antitumoral effect of the drug due to its antagonism of
progesterone receptors. Indeed, PR antagonists are known to be beneficial in cancer, especially in
cancers that affect women, such as breast and ovarian cancers, and one-third of renal tumors express
PR.114:306:307 stydies of specific GR antagonists in cancer treatment are therefore required. Some
molecules are already under development for treating stress disorders, such as the stress-mediated
development of Alzheimer’s disease in NCT04601038 and posttraumatic stress disorder in veterans in
NCT04452500. It will be interesting to test these molecules in combination with immune checkpoint
blockade from a repurposing perspective while being particularly cautious in case of immune-related

side effects.

A weak aspect of GR inhibition is the impossibility of using glucocorticoids if irAEs frequently occur
during immune checkpoint blockade.3% Contrary to HSD11B1 inhibition, which allows the activation of
the GR through the therapeutic administration of corticosteroids, GR antagonism could lead to the

irreversible inhibition of the glucocorticoid pathway. Indeed, the receptor would not be available for
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synthetic glucocorticoids. Therefore, we explored the possibility of targeting proteins that have an

upstream role in the glucocorticoid pathway other than the GR.
V. Beyond glucocorticoids: The steroid pathway and its impact on renal cancer development

Based on the results obtained with HSD11B1 inhibition, which confirmed the importance of
glucocorticoids in the tumor immune response, we hypothesized that other glucocorticoid producer
enzymes could be important. We demonstrated that CYP21A2 expression in tumors was also
correlated with poor prognosis in RCC patients of the TCGA cohort. CYP21A2 is involved in active
glucocorticoid production upstream of HSD11B1 and is normally expressed in the adrenal gland.30%31°
As it is upstream of HSD11B1 in the steroid pathway, CYP21A2 inhibition in the tumor could have more
of an effect on the active glucocorticoid amount available. However, this inhibition could also be
associated with more side effects, such as the symptoms of congenital adrenal hyperplasia, 3! as it
would affect adrenal steroidogenesis and more steroids than HSD11B1 (which directly regenerates
cortisol). However, treatment with glucocorticoids could be possible in case of severe immune side
effects, as the GR would still be available and functional. To accelerate this line of research, the

repurposing of drugs could also be considered for targeting CYP21A2, as efavirenz inhibits this enzyme

and is already approved for HIV treatment.3?

Finally, we also identified two targets that could potentially be used as prognostic markers, namely
AKR1C4 and HSD11B2, which are correlated with a good prognosis in patients. These two enzymes are
involved in the elimination of active glucocorticoids.?'33!* Further investigations should be conducted
to understand their precise role, especially in immune cells, to determine whether their expression

and activity are associated with an enhanced antitumor immune response.
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Overall, this thesis has investigated the therapeutic potential of inhibiting the glucocorticoid pathway
to improve the response to immunotherapy in renal cancer. We demonstrated the inhibitory impact
of an HSD11B1 activity on DC activation and antigen-mediated T cell activation. The immune activation
of DC and T cell was restored in vitro with HSD11B1 inhibition. Moreover, combination of an HSD11B1
inhibitor with immunotherapy revealed an improvement in the efficacy of immunostimulatory
treatment such as anti-PD-1 and R848. We also investigated the role of GR in the antitumor immune
response in an s.c. renal tumor model. We found that inhibition of GR with mifepristone in combination
with ICl also displayed an enhancement of the antitumor immune response. Our findings indicate that

HSD11B1 or GR inhibition in combination with ICIs improved the outcome in the renal cancer model.

Our results indicate that ABT-384 and mifepristone seem to represent good candidates for drug
repurposing in cancer treatment and should be further investigated. Indeed, both of them are safe in

223,296

humans, and their use in renal cancer treatment should be considered, especially for patients

who exhibited resistance to first- and second-line treatments.

However, our results also displayed unfavorable points which need to be elucidated. For example,
further studies must be carried out to understand the discrepancy of the antitumor immune response
obtained with the pharmacological inhibition of HSD11B1 and with the genetic ablation in Hsd11b1%°
mice that did not respond to anti-PD-1 as expected. Moreover, the underlying mechanism of the
antitumor immune response occurring with the combination of mifepristone and anti-PD-1 needs to
be further investigated to understand the potential role of novel mechanism involved, beyond antigen
presentation. Finally, the trend towards an increase of lung metastasis with ABT-384 monotherapy

should be carefully investigated as it would prevent a use in patients.

Moreover, as sex hormones are also part of the steroid pathway, the effects noticed in this thesis might
be different depending on the sex, especially as there is a sex dimorphism in renal cancer as explained
in the paragraph 1)I1.B.4.a.1611631%4 Therefore, studies taking in account the sex of the mice should be
carried out to determine if, as expected, a sex difference occurs concerning the antitumor immune

response in renal cancer.

Finally, targeting the glucocorticoid pathway could also increase the risk of immune-related adverse
events, which are commonly occurring during ICI treatment. This point raises one of the benefits of
treatment with an HSD11B1 inhibitor compared to mifepristone. Indeed, HSD11B1 inhibition would
not prevent GR activation through exogenous glucocorticoids as GR would not be occupied by an
antagonist, whereas it is the case with mifepristone treatment. Therefore, HSD11B1 inhibition would

allow the management of irAEs with exogenous glucocorticoids during ICl treatment.
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To conclude, this thesis demonstrated the central role of endogenous steroids in the antitumor
immune response in renal cancer. This work also emphasized that careful attention must be given to
the effect of glucocorticoid pathway inhibition as it could lead to side effect such as adrenal hyperplasia
for the inhibition of CYP21A2. We demonstrated the important role of endogenous glucocorticoids on
the inhibition of the immune response in renal cancer treatment with immunotherapy. Moreover, this
thesis emphasized the need for more studies on the combination of immune checkpoint blockade with
existing drugs, especially those that reduce glucocorticoid production. Indeed, drug repurposing
presents the advantage to ease the access to new treatment solution for renal cancer patients who

developed resistance to ICI.
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Supplementary Figure 1: Constitutive loss of hsd11b1 prevents anti-PD-1 response in subcutaneous

tumor model. A-F. Inmunophenotyping results of spleen (A-C) and lymph nodes (D-F) of naive mice by

flow cytometry. Percentage of cells represented as % of CD45" cells (A, D) or as % of CD3* cells (B-C, E-

F). Data are shown as mean +/- SEM. 4 mice per group. G-J. Inmunophenotyping results of the tumor

by flow cytometry. Percentage of cells represented as % of CD45" cells (G, J) or as % of CD3" cells (H-1).

Data are shown as mean +/- SEM. 8 to 10 mice per group. K. Corticosterone concentration measured

in plasma of s.c. tumor bearing mice by mass spectrometry. Data are shown as mean +/- SEM. 6 mice

per group.
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7) Appendices

Usage Sequence

gRNA 1 for hsd11b1 KO in mouse with Cas9 GCTGGGCACAAGTTCGAGTT
gRNA 2 for hsd11b1 KO in mouse with Cas9 ATGGTGGTCATCTTGGTCGT
Fw1 primer for genotyping PCR of mouse hsd11b1 CATGTCCCTTCCTCACCGAG
Rv1 primer for genotyping PCR of mouse hsd11b1 TGTTGGCATGCCCCATAGTC

Supplementary Table 1: DNA sequences used to perform knock out of hsd11b1 and primers used to

genotype hsd11b1 in mouse DNA.
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Supplementary Figure 2: Immune population in tumor and spleen of Renca tumor bearing mice. A-G.
Immunophenotyping results of tumor by flow cytometry. Percentage of cells represented as % of alive
cells (A), % of CD45" cells (B-C, E), % of CD3* cells (F-G) or as cells ratio based on the % of MDCS/CD45*
cells and % of DC/CD45* cells (D). Data are shown as mean +/- SEM. 10 mice per group. Statistical
analysis: Kruskal-Wallis test, alpha 0.05, Dunn’s multiple comparisons test, * p value < 0.05. H-K.
Immunophenotyping results of the spleen of tumor bearing mice by flow cytometry. Percentage of cells

represented as % of CD45" cells (H-1), % of CD3" cells (J-K). Data are shown as mean +/— SEM. 10 mice

per group.
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Supplementary Figure 3: Physiological pathways differentially expressed in tumor of mice. Comparison

of tumors of females receiving Iso+RU486 to Iso+Veh group with GSEA software. Gene sets obtained

from GSEA software, using the mouse canonical pathways data base. Gene set are ranked on the x axis

from the smallest to the largest nominal p value. Only the first 20 statistically differentially expressed

gene sets are showed (p value < 0.05 and FDR < 0.25). 10 mice per group. A. Physiological pathways

enriched in tumor of mice treated with Iso+RU486. B. Physiological pathways reduced in tumor of mice

treated with Iso+RU486.
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Supplementary Figure 4: Physiological pathways differentially expressed in tumor of mice. Comparison
of tumors of females receiving anti-PD-1+Veh to Iso+Veh group with GSEA software. Gene sets obtained
from GSEA software, using the mouse canonical pathways data base. Gene set are ranked on the x axis
from the smallest to the largest nominal p value. Only the first 20 statistically differentially expressed
gene sets are showed (p value < 0.05 and FDR < 0.25). 10 mice per group. Physiological pathways
enriched in tumor of mice treated with anti-PD-1+Veh. No physiological pathway was found statistically

reduced in tumor of mice treated with anti-PD-1+Veh in this comparison.
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Supplementary Figure 5: Physiological pathways differentially expressed in tumor of mice. Comparison
of tumors of females receiving anti-PD-1+RU486 to Iso+Veh group with GSEA software. Gene sets
obtained from GSEA software, using the mouse canonical pathways data base. Gene set are ranked on
the x axis from the smallest to the largest nominal p value. Only the first 20 statistically differentially
expressed gene sets are showed (p value<0.05 and FDR<0.25). 9 to 10 mice per group. A.
Physiological pathways enriched in tumor of mice treated with anti-PD-1+RU486. B. Physiological

pathways reduced in tumor of mice treated with anti-PD-1+RU486.
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Supplementary Figure 6: Physiological pathways differentially expressed in tumor of mice. Comparison

of tumors of females receiving anti-PD-1+RU486 to Iso+RU486 group with GSEA software. Gene sets

obtained from GSEA software, using the mouse canonical pathways data base. Gene set are ranked on

the x axis from the smallest to the largest nominal p value. Only the first 20 statistically differentially

expressed gene sets are showed (p value<0.05 and FDR<0.25). 9 to 10 mice per group. A.

Physiological pathways enriched in tumor of mice treated with anti-PD-1+RU486. B. Physiological

pathways reduced in tumor of mice treated with anti-PD-1+RU486.
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Supplementary Figure 7: Physiological pathways differentially expressed in tumor of mice. Comparison

of tumors of females receiving anti-PD-1+RU486 to anti-PD-1+Veh group with GSEA software. Gene

sets obtained from GSEA software, using the mouse canonical pathways data base. Gene set are ranked

on the x axis from the smallest to the largest nominal p value. Only the first 20 statistically differentially

expressed gene sets are showed (p value<0.05 and FDR<0.25). 9 to 10 mice per group. A.

Physiological pathways enriched in tumor of mice treated with anti-PD-1+RU486. B. Physiological

pathways reduced in tumor of mice treated with anti-PD-1+RU486.
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TYROBP causal network in

microglia

Cd84, Itgam, I110ra, Itgax, Hix, Itgb2, Ncf2, Nrros, Samsn1, Rgsl, Tmem106a,
Nckap1l, Plek, Kcne3, Zfp3612, Cxcl16, Hcls1, Apbblip, Tgfbrl, Tyrobp, Lyll, Igsf6,
Tnfrsflb, Clqc, C3

Peptide ligand binding

receptors

Cxcl13, Ccl6, Pf4, Ccl9, Ccr5, Ednrb, Ccl25, Cxcr6, C3arl, Penk, Cxcll, Ccl4, Fprl,
Ccr9, Cxcl9, C5arl1, Xcrl, Cxcl12, Ccl5, Ccl3, Ccl7, Apinr, Cxcl2, Kiss1r, Cxcl16, Fpr2,
Xcl1, Cxcr4, Cxcr3, C3, Cxcl10, Ccl12, Ccll11, Cxcl11, Ccrl2, Mc1r, Cxcl5

Immunoregulatory
interactions between a
lymphoid and a non-

lymphoid cell

Cd300a, Ifitmé6, Siglecl, Itga4, Itghb2, Cd3d, H2-Q7, Jaml, Cd300c2, Fcgr2b, Cd1d1,
Siglech, H2-M3, Cd8a, Trbcl, Trac, Cd22, Slamf6, Lairl, Pilra, Siglece, H2-Q6, H2-
Q10, H2-Q4, Trem2, Fcgrd, Cd3e, Icam1, Col3al, Hest, Kirk1, H2-Q1, C3, Icam4,
Slamf7, Cd8b1, H2-T23, Sell, Siglecg, Ifitm1

Microglia pathogen

phagocytosis pathway

Itgam, Rac3, Itgb2, Ncf2, Ncfl, Cybb, Rac2, Lat, Nckap1l, Vavl, Pik3r6, Vav3,

Fcgrl, Siglece, Tyrobp, C1qa, Syk, Trem2, Fcerlg, Clgb, Clqc, Ptpn6

Chemokine signaling

pathway

Pik3r5, Fgr, Cxcl13, Ccl6, Pf4, Ccl9, Cxcl14, Ccr5, Ccl8, Prkcb, Ccl25, Cxcr6, Braf,
Shc4, Cxcll1, Ccl4, Plcb4, Dock2, Ncf1, Ccrl, Adcy9, Ccr9, Gnb4, Rac2, Cxcl9, Xcrl,
Cxcl12, Ccl5, Ccl3, Ccl7, Adcy7, Cxcl2, Vavl, Ccr2, Adcy4, Cxcl16, Xcll, Vav3, Cxcr4,
Akt3, Plcb2, Rock1, Cxcr3, Gng2, Plcb1, Ccl2, Jak2, Cxcl10, Rock2, Gng11, Sos2,
Ccl12, Ccl11, Tiam1, Cxcl5, Ccl24, Pik3r1, Prkx, Chuk, Pakl, Stat1, Prkcd, Pik3ca

Cell surface interactions at

the vascular wall

Igha, Selp, Dok2, Cd84, Itgam, Ceacaml1, Pf4, Gm5150, Mertk, Itga4, Itgax, Sdc3,
Fyn, Itgb2, Jaml, Inpp5d, Cd48, Fnl, Fcerlg, Ptpn6, Yes1, Cd74, Pros1, Sell, Selplg,
Pik3r1, Tnfrsf10b, Pik3ca, Jchain, Colla2, Pecam1, Pik3cb

Chemokine receptors bind

chemokines

Cxcl13, Pf4, Ccr5, Ccl25, Cxcr6, Cxcll, Ccl4, Ccr9, Cxcl9, Xcrl, Cxcl12, Ccl5, Ccl3, Ccl7,
Cxcl2, Cxcl16, Xcl1, Cxcrd, Cxcr3, Cxcl10, Ccl12, Ccl11, Cxcl11, Ccrl2, Cxcl5

PD-1 signaling

Pdcd1, Cd3d, Trbcl, H2-Ea, Trac, H2-Eb1, Cd3e, Cd274, H2-Ab1, Ptpn6, Pdcd1lg2,
H2-Aa, Cd4

Complement cascade

Fcna, Cfb, C6, C3arl, C4b, C5arl, Cfp, Clqa, Serpingl1, Clgb, Cd55, Clqc, Ighgl, C3

Class A 1 rhodopsin like

receptors

Ptafr, Cxcl13, Ccl6, Pf4, Ccl9, Lparl, P2ry14, Ccr5, Adra2a, Ednrb, Ptgerd, Ccl25,
Cxcr6, C3arl, Penk, Cxcll, Ccl4, Fprl, Ccr9, Cxcl9, C5arl, Xcrl, Cxcl12, Ccl5, Ccl3,
Ccl7, Hcar2, Aplinr, Cxcl2, Cmkirl, Kisslr, Cxcl16, Fpr2, Xcll, Cxcrd, Slprd, Cxcr3,
Gpr183, C3, P2ry6, Cxcl10, Ccl12, Ccl11, Cxcl11, Ccrl2, Mc1r, Gpri32, Cxcl5, Gpr35

Supplementary Table 2: Genes upregulated in the comparison Figure 13 A and the associated gene set.

Genes are represented with their gene symbols. Only the first 10 gene set are showed.
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Il. Abbreviations

ACTH: adrenocorticotropic hormone
APC: antigen presenting cell

AR: androgen receptor

BAP1: BRCA1l-associated protein 1 gene
BMDC: bone marrow-derived dendritic cell
bp: base pair

ccRCC: clear cell renal cell carcinoma
cDNA: complementary DNA

chRCC: chromophobe RCC

CMV: cytomegalovirus

CO,:  carbon dioxide

CRH:  corticotropin-releasing hormone
CT: computed tomography

CTLA-4: cytotoxic T-lymphocyte-associated
protein 4

CYP:  cytochrome P

DC: dendritic cells

DHT: dihydrotestosterone

DMSO: dimethyl sulfoxide

DNA: deoxyribonucleotide acid

EC50: half maximal effective concentration
EPFL: Ecole Polytechnique fédérale de
Lausanne

EPO: erythropoietin

ER: estrogen receptor

EtOH: ethanol

FACS: fluorescence activated cell sorting
FBS:  fetal bovine serum

FDR: false discovery rate

FFPE: formalin-fixed paraffin-embedded
fw: forward primer

GC: glucocorticoid
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GILZ: GC-induced leucine-zipper protein
GR: glucocorticoid receptor

GRE: glucocorticoid response element
gRNA: guide RNA

GSEA: gene set enrichment analysis
HIF-1: hypoxia-inducible factor 1

HLA:  human leukocyte antigen

HMGB1: high mobility group box 1 protein

HPA: hypothalamic-pituitary-adrenal axis
HR: hazard ratio

HRP:  horseradish peroxidase

HSD: hydroxysteroid dehydrogenase

HSD11B1: hydroxysteroid 11-beta
dehydrogenase type 1

HSD11B2: hydroxysteroid 11-beta

dehydrogenase type 2
HSP:  heat shock protein

H6PDH: hexose-6-phosphate dehydrogenase

ICI: immune checkpoint inhibitor
IL-2:  interleukin type 2

IFN-y: interferony

irAEs: immune-related adverse events

IUPAC: international union of pure and

applied chemistry
IVF: in vitro fecundation

KEGG: Kyoto encyclopedia of genes and
genomes

KO: knockout

LDL:  low-density lipoprotein

LOX:  lysyl oxidase

MBqg: megabecquerel

MDSC: myeloid-derived suppressor cells
MFI:  mean fluorescence intensity
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MHC: major histocompatibility complex
MMP: matrix metalloprotease

MR:  mineralocorticoid receptor

MRI:  magnetic resonance imaging
MRNA: messenger RNA

mTOR: mammalian target of rapamycin
N2: nitrogen

Na*:  sodium

NAD: oxidized form of nicotinamide adenine
dinucleotide

NADH: reduced form of nicotinamide adenine
dinucleotide

NADP: oxidized form of nicotinamide adenine
dinucleotide phosphate

NADPH: reduced form of nicotinamide
adenine dinucleotide phosphate

Os: overall survival

PBMC: peripheral blood mononuclear cell
PBS:  phosphate buffer saline

PBRM1: polybromo 1 gene

PCR: polymerase chain reaction

PD-1: programmed cell death protein 1
PD-L1: programmed death-ligand 1

PET: positron emission tomography
PI3K:  phosphoinositide 3-kinase

PR: progesterone receptor

pRCC: papillary RCC

RAAS: renin-angiotensin-aldosterone system
RCC:  renal cell carcinoma

RNA: ribonucleotide acid

ROI:  region of interest
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ROS: reactive oxygen species
RR: relative risk

RU486: mifepristone

rv: reverse primer

R848: resiquimod

s.C.: subcutaneous

SEM: standard error of the mean

SETD2: SET domain-containing 2 gene

SSIGN: stage, size, grade, and necrosis score

StAR: steroidogenic acute regulatory protein

TCGA: the cancer genome atlas program
TCR: T cell receptor

TGF-B: transforming growth factor
Tul:  type 1T helpercell

TIL: tumor-infiltrating lymphocyte
TKI: tyrosine kinase inhibitors

TLR:  toll-like receptor

TNF-a:: tumor necrosis factor a

TNM: tumor-node-metastasis system
TP53: tumor protein 53 gene

Treg: regulatory T cells

USA:  United States of America

VEGF: vascular endothelial growth factor

VEGFR: vascular endothelial growth factor
receptor

VHL:  von Hippel-Lindau

WT: wild type

11-DHC: 11-dehydrocorticosterone
95%Cl: 95 % confidence interval

[*®F]FDG : Fluorodeoxyglucose F18
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