Testosterone: impact on peripheral human T cells in
health and autoimmunity

Dissertation

to obtain the degree
Doctor rerum naturalium (Dr. rer. nat.)

at the Faculty of Mathematics, Informatics and Natural Sciences

of the University of Hamburg

submitted by

Lara Henze

August, 2021



This dissertation was performed at the research laboratories for Inmunoregulation and Liver
Inflammation in the I. Department of Medicine, University Medical Center Hamburg-Eppendorf (UKE)
and thankfully supervised by Prof. Dr. Christoph Schramm and Dr. Dorothee Schwinge to obtain the
academic degree of Doctor of Natural Sciences (Dr. rer. nat.) at the Faculty of Mathematics,
Informatics and Natural Sciences, University Hamburg.

Disputation: 05.04.2022
Reviewers:

Prof. Dr. Christoph Schramm, |. Department of Medicine University, University Medical Center
Hamburg-Eppendorf (UKE)

Jun.-Prof. Dr. Esther Diekhof, Neuroendocrinology, Institute of Cell and Systems Biology of Animals,
University Hamburg



Contents

ABSTRACT 2
PUBLICATION LIST 6
1. INTRODUCTION 7
1.1. BASIC PRINCIPLES OF THE IMMUNE SYSTEM ..ucuvtiieutitesssssiesssssessssssssssssesssssssssssssssssssssssssssesssssssssssasssssssssssssassssssssssssssssssssssssssases 7
1.1.1. T cell subpopulations orchestrate different functions of the immune system 8

1.2, SEX BIAS IN DISEASE w.vucureststsesstssesssssssessssssssssssssssssssssssssssssesssssssssssssssesssssstessassstesssssssessassstessnssstessnssstessssssesssssssssssessssssssnsses 11
1.2.1. Sex bias in autoimmune diseases (AID) and autoimmune liver diseases (AILD)..............c....... 13

1.3. THE IMPORTANCE OF ANDROGENS AND ANDROGEN SIGNALING IN A VARIETY OF BIOLOGICAL FUNCTIONS...ccoueuresurens 15
1.4. T CELLS ARE INFLUENCED BY ANDROGENS ....cevveuitssiesssssiesesssesssssssssssssssesssssssesssssssesssssstesssssstesssssstessssssesssssssssssssesssssssssssses 17

2. AIM 21
3. RESULTS 22
3.1. DIFFERENT IMMUNE CELLS EXPRESS HORMONE RECEPTORS IN HUMANS .cocvstitniiniesessresssssssssssessssssssssssssssssssssssssssssassnns 22
3.2. TESTOSTERONE DID NOT INFLUENCE IMMUNE CELL PROLIFERATION /N VITRO cuvuuvevsriereesssssresssssssesssssessssssesssssssssssssns 23
3.3. TESTOSTERONE TREATMENT LEADS TO A DECREASED PROINFLAMMATORY IMMUNE CELL RESPONSE /N VITRO......... 24
3.4. BLOOD PARAMETER DIFFERENCES BETWEEN HEALTHY MALES AND FEMALES .29
3.5. CHANGES IN BLOOD PARAMETERS OF WOMEN UNDERGOING HIGH DOSE TESTOSTERONE TREATMENT ..ucvveuvesrenssennsens 30
3.6. TESTOSTERONE TREATMENT INDUCED ANTI-INFLAMMATORY PHENOTYPE OF T CELLS IN FTM INDIVIDUALS ON A
SINGLE CELL PROTEIN LEVEL..vevetetetetsesesesesesesesessssssssssssssssssssssssssssssssssssssssssssssssesesesssesssssssasssssssnsssssssssssssssssssssssssssssssssssssssssssssssssnsnsnens 32
3.7.CD4 AND CD8 T CELL SUBPOPULATIONS SHIFT AND INVARIANT T CELLS CHANGE THEIR EXPRESSION PROFILE UNDER
TESTOSTERONE . cuctitiesesesessssetesssssstesssssstssssssasssssssssssssssssssssssssssssssssssessassssessassssessassstassasssbessessssesssssssssssssassssssassssussassssssassssssasassants 54
3.8. TRANSFERRING THIS KNOWLEDGE TO AUTOIMMUNE LIVER DISEASES ....cvvuuierisssesessssissessssstessssstesssssstesssssssesssssssesssssssens 63

4. DISCUSSION 69
4. 1. FINAL CONCLUSION wouvtetessieussessresssnssssssnssessssssssssssssesssssssssesssssssessassstessessstessessssessssssssssssasssssssasssssesessssssesssssstessassstessesastsssassans 80

5. MATERIAL AND METHODS 81
Lo Y 02315 (0] 01T 81
5.2. PATIENT CHARACTERISTICS ccutvitiuresrssssassssssssssssssssssssssssasssssssssssssssssssssssssssesssssssssssssssssesssssssesssssstessssasbessssastesssssssessssassassssastans 94
5.3  MATERIALS c.tctitetcssestesssss s sssss st bbb s bbb SRR E bR bbb bbb A bbb bbb bbbt Rt s 96

6. REFERENCES 105
LIST OF TABLES & FIGURES 119
DECLARATION ON OATH 122
DANKSAGUNG 123




Abstract

Women are more prone to develop autoimmune diseases (AID), including the
autoimmune liver diseases primary biliary cholangitis (PBC) and autoimmune hepatitis
(AIH). The mechanisms that cause this female predominance are still unknown, but
dysregulated immune responses have been described as a major hallmark. There is
increasing evidence suggesting an important and so far underexplored role for
testosterone in mediating sex differences in immune responses. In this study, we aimed
to unravel the effects of testosterone on the phenotype and function of T cells in vivo and

in vitro and how this contributes to the pathogenesis of autoimmune liver diseases.

We confirmed that immune cells are able to respond to testosterone through the detection
of the cytosolic androgen receptor (AR) and the membrane androgen receptor ZIP9 on ex
vivohuman lymphocyte populations, including CD4 and CD8 T cells. Using in vitro assays,
we demonstrated that the stimulation of human T cells in the presence of testosterone
had no effect on their proliferative capacity but resulted in decreased secretion of the
proinflammatory cytokines TNFa and IFNy. This finding is of particular interest because
the involvement of [FN/TNF-producing cells has been studied for many AIDs, including
AIH. To analyze the direct effects of testosterone in vivo, we recruited a unique cohort of
transgender patients undergoing high doses of testosterone treatment. Sample collection
was performed before treatment (BL), as well as 3 months (3M) and 6 months (6M) after
the start of testosterone administration, and increased serum testosterone levels were
confirmed after 3M and 6M. The characterization of the immune cells in blood was
performed by flow cytometry-based deep immunophenotyping combined with CITE-
Sequencing of T cells. Using these in-depth analyses, we revealed that testosterone
treatment was associated with changes in distinct T cell subpopulations. Thus, a reduction
in effector memory (EM) T cells, especially CD8 EM T cells and TH17 cells, was observed
under testosterone treatment. On the other hand, using flow cytometry, the frequencies
of CD4 and CD8 TEMRA (effector memory re-expressing CD45RA T cells) T cell
populations and of CD4 regulatory T cells (Treg) were shown to increase under
testosterone treatment. Importantly, CITE-Seq analysis validated the increase in CD8
TEMRA cells. Mechanistically, altered gene expression upon testosterone treatment in
specific T cell clusters could be detected. Invariant yd T cells and mucosal-associated

invariant T cells (MAITs) had the greatest differential gene expression upon in vivo
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testosterone treatment, while most T cell clusters showed an increased GIMAP7

expression. The role of GIMAP7 in T cells is so far completely unknown.

To confirm the role of testosterone in AID, we collected peripheral blood samples of
patients with autoimmune liver diseases and healthy age- and sex-matched controls
through a translational approach. Interestingly, female AIH and PBC patients showed
decreased bioavailable testosterone levels in serum compared to age-matched controls.
In addition, these patients showed increased TH1/Treg and TH17/Treg ratios compared
to healthy controls. Of note, these ratios were significantly reduced in our trans men

cohort after testosterone treatment.

In general, our data demonstrate that testosterone is able to shape immune cell responses
and likely tips the balance towards a more anti-inflammatory immune response. This
finding might be one of the reasons why males are less likely to develop autoimmune
diseases. Further elucidation of the mechanisms underlying the impact testosterone has
on T cell function and differentiation will help us understand the sex dimorphism in

immunity and why females are more prone to develop autoimmune diseases.



Zusammenfassung

Frauen sind anfalliger fiir die Entwicklung von Autoimmunerkrankungen, einschlief3lich
der autoimmunen Lebererkrankungen Primaér bilidre Cholangitis (PBC) und Autoimmune
Hepatitis (AIH). Die Mechanismen fiir die weibliche Pradominanz sind noch unbekannt,
aber dysregulierte Inmunantworten wurden als ein Hauptmerkmal beschrieben. Es gibt
zunehmend Hinweise darauf, dass Testosteron eine bedeutende und bisher wenig
erforschte Rolle bei der Vermittlung von Geschlechtsunterschieden in der Inmunantwort
spielt. In dieser Studie wollten wir die Auswirkungen von Testosteron auf den Phanotyp
und die Funktion von T-Zellen /n vivo und in vitro entschliisseln und untersuchen, wie

dies zur Pathogenese von Autoimmunerkrankungen der Leber beitragt.

Wir bestdtigten, dass Immunzellen in der Lage sind, auf Testosteron zu reagieren, indem
wir den zytosolischen Androgenrezeptor AR und den membranstidndigen
Androgenrezeptor ZIP9 auf ex vivo isolierten primdaren menschlichen
Lymphozytenpopulationen nachwiesen, einschlief3lich CD4- und CD8-T-Zellen. In in-
vitro-Assays konnten wir zeigen, dass die Stimulation humaner T-Zellen in Gegenwart von
Testosteron keinen Einfluss auf ihre proliferative Kapazitat hatte, aber zu einer
verminderten Sekretion der pro-inflammatorischen Zytokine TNFa und IFNy fiihrte. Dies
ist von besonderem Interesse, da eine Beteiligung von IFN/TNF-produzierenden Zellen
fir viele Autoimmunerkrankungen einschlief3lich AIH pathogenetisch bedeutsam ist. Um
die direkten Effekte von Testosteron /n vivo im Menschen zu analysieren, wurde eine
Kohorte von Transgender-Patienten rekrutiert, die sich einer hochdosierten
Testosteronbehandlung unterzog. Die Proben wurden vor der Behandlung (BL) sowie
drei Monate (3M) und sechs Monate (6M) nach Beginn der Testosterongabe entnommen
und die erhohten Testosteronspiegel im Serum wurden nach 3M und 6M bestétigt. Die
Charakterisierung der Immunzellen im Blut wurde mittels einer ausfiihrlichen
durchflusszytometrischen Immunphanotypisierung in Kombination mit CITE-
Sequenzierung von T-Zellen durchgefiihrt. Mit dieser umfassenden Analyse konnten wir
feststellen, dass die Testosteronbehandlung mit Verdnderungen in verschiedenen T-Zell-
Subpopulationen verbunden war. So wurde unter Testosteronbehandlung eine Reduktion
der Effektor-Memory (EM)-T-Zellen beobachtet, insbesondere der CD8-EM-T-Zellen und
der TH17-Zellen. Auf der anderen Seite konnten eine Zunahme der T-Zellpopulationen

CD4- und CD8-TEMRA (Effektor-Gedachtniszellen, die CD45RA exprimieren) sowie eine
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Zunahme der regulatorischen T-Zellen (Treg) mittels durchflusszytometrischer Analyse
nachgewiesen werden. Bedeutend ist, dass der Anstieg der CD8-TEMRA-Zellen durch eine
CITE-Seq-Analyse validiert werden konnte. Mechanistisch konnte eine veranderte
Genexpression nach Testosteronbehandlung in spezifischen T-Zell-Clustern
nachgewiesen werden. Invariante y6-T-Zellen und MAIT-Zellen hatten die starkste
differentielle Genexpression nach in-vivo-Testosteronbehandlung, wahrend die meisten
T-Zell-Cluster eine erhohte GIMAP7-Expression aufwiesen. Die Rolle von GIMAP7 in T-

Zellen ist bisher noch unbekannt.

Um die Rolle von Testosteron bei Autoimmunerkrankungen zu bestdtigen, wurden in
einem translationalen Ansatz periphere Blutproben von Patienten mit autoimmunen
Lebererkrankungen und gesunden alters- und geschlechtsgematchten Kontrollen
gesammelt. Interessanterweise zeigten weibliche AIH- und PBC-Patienten im Vergleich zu
altersgleichen Kontrollen verminderte bioverfiighare Testosteronspiegel im Serum.
Dartiber hinaus zeigten diese Patienten im Vergleich zu den gesunden Kontrollen
tendenziell erhohte TH1/Treg- und TH17/Treg-Ratios. Diese Ratios waren nach der

Testosteronbehandlung in unserer Transgender-Kohorte signifikant reduziert.

Zusammengenommen deuten unsere Daten darauf hin, dass Testosteron in der Lage ist,
Immunzellantworten zu formen, was zu einem weniger inflammatorisch ausgerichteten
peripheren Immunsystem fiihren kann. Dieser Befund konnte ein Grund dafiir sein, dass
Manner weniger anfallig fiir die Entwicklung von Autoimmunkrankheiten sind. Die
weitere Aufklarung der Mechanismen, Uber die Testosteron die Funktion und
Differenzierung von T-Zellen beeinflusst, wird uns helfen, die Unterschiede zwischen den
Immunzellantworten von Mannern und Frauen weiter zu verstehen und erklaren zu

konnen, warum Frauen anfalliger fiir die Entwicklung von Autoimmunkrankheiten sind.
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1. Introduction

1.1. Basic principles of the immune system

The immune system can be divided into the innate and the adaptive immune system, both
fighting potentially harmful pathogens and antigens, such as microorganisms or toxins.
Furthermore, the specific architecture of organs, as well as their chemical or physical
barriers, are important for the maintenance of our bodies. The quick (first line of defense)
response is the innate immune system, which can mount an immune reaction within
minutes or hours. It is mainly composed of monocytes, macrophages, dendritic cells,
natural killer cells and innate lymphoid cells (ILCs)12. The foreign antigen or pathogen is
destroyed by antimicrobial peptides and phagocytosis, while the secretion of cytokines
and chemokines attract more innate cells and enhance the innate immune response. The
adaptive immune response takes longer than the innate response but is more specific. The
secretion of chemokines and cytokines by the innate immune system can recruit cells
associated with the adaptive immune system. These consist mainly of T and B cells, which
express highly specific T and B cell receptors on their surface. Adaptive immune cells are
able to specifically detect foreign antigens and non-self molecules and lead to the specific

deletion of the foreign antigen?-+.

T cells are a major part of the adaptive immune system and are involved in many AIDs. T
cells are named after their origin in the thymus and have a variety of T cell receptors
(TCRs) on their surface to interact with the major histocompatibility complex (MHC)
molecules. TCRs consist of two different chains, most frequently the TCRa and TCRf chain
and less commonly the TCRy and TCR$ chain. Different chains leading to the ability to
fight different foreign antigens or pathogens arise from the VD] recombination of the
constant C region, the variable V, D and ] region in each chain. Together with the TCR co-
receptor CD3 and its domains (CD3ye/CD36¢/CD3((), they are referred to as the TCR

complex>59.

T cells can be divided into helper (TH), cytotoxic (TC) and regulatory T Cells (Tregs).
Conventionally, CD4 T cells are referred to as TH cells and CD8 T cells as the cytotoxic
component. More specifically, several CD4, CD8 positive, double positive and negative
subpopulations have been described in the last decades’. Most of them are explained in

more detail in the following chapter.



1.1.1. T cell subpopulations orchestrate different functions of the immune

system

The classical subpopulation of T cells includes TH1, TH2, TH17, Tregs and TC cells. In
addition to these conventional T cells, unconventional T cells with a more innate
phenotype exist, including MAITs (mucosal-associated invariant T cells), y6 T cells, and
NKT cells. Moreover, most T cells can be assigned to their effector status, such as naive,
central memory or effector/TEMRA (effector memory re-expressing CD45RA T cells)
cells”8 (Fig. 1). Naive T cells express an isoform of the leukocyte common antigen CD45RA
and concurrently express CD197 (CCR7) and CD62L. The lack of CD45RA characterizes
their central memory (CM) phenotype. Effector cells, also called effector memory RA
(TEMRA) cells, express CD45RA and not CD62L/CD197. If they express neither, they are
effector memory (EM) cells® (Fig. 1).

co197+ !CDIQN CD197- CD197-
CD45Ra+ CD45Ra- \ CD45Ra+ . CDA45Ra- C
, [ \ ~' [ \

Aoeiu ) [Dﬁiu ) o6l coeaL-
Central memory Effector/ Effector memory

y (c™) TEMRA (EM)
(effector memory RA cells) 2

\ /

\

Figure 1. Schematic presentation of the naive, effector and memory T cell subset characteristics. Naive T
cells express CD45RA+, CD62L+, and CD197+; central memory T Cells (CM) do not express CD45RA+;
TEMRAT cells express CD45RA only; and effector memory T cells (EM) express neither.

Depending on the TCR’s affinity for the antigen-MHC Il complex on the antigen-presenting
cell (APC) and in the surrounding environment (including cytokines and chemokines),
naive T cells can differentiate into other T cell subsets and can be characterized by their
production of specific cytokines and master transcription factor. Figure 2A outlines some
of these differentiations for CD4 T cells. TH1, TH2 and TH17 are called T helper cells, while
CD4 Tregs are responsible for tolerance. Though TH1 cells primarily produce IFNy, they

also produce IL-2 and TNF and are likewise part of cellular immunity. IL-4 and IL-13 are
8



the major cytokines of TH2 cells and IL-17 is the major cytokine of TH17 cells. TH2 cells
are part of humoral immunity and have been associated with the defense against parasites
and the development of allergies, while TH17 cells have been implicated in multiple
autoimmune diseases. These subsets also have major transcription factors that initiate or
maintain their differentiation state: TBET for TH1 cells, GATA-3 for TH2 cells,
RORC/RORyt for TH17 cells and FOXP3 for Tregs®10.

Similar populations have recently been described for CD8 T cells, such as TC1, TC2 and
TC17 cells, in addition to the classic TC cells, which mainly produce Granzyme B78,
Furthermore, there are invariant T cells with specific T cell receptor chains, including NKT

cells, MAITs, and yo T cells, whose main features are outlined in Figure 2B.
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Figure 2. Schematic representation of T cell subtypes. A. CD4 T cell helper subtypes and their main
transcription factors and cytokines. Naive CD4 T cells can differentiate into TH1 cells, with their main
transcription factor TBET and produce mainly IFNy and TNF. Furthermore, they can differentiate into TH17
cells, expressing RORyt and producing IL-17. They can also differentiate into TH2 cells marked by GATA-3
expression and IL-4 and IL-13 production. Lastly, naive cells can differentiate into Tregs, which express
FOXP3 and mainly produce IL-1078. B. Invariant T cell subtypes and their invariant TCR chains: Va7.2-Ja33
for human mucosal-associated invariant T cells (MAITs), Va24-]Jal18 for natural killer T cells (NKT) and
TCRyS for y8 T cells1-13,



However, there is an ongoing discussion about the assignment of specific surface markers
or transcription factors to a specific T cell subset, and there is considerable plasticity
between the different subtypes. The nomenclature this study uses is outlined in this

Introduction and in Chapter 5.1.

In addition to cytokines, immune cells and T cells can produce chemokines and express
chemokine receptors. For example, CCL20 is a typical cytokine produced by
cholangiocytes whose corresponding receptor is CCR6 (CD196), which is expressed by
DCs and B cells but also by T cells1*. Table 1 summarizes the chemokines and matching
receptors that this study investigates. Furthermore, T cells express activator, co-activator,
and inhibitory molecules, which can influence their interaction with other cells and
ultimately their immunomodulatory function. The most prominent example of a co-

receptor is CD28; Table 1 describes some of the other molecules this thesis considers.

Table 1. Surface molecules of T cells and their proposed counterparts and function.

On T cell Proposed Presumably involved in....
counterparts
CD196/CCR6 CCL20 TH17, homing to  gut/inflamed
skin/lung814
CD183/CXCR3 CXCL9, CXCL10, CD4+, CD8+, TH1, homing to inflamed
CXCL11, CXCL4 sites”8
CD161/KLRB1 LLT1/CLEC2D CD4+, CD8+, TH17, NKT7811
CD279/PD-1 PD-L1, PD-L2 Exhaustion marker, inhibitory receptor®
CD272/BTLA HVEM Inhibitory receptors
CD25 IL-2 Marker of activation”.1516
CD57 CD62L, CD62P CD4+, CD8+, adhesion, TEMRA/EM78
CD103 ITGB7, E-cadherin T cell homing, tissue-resident memory T

CD49a/VLA-1

CD49b/VLA-2

Collagen, PSGL-1

Collagen, laminin,

fibronectin

cells17.18

Homing to lung/skin, CD8, tissue-

resident memory17.19

Tr1, homing to gut, TH1720
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CD39 T cell stability, activation,

ATP/adenosine modulation,
immunosuppression821.22

CD73 ATP/adenosine modulation,
immunosuppression8?21

CD223/LAG-3 MHC class II, FGL1, Treg, Tri, NK cells, TC,

LSECtin immunosuppressive23-2>

CD127/IL7R IL-7 Memory T cells, stem-like, low in

Tregs16:26.27

T cells are influenced by their surrounding milieu and accordingly change their
expression profile and differentiate into the subtypes outlined above. The main drivers of
a T cell subset are cytokines and chemokines produced by other T cells and immune cells,
such as antigen-presenting cells. This change allows the immune system to specifically

adapt to its current conditions.

1.2. Sex bias in disease

Overall, women have a higher risk of autoimmune diseases (AIDs), a lower risk for most
infectious diseases?8-30, and a greater ability to clear viral infections3! than men. The
involvement of sex hormones and sex chromosomal alterations in disease development
and immunological processes is widely accepted??32-34, However, the mechanism and

signaling cascades in different cell types and the resulting consequences remain unclear.

Men have a higher incidence of infectious diseases, including parasitic infections such as
Leishmaniasis2?, which are also often more severe than in women. For example, older
males are more vulnerable to influenza compared to adult males and older females,
possibly due to declined testosterone levels in aging3. Furthermore, men have a higher
incidence of cryptococcosis infection than womens3é. In men, urinary tract infections are

often more severe and persistent, despite their higher incidence in women37.

Women, on the other hand, are more prone to autoimmune diseases, although some of
these diseases are more severe in men (see Chapter 1.3). Autoimmune diseases are
disorders characterized by an immune response against healthy self-cells and can be

found in nearly all parts of the body. Most patients with AIDs have antibodies against parts
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of the body, called autoantibodies. The pathophysiology of most AIDs is very complex and
has environmental, genetic, and epigenetic components (Fig. 3). Several AIDs, including
multiple sclerosis (MS) and systemic lupus erythematodes (SLE), have been shown to
occur predominantly in women. Importantly, given the high prevalence of AIDs such as
SLE in women, the role of estrogen has been widely investigated. However, the role of

testosterone on immune cells has been underestimated, especially in women.

To date, research has shown that in men and women, a higher amount of total and
bioavailable testosterone is associated with higher levels of hemoglobin383°, leading to a
significantly higher risk of anemia in men and women with low testosterone levels3°.
Moreover, it has recently been reported that the microbiome can influence testosterone
levels, adding another layer of interaction between the different possible reasons for sex

bias in diseases*9.

In addition to hormones, some studies have suggested that in women, incomplete X
inactivation (XCI) contributes to the higher incidence of AIDs due to the higher expression
of genes that escape XCI. Numerous genes are involved in immune pathways encoded on
the X chromosome. Those known to be involved in AID disease development include, for
example, TLR7, CD40L, FOXP3 and [LZRG. MicroRNAs, such Mir-18b, Mir-223 and Mir-
106a*!, are also involved. A study showed that in SLE 7ZR7in pDCs, monocytes and B cells
escape XCI*243, In three AIDs with a high female frequency, autoimmune thyroid disease,
systemic sclerosis, and PBC, an enhanced rate of X monosomy in PBMCs, possibly
including T and B cells, was found compared to healthy women. Meanwhile, XCI was
random and similar to the control groups, though it increased with age*446. Both X
chromosome encoded genes and XCI likely have an influence and therefore the effect of
hormones should always be observed in the context of the sex chromosome background

(XX or XY).
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Figure 3. Schematic presentation of possible reasons for sex bias in diseases. Many autoimmune diseases
affect more women than men, although in some infectious diseases, it is the other way around. This sex bias
could be due to or at least influenced by the individual’s environment, including behaviors commonly
expressed by the same gender as well as xenobiotic influences. Different genes are encoded on the X and Y
chromosomes, and some genes escape X inactivation. Most diseases also have a genetic component and are
further influenced by epigenetics. Research has found that the microbiomes of men and women are different
and could therefore influence diseases. It has also been reported that microbiomes can influence
testosterone levels. Lastly, hormones are thought to play a role in the sex bias of diseases.

1.2.1. Sex bias in autoimmune diseases (AID) and autoimmune liver

diseases (AILD)

Most autoimmune diseases are predominant in females’. A prominent example is MS, a
heterogeneous AID of the brain, spinal cord and nerves, with a female to male sex ratio of
approximately 3:148. The pathogenesis is unknown, but autoreactive T cells against
myelin antigens have been identified as an early driver of this disease. Thus, multiple
subsets of T cells seem to be involved, including TH1 and TH17 cells, as well as Tregs,
CD8+ T cells and B cells4959, In addition, the interaction of distinct microbiota, X
chromosome dosage and sex hormones probably contribute to the disease. Of interest, a
lower level of testosterone in men with MS compared to healthy men has been reported
and correlated to disease severity®l. Some small studies have shown disease

improvement upon testosterone treatment of male MS patients5152,

Another prominent example of an AID with a high female to male ratio (9:1) is systemic

lupus erythematosus (SLE)5354 Men have a more severe disease progression and
13



outcome and more often develop end-stage renal disease>>. Enhanced expression of type
[ interferons is regularly found in patients with SLE, demonstrating the involvement of
the immune system>¢. Females have a higher prevalence of developing juvenile SLE after
puberty, which indicates the involvement of sex hormones>’. In women with SLE, lower

amounts of testosterone than in healthy women have been reported>s.

Autoimmune liver diseases (AILD) have been shown to have a high female to male ratio.
Three different AILD are currently known: primary sclerosing cholangitis (PSC), primary
biliary cholangitis (PBC) and autoimmune hepatitis (AIH). Of these three autoimmune

liver diseases, PBC and AIH show a strong female dominance59.9,

Due to its special localization and constant blood flow, the liver has unique immunological
functions and must continuously balance between tolerance and immune responsiveness.
In autoimmune liver diseases, this balance is disturbed, and excessive immune activation

occurs in the liver 61,62,

PBC has a female to male ratio of up to 9:163. Inflammatory responses are directed against
intrahepatic cholangiocytes. Chronic disease progression includes portal inflammation
with granuloma formation, the destruction of the small bile ducts and ductopenia. If left
untreated, PBC leads to liver cirrhosis and death. This rare AILD is characterized by the
presence of specific antinuclear antibodies and anti-mitochondrial antibodies, most of
them against the pyruvate dehydrogenase complex (PDC-E2)¢3.64 PBC has not only HLA
associations but also associations with other genetic risk loci. CD4+ and CD8+ T cells are
highly enriched in portal triads, suggesting T cells play a role in disease development®4.
Men with PBC have a more severe disease course than women, shown in higher serum
alkaline phosphatase and a higher mortality rate®365. Additionally, Abdulkarim et al.

reported a delayed diagnosis and worse prognosis in men with PBC®®.

In AIH, the incidence is higher in females than in males (3:1). Men and women seem to
exhibit no differences in clinical manifestations at presentation, but men are more likely
to experience a relapse in disease activity after the initial treatment response and be
diagnosed at a younger age®%67. AIH is characterized by an immune response against
hepatocytes, and patients often present with non-organ specific autoantibodies, elevated
serum transaminase and IgG levels, and hypergammaglobulinemia. Risk factors that are
known but not crucial include the human leukocyte antigen alleles (HLA)-DRB1*03:01
and HLA-DRB1*04:016068, CD4+ and CD8+ T cells are involved in the disease
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pathogenesis 6469, Recently, an elevated population of CD4+ TNFa+ (most of them also
IFNy+) in AIH patients compared to healthy controls has been reported’0. Besides the
obvious sex bias, the age of onset and the disease alterations during pregnancy indicate
the involvement of sex hormones in disease pathogenesis. Disease modulation by
pregnancy is exemplified by the reduced disease activity of AIH during pregnancy and

frequent flares after delivery’1-74,

1.3. The importance of androgens and androgen signaling in a variety

of biological functions

Androgen metabolism and signaling are very complex and tissue dependent. In general,
there are four major androgenic steroid hormones: dehydroepiandrostenone (DHEA),
androstenedione, dihydrotestosterone (DHT) and testosterone. They are generated from
cholesterol, and testosterone can also be converted into estrogen by the enzyme
aromatase, depending on the tissue. DHT is metabolized from testosterone through the
S5a-reductase and cannot be further converted into estrogen?>78. Only 0.5-3% of
testosterone is freely in the blood; the rest is either bound to albumin (around 30-35%)
or sex hormone-binding globulin (SHGB) (65-70%)7°. The amount of bioavailable
testosterone can therefore be estimated by the concentrations of total testosterone, SHGB
and albumin serum levels80. The androgen levels of total testosterone range from 0.35 to
2.94 nmol/l in women, while the typical range is 6.2 to 32.1 nmol/l in men7981.82, The
amount of total and bioavailable testosterone is significantly higher in males, but in both
sexes, it declines significantly with age. Furthermore, in women, there might be a slight
peak of testosterone at midcycle, while in men, there is a slight daily decrease towards the

afternoon81-84,

Testosterone is involved in the regulation of a variety of processes, including libido, fat
distribution, bone mass, production of sperm, red blood cells and muscle mass and
strength. Moreover, some testosterone actions have been attributed to its conversion to

estrogen, such as its effects on male bone mass788586,

Currently, two types of androgen receptors have been identified, the classical cytosolic

androgen receptor (AR) and the non-classical membrane bound receptors (mAR)7887,
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Similarly, there are two cytosolic estrogen receptors, the transcription factors ER1 and

ER2, and membrane bound estrogen receptors such as GPER18889,

DHT has a high affinity to AR and a low occurrence of dissociation, while its affinity for
mARs is probably lower than that of testosterone’8. The expression of the AR has been
shown in many different tissues, including epithelial, endothelial and immune cells in
mice and humans?0-92, Conversely, the expression of ZIP9, one of the mARs, has only been
reported in some tissues, and other proposed mARs such as GPRC6A have only been

detected in prostate-related tissue7893-96,

The cytoplasmic AR is a transcription factor and can be ligand dependent and
independent®”98, The human AR gene is located on the X chromosome, has eight exons
and a DNA-binding domain, a ligand-binding domain and an N-terminal domain. In the
cytoplasm, it resides in a complex with heat-shock proteins, cytoskeletal proteins and
chaperons, and after a conformational change due to ligand binding, the receptor
dimerizes and translocates to the nucleus®?190. The receptor recognizes androgen
response elements on the genes and executes its transcriptional activity?9.101. AR signaling
can undergo ligand-independent modulation through ubiquitination, methylation and

phosphorylation99.101,102,

In addition, the AR can not only be modulated independently of ligands but also signal
independently of androgenic ligands. For example, it has been shown that IL-6 interferes
with the signaling of PKA/PKC/MAPK through the AR, and IL-8 has been found to promote
AR-dependent growth78100,103-105 Thijs further complicates AR signaling depending on
both the organ, tissue and cell type and on the inflammation milieu that can occur in an

autoimmune injury.

The AR has been shown to interact in some cells with the gene transcription of PI3K, RAS
GTPase and SR(C family kinase, leading to MAPK/ERK signaling that in turn initiates, for
example, cell survival and proliferation®%100, Non-genomic AR signaling has been

suggested for mTOR, FOX01, FOX03a, HDAC3, AKT, EGFR and STAT399.106-110,

The signaling of the mARs is even more unclear. The zinc transporter ZIP9 (SLC39A9) has
been shown to interact with several kinase pathways, such as the ERK1/2 pathway, in

specific cell types111-114,
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In general, the signaling and activation of the AR and mARs are complex and highly tissue

and context dependent.

1.4. T cells are influenced by androgens

There have been several suggestions that androgens influence the immune system and T
cells in particular!?>116, However, the mechanisms and the consequences of androgen

actions on T cells remain unknown.

The expression of the AR has been found on a variety of mice and human innate and
adaptive immune cells, including macrophages, monocytes, neutrophils, mast cells and
ILCs88117-121535 well as CD4+ and CD8+ T cells117.122-124 [p gddition, T cells were shown to

express an mAR in the 1990s, although the specific mAR was not known?3.95,

To date, studies investigating the effects of androgens and T cells have mainly compared
male and female T cells ex vivo, although some studies have used in vitro stimulation
assays and mice models to assess the impact of androgens. After treating T cells with DHT
in vitro, an increased expression of FOXP3 was reported. One study also found increased
Treg frequencies in men and in eight-year-old boys15125126, Furthermore, in adult men, a
negative correlation between testosterone serum levels and CD3+, CD4+ and CD8+ T
cells was found?7. A microarray analysis of stimulated cells showed a lower expression
of proinflammatory genes such as GNLY, GZMA, LT#, IL12R82 and [FNy in male T cells
compared to female T cells and a higher expression of /L-17A4, IL-5 and [L-10'?8.
Furthermore, a study reported that male human-derived naive CD4+ T cells produced
higher levels of IL-17a and lower levels of IFNy upon CD3/CD28 stimulation, and the
authors suggested that PPARa and PPARYy functioned as the mechanistic link129-131,

Further insights into the influence of androgens were reported through an analysis of men
undergoing hormone replacement therapies. For example, a study found an increase in
IL-10 and a decrease in IL1f3 and TNF in the serum of hypogonadal men receiving
testosterone replacement therapy. However, the study did not investigate the responsible
cell population?32, In a single case study of a hypogonadal man, researchers observed an
increase of naive CD4+CD45RA+ cells after treatment with androgen133. Additionally,
using a 5a-reductase type Il inhibitor with finasteride to treat the prostate tissue of benign

prostatic hyperplasia patients, who exhibit reduced intraprostatic DHT levels, showed a
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high infiltration of CD8+ T cells and CCL5 expression. /n vitro studies have found that in
a low androgen concentration, CD8+ T cells promoted prostate epithelial cell

proliferation, presumably through the CCND1/JAK-STAT5/CCL5 pathway134135,

Moreover, the analysis of transgender individuals can give insight into the influence of
androgens on XX women. Currently, only Giltay et al. have reported a change in immune
parameters after hormone replacement therapy with testosterone. They found an
increased IFNy/IL-4 ratio and a higher TNF production of peripheral blood mononuclear
cells (PBMCs) stimulated with phytohemagglutinin, which both indicate a possibly
increased TH1 differentiation. However, this result should be further validated, and T cell

populations should be investigated in more detaill3®.

Studies on mice have revealed a similar picture as those on humans. For example, DHT-
selected female T cell lines showed an increased IL-10 and a decreased IFNy
production!23, Furthermore, in vitro treatment of peripheral female T cells with DHT
showed an increase in IL-10 and a decrease in IL-12 cytokine production under aCD3
stimulation?2. Another study performed a microarray analysis of splenic derived CD4+ T
cells from castrated and control mice, revealing an upregulation of /firy, IL-12R, T-betand
Cxcr3. This finding suggests that testosterone has an influence on TH1 differentiation as
well as tissue homing!3’. Further treatment with synthetic testosterone in vitroled to a
decrease of Tbet and IFNy in splenic CD44+ T cells and a reduction of Stat4
phosphorylation with additional IL-12 stimulation137.

As in human T cells, mice CD4+ T cells cultured in a testosterone-rich medium showed an
increase in Foxp3 expression as well as higher IL-10 production!21.123, Similarly, male
visceral adipose tissue had higher CD4+ Foxp3+ Treg frequencies compared to female
tissue. These male Tregs also exhibit differences in their transcriptional landscapes,
chromatin accessibility and phenotype; for example, in male visceral adipose tissue Tregs,
CcrZ expression was increased compared to female Tregs. Female mice then treated with
testosterone showed an increase in Cc/Z, the ligand for CCRZ2, in the visceral adipose

tissuel3s,

While some researchers have posited that a shift towards TH2 leads to reduced TH1 cells,
a previous report suggested enhanced autophagy in TH1 and TH17 T cells after in vitro

androgen and aCD3 stimulation13°. Furthermore, testosterone caused a direct reduction
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of TH1 and TH17 differentiation in combination with aromatase inhibitors to prevent

estrogen production49,

Studies on autoimmunity have indicated the influence of androgens on the immune
system and also possibly on T cells in autoimmune mice models. The K14-OVAp mouse
model, a T cell-driven acute cholangitis model with similarities to human PBC, has a sex
bias similar to that in human PBC patients. The authors showed that female mice treated
with testosterone had decreased disease parameters compared to male mice. This finding
occurred concurrently with reduced //-17a expression and lower chemokine expression
of Cxcl-9and 10'*1. In experimental autoimmune encephalomyelitis (EAE) mice, a murine
MS model, comparable effects have been observed upon testosterone treatment. Studies
found enhanced IL-10 and suppressed IFNy production by T cells and determined that

testosterone had a protective effect on disease outcomes123,142,143,

Taken together, these and other data regarding the influence of androgens on the immune
system and especially on T cells (e.g. reviewed by Gubbels Bupp et al.11¢ & Henze et al.11%)
clearly show that androgens directly and indirectly affect T cell differentiation and
maturation as well as cytokine production and proliferation. However, the partly
contradictory data also shows that much remains unknown and that androgen signaling
in T cells is highly complex, dependent on both tissue type and inflammation levels.
Overall, androgens seem to induce a more suppressive T cell phenotype and shift from

TH1 to regulatory T cells, as summarized in Figure 4.
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Figure 4. Schematic representation of direct and indirect effects of androgen on T cell differentiation,
maturation and cytokine production. Androgens seem to directly or indirectly lead to higher numbers of
Tregs and lower numbers of TH17 and TH1 T cells, although the effect on TH2 is less clear. Androgens also
seem to enhance the production of IL-10 and IL-4, while lowering the release of IFNy, TNFaq, IL-12, IL-2, IL-
6 and IL-17al1s.
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2. AIM

There is compelling evidence that androgens influence the immune system. However, the
mechanism and impact of androgens and especially of testosterone on immune cells and
T cells in particular is insufficiently understood. Thus, further investigations in this field
are needed. In this study, we therefore aim to investigate the influence of testosterone on
the activation and differentiation of T cells regarding cytokine production and T cell
subset formation. Understanding the impact of testosterone on immune cells might help
decipher the impact of sex hormones on the pathogenesis and progression of autoimmune
diseases. In addition, we aim to transfer that knowledge into the context of the
autoimmune liver diseases PBC and AIH. This study will deepen our knowledge of T cells

and might allow us to identify potential immunotherapeutic treatments.

/

direct effects or
indirect effects

ANDROGENS )

A

Figure 5. Schematic representation of the aim of this thesis. We aim to investigate the influence of
testosterone on the activation and differentiation of T cells regarding cytokine production and T cell subset
formation.
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3. Results

Many autoimmune diseases, including autoimmune hepatitis and primary biliary
cholangitis, have a female predominance. The mechanisms behind the observed gender
differences are largely unknown, largely due to a lack of understanding of the
pathogenesis of these diseases. One hallmark of autoimmune diseases is the disruption of
immune balance, leading to an attack against self-cells. Here, a strong involvement of
dysregulated T cell responses against organ resident cells (such as cholangiocytes) has
been described (see the Introduction for more details). We aimed to investigate whether
testosterone might directly alter immune cell function or impact the activation of target
cells. To that end, we investigated the effect of testosterone on T cells in vitroand in vivo.
Moreover, we translated our findings to patients with AILDs. Understanding these
mechanisms will be fundamental for understanding disease pathogenesis and developing

targeted treatment options.

3.1. Different immune cells express hormone receptors in humans

T cells orchestrate immune responses and play an important role in the pathogenesis of
autoimmune diseases. Currently, knowledge of the direct effects of androgens on T cells
is limited. The ability to respond to stimulation with sex hormones is dependent on the
expression of specific hormone receptors. We therefore analyzed the expression of AR
and ER receptors on immune cells and immune cell subpopulations associated with the
development of autoimmune diseases. To that end, the expression of hormone receptors
in human PBMCs (peripheral blood mononuclear cells) (n = 10), CD4 and CD8 T cells (n
= 6-16), monocytes (n = 6) and DC enriched cells (n = 8) from healthy females and males
was analyzed (Fig. 6). We detected the expression of AR, the expression of the mAR ZIP9,
ER1 and ER2 in PBMCs, CD4 and CD8 T cells, monocytes and DCs. Importantly, receptor
expression was independent of the sex of the donors, as no significant expression
difference between males and females in this cohort was observed (Fig. 6A-E). Of note,

the expression of GPRC6A, another proposed mAR, was not detected in any of those cells.
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Figure 6. Human PBMCs, T cells, monocytes and dendritic cells express androgen and estrogen hormone
receptors. Relative mRNA gene expression of the hormone receptors AR, ZIP9, ER1 and ER2Z was analyzed
in PBMCs, (A) CD4+ T cells, (B) CD8+ T cells, (C) monocytes, (D) and dendritic cells (E). Cells were isolated
from male (blue) and female (orange) blood. Bars represent mean + SD. Data were analyzed for statistical
significance between males and females with the two-way ANOVA test.

3.2. Testosterone did not influence immune cell proliferation in vitro

To decipher the influence of testosterone on the activation of lymphocytes, we
investigated the proliferation capacity of PBMCs, CD3 positive T cells and CD3 negative T
cells in vitro. T cell receptor specific (aCD3/aCD28) stimulated PBMCs were cultured in
the presence of different concentrations of testosterone, estradiol as another hormone
control or ethanol (EC) as a dilution control. On day 4 after stimulation, PrestoBlue™ (PB)
absorption was measured to determine cell numbers. No significant difference in the cell
numbers and therefore in their proliferation of male and female PBMCs upon testosterone
and estradiol treatment was observed in the PB assay (Fig. 7A). Furthermore, hormone
treatment (0.5-500 ng/ml) of female PBMCs altered neither the percentage of
proliferated living cells nor the percentage of proliferated T cells (CD3+) based on flow
cytometry dilution using CellTrace™ (CT) staining added on day 0 (Fig. 7B and C),

regardless of whether cells were treated once or four times (not shown here).
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Figure 7. Proliferation of human lymphocytes is not altered by hormone treatment. A. Female and male
PBMCs were treated with testosterone (blue) or estradiol (red) (0.5-140ng/ml) or corresponding dilution
controls (grey). Absorption in supernatant was monitored after PrestoBlue™ incubation to determine the
proliferation of living cells. B and C Female PBMCs were treated with testosterone (blue) or estradiol (red)
(0.5 and 10 ng/ml) or corresponding dilution controls (grey). The percentage of proliferated cells from
living cells was determined by flow cytometry analysis of intracellular CellTrace™ stained PBMCs (B) and
additional CD3+ stained immune cells (C).

3.3. Testosterone treatment leads to a decreased proinflammatory

immune cell response in vitro

In addition to contributing to the proliferation of immune cells, cell function and
interaction with other cells are important for immune cell balance. These mechanisms can
be investigated via the determination of lymphocyte cytokine production upon
stimulation. We thus aimed to examine the influence of androgens on PBMC cytokine

production and then observed T cell cytokine production in vitro.
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PBMCs were incubated for 24 hours in the presence of testosterone, dihydrotestosterone
(DHT) or dilution controls (ethanol [EC] and methanol [MC]) and then activated by
unspecific stimulation with PMA/ionomycin for 4 hours. The release of TNFa and IFNy
release from PBMCs were analyzed in supernatants using ELISA. PBMCs isolated from
female donors showed a slightly increased production of TNFa upon stimulation with
PMA/lonomycin compared to male-derived PBMCs (Fig. 8A; n = 32 from 6 different males
and 9 different females). Pretreatment with testosterone (150 ng/ml) significantly
reduced the secretion of TNFa compared to the dilution control (EC) independent of the
donors’ sex (Fig. 8B). For IFNy, we detected a tendency for increased secretion upon
stimulation with PMA/ionomycin compared to male-derived PBMCs. However,
pretreatment with testosterone did not alter IFNy expression (data not shown). In
addition, treating PBMCs with DHT did not alter the secretion of TNFa and IFNy compared

to the dilution control (Fig. 8C; IFNy not shown).
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Figure 8. PBMC treated with androgens and stimulated with PMA /ionomycin show reduced levels of TNFa.
Female and male PBMCs were treated with testosterone or dihydrotestosterone with the indicated
concentrations or dilution control and stimulated with PMA and ionomycin (P/I). TNFa and IFNy in the
supernatant were measured. The fold change (fc) to the dilution control for each individual was calculated
(EC = 1) and the significance was tested with an ordinary one-way ANOVA (B and C).
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Since IFNy and TNFa can be produced by T cells and have a known involvement in
autoimmune diseases (see Introduction), we aimed to analyze the consequences of
testosterone treatment on T cells alone. Therefore, we investigated the influence of
testosterone treatment on female- and male-derived T cells upon TCR specific

stimulation.

T cells derived from female donors showed significantly reduced levels of TNFa compared
to EC controls in all tested testosterone concentrations. IFNy expression was significantly
reduced upon stimulation with high dose treatments of 30 and 150 ng/ml of testosterone
(Fig. 9A and B). Importantly, we could not observe any effect on cytokine expression in T
cells derived from male donors upon TCR specific stimulation in the presence of
testosterone (Fig. 9C and D). In addition, treating female and male T cells with DHT did

not alter the secretion of TNFa and IFNy compared to the dilution control (not shown).
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Figure 9. Testosterone treatment and TCR stimulation result in a lower release of TNFa and IFNy from
female T cells. Female (A-B) and male (C-D) T cells were treated with aCD3/aCD28 and either testosterone
or their corresponding dilution control. The amount of TNFa (A, C) and IFNy (B, D) was analyzed and the
fold change to dilution control was calculated (EC = 100). Significant changes between the dilution control
and testosterone-treated cells were tested with an ordinary one-way ANOVA.

To further analyze the impact of testosterone treatment on T cell activation, we analyzed
the gene expression of testosterone-treated T cells. The expression of the androgen
hormone receptors did not change upon testosterone treatment (Fig. 10A). Furthermore,
the amount of expressed 5a-reductase, which was already low in the untreated samples
(not shown), did not significantly change upon treatment with testosterone. This
reductase is able to convert testosterone into dihydrotestosterone (see Introduction).
Most importantly, aromatase (CYP19A1), which can convert testosterone to f3-estradiol,
did not show a tendency towards increased gene expression upon stimulation with

testosterone (Fig. 10A). From this result, the indirect influence of estradiol on these cells
27



can be excluded. In addition, we analyzed the gene expression of different cytokines but

did not detect any significant changes upon testosterone stimulation (Fig. 10B).

Compared to the dilution control (EC), the expression of TNFa was lower under

testosterone (150 ng/ml) but only significantly reduced in female T cells (Fig. 10C).

Finally, no change upon testosterone treatment on the expression of IFNy was observed
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Figure 10. Testosterone-treated and TCR-stimulated female T cells show unchanged hormone receptor
expression but decreased expression of TNFa. Female T cells were treated with testosterone and dilution
control. The relative expression of androgen receptors and enzymes AR, ZIP9, SRD5A1, SRD5A2 and
CYP19A1 upon testosterone treatment for 24 hours was analyzed. Fold change to dilution control is shown
(EC=1) (A). Relative expression of cytokines TNFA, IFNG, IL-10, IL-17, IL-6, IL-8, IL-4, IL-5and [L-13in T
cells upon testosterone treatment for 24 hours was analyzed and fold change to dilution control was
calculated (B). The relative expression upon testosterone treatment compared to the dilution controls of
TNFA (C) and /FNy (D). Significant changes between the dilution control and testosterone-treated cells
were analyzed with an ordinary one-way ANOVA (A, B) or a t-test (C, D).
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3.4. Blood parameter differences between healthy males and females

Next, we aimed to investigate the effect of sex hormones in vivo. First, we analyzed the
differential blood count of healthy individuals ex vivo in order to obtain an idea of the
overall influence of testosterone on the immune system in vivo. We did not detect any
significant differences between males and females in the percentages of EVB, neutrophils,
lymphocytes, monocytes or eosinophils in our cohort (see 5.2). However, a higher
percentage of hematocrit and basophils in healthy males compared to females was
observed (Fig. 11A). Furthermore, the absolute numbers of leucocytes, thrombocytes,
neutrophils, lymphocytes, monocytes and eosinophils did not differ between the sexes,
but the absolute number of erythrocytes was higher in male peripheral blood (Fig. 11B).
What is more, the amount of MCV, MCH and MCHC did not differ between females and
males, but the amount of hemoglobin was significantly higher in males (Fig. 11C). As
expected, testosterone levels, including free and bioavailable testosterone levels, were
significantly higher in healthy males than in females (Fig. 11D). Interestingly, the amount
of 3-estradiol was only slightly higher but not significantly different in healthy middle-
aged women compared to healthy middle-aged males (Fig. 11D).
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Figure 11. Blood parameter differences between healthy females and males. A. The percentage of
hematocrit, EVB, neutrophils, lymphocytes, monocytes, eosinophils and basophils in peripheral blood. B.
The absolute amount in Mrd/l of erythrocytes, leucocytes, thrombocytes, neutrophils, lymphocytes,
monocytes and eosinophils. C. The levels of hemoglobin, MCV, MCH and MCHC in peripheral blood. D.
Albumin, SHGB, f3-estradiol, testosterone, free testosterone and bioavailable testosterone levels in serum.
An unpaired t-test between males (blue) and females (orange) was performed for each parameter
individually (A-C: nmale = 21 pfemale = 23; P): pmale = 8 pfemale = 1),

3.5. Changes in blood parameters of women undergoing high dose

testosterone treatment

In order to deepen our understanding of the effects of testosterone on T cells in vivo, we
were fortunate to have a special patient cohort. Biosamples from birth sex females
undergoing sex changes (trans men) were collected, and immune cells were analyzed ex
vivo. The female-to-male (FTM) cohort data and collection time points are summarized in

Table 3.

The differential blood count was investigated before patients started (baseline [BL])

hormone therapy (HRT) and 3 (3M) and 6 months (6M) after HRT. The hemoglobin,
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hematocrit and erythrocyte parameters were significantly increased 3 and 6 months after
testosterone treatment. The absolute number of lymphocytes was slightly significantly
increased after 6 months, and the absolute numbers of monocytes were slightly increased
after 3 months of testosterone treatment. All other parameters showed no significant

changes compared to BL (Fig. 12).
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Figure 12. Blood parameters of female-to-male (FTM) subjects differ between baseline, 3 and 6 months of
testosterone treatment. A differential blood count analysis of hemoglobin, hematocrit, erythrocytes, MCV,
MCH, MCHC and EVB; the percentage of leukocytes, thrombocytes, neutrophils, lymphocytes, monocytes,
eosinophils and basophils; and the absolute numbers of neutrophils, lymphocytes, monocytes and
eosinophils (from left to right). The fold change at three (3M, blue) and six months (6M, green) after
testosterone treatment compared to the baseline value (BL= 1) was calculated, and an ordinary one-way
ANOVA was performed between BL, 3M and 6M for each parameter individually (n3M =11, n®M=09).

To validate the increase of testosterone at the time points 3M and 6M, we performed an
ELISA to measure testosterone in the patients’ serum. As shown in Fig. 13, the amount of
testosterone significantly increased at least 2.5 fold in every trans man tested after 3 and

6 months of testosterone treatment.
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Figure 13. Testosterone levels of trans men increased after 3 and 6 months of testosterone treatment. A.
Testosterone levels in ng/ml at BL, 3M and 6M and B. the individual change of testosterone levels at 3M and
6M compared to BL. The one-way ANOVA was performed to determine statistical differences between
testosterone levels of BL, 3M and 6M.

3.6. Testosterone treatment induced anti-inflammatory phenotype of

T cells in FTM individuals on a single cell protein level

To further analyze the effect of testosterone on specific cell populations in peripheral
blood, we performed a multi-color flow cytometry-based analysis. Using markers for the
detection of innate and adaptive cells, we performed deep immunophenotyping of these
samples. The gating strategy and the antibodies used are described in sections 5.1.6. and
5.1.16.

In order to identify significant and relevant changes in the immune system, we separately
investigated each cell population upon testosterone treatment. To that end, we examined
the changes in frequency and absolute numbers between BL and approximately 6M after

testosterone therapy began.

To detect the major effects of testosterone on non-T cell populations, which also interact
with T cells (see Introduction), we examined peripheral immune cells belonging to the
innate immune system and B cells. First, the percentage of CD45+ living cell populations
was analyzed. There were no significant changes in the frequency of monocytes, B cells,
dendritic cells (DCs) and NK cells (not shown). We did not detect significant changes in
the absolute numbers of monocytes or monocyte subtypes, such as CD14hi, CD16hi and
CD16intCD14hi (Fig. 14D, F-H), or B cells, such as B1-like B cells, naive B cells, plasma
cells, switched memory B cells and transitional B cell populations (Fig. 14E, L, N-Q).

32



Moreover, the absolute numbers of B cells expressing BAFF-R were not significantly
changed upon testosterone treatment (Fig. 14M), while the percentage of BAFF-R
expressing cells from B cells were significantly decreased (not shown). The absolute
numbers of dendritic cells, including pDCs, cDC2s and mDCs, were not altered in
peripheral blood after 6 months of testosterone treatment (Fig. 141-K). Interestingly, the
absolute numbers of NK cells and CD56dim NK cells, not CD56bright NK cells, were

increased after 6 months of testosterone treatment (Fig. 14A-C).
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Figure 14. Absolute numbers of innate immune cells and B cells before and after 6 months of testosterone treatment. NK cells and their subtypes CD56bright and CD56dim
were investigated. Monocytes and their subtypes CD14hi, CD16hi and CD16intCD14hi were examined. Changes in dendritic cells, reflected by numbers of pDCs, cDC2s
and mDCs, were investigated. B cells and B cell subtypes, such as B1-like, BaffR+, naive, plasma cells, switched memory and transitional B cells, were examined before
and after 6 months of testosterone treatment. A subject paired t-test was performed for each population between BL and 6M samples.
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Aside from the increase in NK cells, there were no striking differences in the innate

immune system or in B cells in our trans men samples under testosterone.

To elucidate the indirect and direct consequences testosterone has on T cells, we next
investigated different T cell populations in deep immunophenotyping flow cytometry
panels. We analyzed the overall frequencies and absolute numbers of T cells and T cell
subpopulations. We did not detect any significant differences in the frequencies or
absolute numbers of CD3+, CD4+ or CD8+ single positive, double positive (DP) and
double negative (DN) cell populations upon testosterone treatment for 6 months (Fig. 15;

frequencies not shown).
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Figure 15. The absolute numbers of total T cells do not change after testosterone therapy. The absolute
numbers before and 6 months after testosterone therapy of CD3 cells (A), CD4+ T cells (B), CD8+ T cells
(C), CD4 and CD8 double negative (DN) T cells (D) and double positive (DP) T cells (E). A subject paired t-
test was performed for each population between BL and 6M samples.

In order to obtain a deeper analysis of changes testosterone causes in T cells, we analyzed
the protein expression of exhaustion, activation, inhibition and tissue homing markers.
The percentage of each marker of CD4+, CD8+, DP and DN cells were gated. Then, fold
changes after 6 months were calculated based on the cell frequencies of CD45 living cells

and compared to BL (Fig. 16). Fold changes in the frequencies of CD8+ T cells expressing
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CD69 and CD45Ra as well as TEMRA CD8+ T cells were significantly increased after 6
months of testosterone treatment (Fig. 16A, B). In contrast, fold changes in the
frequencies of CD8+ T cells expressing CD28, CD57, CD160, CD161, CD272,CD279, CD25,
CD44 CD49a, CD49b, CD62L and CD103 were not significantly altered (Fig. 16A, B). Unlike
in the CD8+ T cells, the frequencies of CD161 expressing CD4+ T cells and TEMRA CD4+
T cells were significantly changed after 6 months of testosterone treatment (Fig. 16C, D).
Fold changes in the frequencies of expression of CD28, CD57, CD160, CD272, CD279,
CD25, CD44 CD49a, CD49b, CD62L, CD103, CD45Ra and CD69 on CD4+ T cells were not
altered (Fig. 16C, D).
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Figure 16. Frequencies of CD8+ and CD4+ T cell markers are altered upon testosterone treatment. A. Fold
changes of CD28, CD57,CD160, CD161, CD272,CD279, CD25, CD44 CD49a, CD49b, CD62L, CD103, CD45Ra,
CD69 on CD8+ T cells as well as TEMRA, EM, CM and naive CD8+ T cells. Fold change is calculated between
the baseline (BL) and 6 months (6M) values based on the frequencies of CD45 living cells. C. Same as in A
but for CD4+ T cells. B, D. Volcano plot of paired t-tests between BL and 6M for each population graphed in
A and C. The names of significant populations are shown; n=12-13.

36



To examine whether these changes were similar in absolute numbers, we next calculated
the fold changes after 6M compared to BL based on absolute cell numbers (Fig. 17).
Overall, the changes in absolute cell numbers at 6M of testosterone treatment compared
to BL were similar to the changes observed in the frequencies. However, the increased
expression of CD44hi CD8+ T cells was significant when measured in absolute numbers
(Fig. 17B), while the expression of CD161 on CD4+ T cells in absolute cell numbers was
no longer significant (Fig. 17D). The fold changes in absolute cell numbers of all other

markers showed the same tendencies and significances as the frequencies (Fig. 17).
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Figure 17. Absolute cell numbers of CD8+ and CD4+ T cell markers are altered upon testosterone
treatment. A. Fold changes of CD28, CD57, CD160, CD161, CD272, CD279, CD25, CD44 CD49a, CD49b,
CD62L, CD103, CD45Ra, CD69 on CD8+ T cells as well as of effector, EM, CM and naive CD8+ T cells. Fold
change was calculated between the baseline (BL) and 6 months (6 M) values based on absolute cell numbers.
C. Same as in A but for CD4+ T cells. B, D. Volcano plot of paired t-test between BL and 6M HRT for each
population graphed in A and C. The names of significant populations are shown; n=10-11.
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As Figures 17 and 18 indicate, a fold change in the effector and memory phenotype of CD8
and CD4+ T cells seems to occur during long-term treatment with testosterone.
Therefore, the values of percentages of CD4+ and CD8+ as well as the absolute numbers
of naive, TEMRA, central memory and effector memory T cells before and after

testosterone appliance were examined.

Percentages of EM, CM and naive CD4+ T cells were not significantly changed, while
TEMRA CD4+ cells were significantly increased upon testosterone treatment (Fig. 18A-
D). The same trends, including a significant increase in the TEMRA population, was

observed in absolute CD4 cell numbers (Fig. 18E, F).

A. B. E. F

CD4 EM CD4CM CD4EM ' CD4CM
80 ns 40+ ns = 2000 ns = 15004 ns
1] 8
S s
60-{ . 30 2 1500-] ° £
3 - 3 8 O £ 1000+
3 40 K1 0 204 ‘. 2 1000+ 2
— o® — = [ =
°= 'Y 9 * 8 e 8 o
® = e o . S 500 Dy
20 10+ pe g 500 £ 3.
L] 3 3 .4.
H :
o7 —T o N T
BL &M BL &M BL &M BL &M
C D. G. H.
CD4 naive CD4 TEMRA CD4 naive CD4 TEMRA
80 ns 6 * — 4000+ ns _ 200 *
- . . ] S
° H . g
60 * £ 3000 £ 150+ .o
3 % 4 £ E 4+
(=) 0] o S H L]
O 404 o £ 2000 £ 100
‘s ‘s 1. 3 3
ES . = 24 ‘1 o e e
20 . . £ 1000 oJe £ 50 ot
S S
[} . o
o2 2
-t 0__I—I_ ® 0__|—I_ ® 0__I—I_
BL &M BL &M BL &M BL &M

Figure 18. Effector and memory state of CD4+ T cells changes under testosterone therapy. The percentages
of effector memory (A), central memory (B), naive (C) and TEMRA (D) cells of CD4+ T cells. The absolute
cell numbers of effector memory (E), central memory (F), naive (G) and CD4+ TEMRA (H) T cells. A subject
paired t-test was performed for each population between BL and 6M HRT samples.

Similar trends were observed in the CD8+ T cell population. Thus, percentages of central
memory and naive CD8+ cells were not significantly changed after 6 months of HRT (Fig.
19B, C, F, G) and the percentages, though not the absolute numbers, of effector memory
CD8+ T cells were decreased (Fig. 19A, E). Just as in CD4+ T cells, the percentages and
absolute numbers of TEMRA CD8+ T cells were significantly increased (Fig. 19D, H).
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Figure 19. Effector and memory state of CD8+ T cells changes upon testosterone treatment. The percentage
of effector memory (A), central memory (B), naive (C) and TEMRA CD8+ (D) T cells. The absolute cell
numbers of effector memory (E), central memory (F), naive (G) and TEMRA (H) cells of CD8+ T cells. A
subject paired t-test was performed for each population between BL and 6M HRT samples.

To shed additional light on the influence of testosterone on T cells, we not only examined
the effector and memory state of the FTM samples (Fig. 18 and 19) but also the
frequencies of specific T cell subpopulations. Regulatory T cells are one of the important
T cell populations presumably involved in autoimmune diseases (see Introduction). In
FTM samples, an increase in the frequencies and absolute number of Tregs 6M after
testosterone treatment compared to BL was observed (Fig. 20A, B). Furthermore, we
found that Tregs expressing CD73 increased in frequency and absolute numbers in the
6M samples (Fig. 20C, D). CD73 and CD39 are thought to play a role in the immune
suppressive function of Tregs due to their ability to degrade proinflammatory ATP.
Interestingly, CD73- CD39- Tregs also increased in frequency and absolute numbers in the
6M samples (Fig. 20E, F). CD39 positive and CD39+ CD73+ double positive Tregs were
not significantly altered (not shown). Regarding the effector and memory state of the
Tregs, we identified that there was a significant increase in both naive-like (defined as
CD45Ra+) and effector-like (defined as HLA-DR+) Tregs in frequency and absolute
numbers (Fig. 20G-]).
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Figure 20. Frequencies and absolute numbers of Tregs and Treg subtypes are altered upon testosterone
treatment. Frequencies (A) and absolute cell numbers (B) of Tregs in FTM samples at BL and 6M timepoints.
Frequencies (C) and absolute cell numbers (D) of CD73+ Tregs. Frequencies (E) and absolute cell numbers
(F) of CD739 and CD73 double negative Tregs. Frequencies (G) and absolute cell numbers (H) of naive-like
(CD45Ra+) Tregs. Frequencies (I) and absolute cell numbers (]) of effector-like (HLA-DR+) Tregs. A
subject paired t-test was performed for each population between BL and 6M HRT samples.
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In contrast to the findings on Tregs, the expression of CD39- CD73- and CD73+ was not
significantly altered across the total CD4+ T cells and even a slight decrease in the
frequencies of CD39+ single positive and CD39+ CD73+ double positive CD4 +T cells
was observed, which was not significant in a subject paired analysis (not shown, p =
0.0594, p = 0.0691). Similarly, in CD8+ T cells, CD73+, CD39- CD73- and CD39+ CD73+
cells were not significantly altered in frequency or absolute numbers (not shown).
However, the frequencies of CD39+ expression on CD8+ T cells was significantly

decreased after 6M of testosterone therapy (Fig. 21A-D).

A. CcD8 B. CcD8 C. cDs D. cD8
CD73+ CD73+ CD39+ CD39+
20 ns — 1000+ ns 1.5 *k = 150 ns
o £ » 2
S 154 . » 8004 : 8 g
Q 2 2 1.0 2 1004
a . E 600~ R a £
(&) [ 2 = L] (&) 3
104 £ =
g b T 400 ®le g T
B o o ot > 0.5- o3 © 504
w 5 ‘: =1 ¢ - (X Ad 5 [ X 2
C: ° E 2004 2 1° § :
= a = :: a P
—TT ° e . 00— e
BL 6M BL  6M BL &M BL 6M

Figure 21. CD39 expression on CD8+ T cells decreases after testosterone therapy. Frequencies (A) and
absolute cell numbers (B) of CD73 positive CD8+ T cells. Frequencies (A) and absolute cell numbers (B) of
CD39 positive CD8+ T cells. A subject paired t-test was performed for each population between BL and 6M
HRT samples.

In addition to Tregs, other CD4 subpopulations and T cell effector functions are important
for a balanced and functional immune system (see Introduction 1.1.1.). TH1- and TH2-
like CD4+ T cells frequencies and absolute numbers were slightly reduced upon
testosterone treatment but not significantly altered (Fig. 22C-E; absolute numbers not
shown). Moreover, similar NKT cell frequencies (CD3+4+ CD56+) before and after
testosterone treatment were observed (Fig. 22F), while NK cells (CD3-CD56+) were
significantly increased (not shown). Interestingly, the frequencies and absolute numbers
of TH17-like CD4+ T cells and real TH17 cells (with additional CD161+ expression and
gating, see Fig. 45) were highly significantly reduced (Fig. 22A-B).
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Figure 22. Frequencies of the CD4+ T helper subset are reduced upon testosterone treatment. The
frequencies of TH17-like (A), real TH17 with additional CD161 expression (B), TH1-like (C), TH2-like (D)

and NKT cells (E). A subject paired t-test was performed for each population between BL and 6M HRT
samples.

A balance between proinflammatory and regulatory T cells is very important for immune
cell homeostasis. Therefore, we calculated the ratio of TH17/Treg, Th1/Treg, TH17/TH1
and TH1/TH2 cells. The immune ratios of TH17/TH1 and TH1/TH2 cells were not
significantly altered (Fig. 23B-C, F-G). However, we observed a significantly reduced
TH17/Treg ratio in frequencies and absolute cell numbers (Fig. 23A, E). Additional
TH1/Treg ratios were significantly reduced (Fig. 23B, F). Both of these findings indicate

a shift towards a more anti-inflammatory CD4 phenotype.

42



* ns ns
0.8+ 6 0.64 .
o oD - 104
£ 064 * @ £ o
IS S E = 0.4 . £
-— . T —
|:E 0.4 Py = I:—: E 54 .
¢ 2- esy 0.2 ** a2,
0.2 —ea 233 o3 =t
ef*” - ey ® : $eo
0.0l——F— 0 0.0 —f———— o
BL 6M BL M BL 6M BL 6M
E 1.0 *kk E. 8- G. 0.5+ ns H'15—
*% ns
= 0.8- — — 0.4 .
£ g2 2 . T
& . s 503 2 104
o 0.6 = = 0.3 o =
o @ 44 T ¢ o
| ; ': 0.2 $ I:E
= 047 = S < 5
- 1 .
F o —ala_ Fo2 $o3 F 014 oot = '—l—"'
) e, .‘ U ° E : .
H
0ol— —F— O 00— —
BL M BL &M BL  6&m BL 6M

Figure 23. The immune balance ratios of CD4+ subsets are altered upon testosterone treatment. The ratios
of TH17/Treg (A), TH1/Treg (B), TH17/TH1 (C) and TH1/TH2 (D) cells based on their frequencies. The
ratio of TH17/Treg (E), TH1/Treg (F), TH17/TH1 (G) and TH1/TH2 (H) cells based on their absolute cell
numbers. A subject paired t-test was performed for each population between BL and 6M HRT samples.

In addition to the classic gating strategies described in section 5.1.16, an unbiased
approach was used for the Treg, T cell I and T cell II panel (for definitions, see 5.1.6) to
identify populations that were not examined via classic gating and to confirm that
populations were significantly different following testosterone treatment in an unbiased
manner. This unbiased approach was done with the creation of a SPADE/VizR cluster tree
and tested for differential abundant clusters between BL and 6M samples (see 5.1.16 for
methods). The statistical significance of the relevant populations was confirmed by

manual gating and tested for confirmation.

The SPADE Tree of the Treg panel did not reveal any significant populations that had not
already been detected by manual gates within the T cells (not shown). Furthermore, we
created a SPADE tree with our T cell panel I (Fig. 24A), and differential abundant clusters
were identified (Fig. 24B). One cluster (cluster 13) was significantly enriched after 6
months of testosterone treatment, while 10 (4, 35, 40, 62, 90, 102, 147, 151, 173, 181)
were significantly reduced after 6 months of testosterone treatment (Fig. 24B). We
characterized these clusters with a phenotypic heatmap and cluster marker expression
phenographs (Fig. 24C-E). Clusters 40, 62, 102 and 151 were characterized by negative

or medium CD3 expression and were excluded due to their lack of a non-T cell defining
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population marker (Fig. 244, C). Clusters 90 and 181 showed no clear phenotype across

all of the samples and were therefore also excluded from further analysis.
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Figure 24. The SPADE/VizR analysis of T cell I panel reveals altered T cell populations after testosterone
treatment. Live CD45high cells were used to perform SPADE and SPADEVizR analyses A. Clustering tree
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from the SPADE analysis of FTM samples from panel I of the live CD45high cells. CD3 expression is marked
from low (yellow) to high (red) and differentially abundant clusters (DAC) from B are marked in blue. B.
DAC analysis of samples before testosterone therapy and 6 months after the start of testosterone therapy
(6M). Significantly different clusters are marked in red. C. Heatmap of marker expression in all clusters from
no (white) to high (deep red) expression. D. Absolute cell numbers for clusters 4, 13, 35,147 and 173 in all
included samples. E. Phenograph of marker expression in cluster 13 compared to all other clusters for the
definition of cluster marker expression. FTM samples from before testosterone therapy (BL) are marked in
red, 3 months of testosterone therapy (3M) in green and 6 months of testosterone therapy (6M) in blue.
The grey area indicates 5 to 95% of marker expression across all clusters.

The remaining clusters were confirmed by manual gating and clusters 147 and 173 were
combined due to their similar expression patterns. The statistical analysis of these
clusters confirmed three relevant clusters. The frequencies and absolute numbers of
cluster 13 increased after testosterone treatment, while the frequencies but not the
absolute numbers of cluster 4 and cluster 147 /173 were significantly decreased. Cluster
13 was comprised of CD4+ T cells expressing CD28+4, CD197med and CD272+, while
cluster 4 contained CD4+ T cells expressing CD28 and CD161, and cluster 147/173
consisted of CD8+ T cells expressing CD28, CD57 and CD161 (Fig. 25).
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Figure 25. Cluster 13 of the SPADE/VizR T cell panel I analysis increased after testosterone therapy. A-C.
Frequencies of clusters of living CD45 cells in FTM samples from before testosterone therapy (BL) and 6
months after testosterone therapy (6M). D-F. Absolute cell numbers of FTM samples from before
testosterone therapy (BL) and 6 months after testosterone therapy (6M). A, D. Cluster 13 are CD4+ T cells,
which express CD28+, CD197med and CD272+. B, E. Cluster 4 are CD4+ T cells expressing CD28 and
CD161. C, F. Cluster 147/173 are CD8+ T cells expressing CD28, CD57 and CD161. A subject paired t-test
was performed for each population between BL and 6M samples.
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In a second T cell panel (T cell IT), the SPADE-VizR analysis revealed only one population,
which proved to be significantly different between BL and 6M. This cluster consisted of
CD4+ CD8+ double positive T cells and was significantly reduced upon testosterone
treatment (cluster 58; SPADE analysis not shown). This cluster was not only double
positive for CD4 and CD8 but also expressed CD25, CD44, CD45Ra and CD62L (Fig. 26G).
Applying the SPADE analysis to T cells only (CD3+; Fig. 26A-E) led to the identification of
cluster 126, which was significantly reduced in frequency (not shown) and in absolute
cell numbers (Fig. 26F). Cells from cluster 126 were characterized as CD4+ T cells,
expressing CD25, CD45Ra, CD49a, CD49b, CD62L and CD44 (Fig. 26E).
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Figure 26. The SPADE/VizR T cell II panel analysis revealed reductions in two T cell populations upon
testosterone treatment. CD3+ cells were used to perform SPADE and SPADEVizR analyses. A. Clustering
tree from the SPADE analysis of FTM samples from panel II. CD4 expression is marked from low (yellow) to
high (red) and differentially abundant clusters (DAC) from B are marked in blue. B. DAC analysis of samples
before testosterone therapy and 6 months after the start of testosterone therapy (6M). Significantly
different clusters are marked in red. C. Heatmap of marker expression in all clusters from no (white) to high
(deep red) expression. D. Absolute cell numbers in clusters 22, 126, 143 and 153 for each sample. E.
Phenograph of marker expression in cluster 126 compared to all other clusters for the definition of cluster
marker expression. FTM samples from before testosterone therapy (BL) are marked in red, 3 months with
testosterone (3M) in green and 6 months with testosterone (6M) in blue. The grey area indicates 5 to 95%
of marker expression across all clusters. F, G. GraphPad analysis of absolute numbers of clusters 126 and
58; due to a lower number of matched pairs, an unpaired t-test was used.

To further characterize the influence of testosterone on T cell functions, we next analyzed
the expression of T cell-secreted cytokines. Fresh whole blood FTM samples were
stimulated with PMA/ionomycin and T cell cytokine production was analyzed. Even
though this stimulation revealed a high degree of variance, some interesting tendencies
were found and are highlighted in Figure 27. A reduction in the frequency and absolute
numbers of TNFa/IFNy production from CD4, CD8, and double negative T cells were

observed but were not statistically significant.
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Figure 27. A tendency for decreased TNFa/IFNy cytokine production by T cells after PMA/ionomycin
stimulation in the FTM samples. A-C. Frequencies of TNFa+ and IFNy+ populations of living CD45 cells in
FTM samples before testosterone therapy (BL) and 6 months of testosterone therapy (6M). D-F. Absolute
cell numbers of A-C. A, D. CD4+ T cells. B, E. CD8+ T cells. C, F. CD4 and CD8 negative T cells. An unpaired
t-test was performed for each population between BL and 6M samples.
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Since testosterone treatment altered some of the T cell markers and the effector memory
state, we examined whether we could specify the altered effector and memory state of the

changed T cell subsets.

In the Treg panel, the typical CD62L, CD197 (CCR7) and CD45Ra gating could not be used
since CD62L and CD197(CCR7) were not included in the FACS panel. Here, naive cells
were defined as CD45Ra+ and HLA-DR-, while effector Tregs were defined as HLA-DR+
and CD45Ra-. In the Treg population, both increased, as Figure 20 shows. Of the CD8+
CD39+ cells, which decreased under testosterone (Fig. 28A), approximately 35%
belonged to TEMRA cells and about 16% to the naive cell type (Fig. 28B). Therefore, the
CD8+ CD39+ T cells cannot be clearly assigned to one effector or memory cell type. In
contrast, CD4+ T cells positive for CD161, which decreased under testosterone (Fig. 28C
and cluster 4 from Fig. 25), were primarily effector memory T cells (~ 77%), though some
were central memory T cells (~18%) and a very few were TEMRA or naive T cells (<4%).
Similarly, CD8+ T cells, which are CD161, CD28 and CD57 positive, decreased under
testosterone (Fig. 28E and cluster 147/173 from Fig. 25). The effector and memory state
of these cells were similar to the CD4+ population. Most were effector memory T cells
(53%); however, the rest were primarily TEMRA (43%) instead of memory cells or naive
cells (<4%) (Fig. 25F). The fold change of CD8+ T cells expressing CD69 increased under
testosterone (Fig. 16 and 17). These increased cells were a mix of TEMRA (38%)), effector
memory (36%), naive (18%) and central memory (8%) T cells (Fig. 29H). Another
increased CD8 population was CD44high (Fig. 28I), which was mainly composed of
effector memory (40%) and central memory (38%) T cells, though some were naive
(16%) and a few were TEMRA (6%) T cells (Fig. 29]). Lastly, a CD4+ T cell subpopulation,
which increased after 6 months of testosterone therapy, were CD28, CD272 (BTLA)
positive and CD197 medium (Fig. 29K). These cells were mainly naive (44%) and central
memory (30%) T cells, with the remaining composed of effector memory (20%) and

TEMRA (5%) T cells (Fig. 28L).

Furthermore, two populations found through SPADE decreased: one naive CD4+ and one
naive DP T cells (cluster 126, Cluster 58) (Fig. 28). Cluster 13, which increased upon
testosterone therapy, were CD4+ memory T cells (Fig. 25). Even in the effector and
memory mixed phenotype populations, a shift towards more TEMRA and fewer effector
memory (EM) cells within these cell populations can be observed. This shift can be seen

in decreasing populations such as CD8+ CD28+ CD57+ CD161+, where TEMRA cells
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increased and EM cells decreased within this population (Fig. 28Fa). However, in
increasing populations such as CD4+ CD28+ CD197med CD272+, the memory cells EM
and CM strongly decreased, while naive cells increased (Fig. 28La). This finding
underlines the overall shift that occurs in the memory and effector phenotype across

different T cell populations upon testosterone therapy.

Overall, CD4+ and CD8+ TEMRA T cells increased upon testosterone treatment, and
CD4+ and CD8+ T cells with a mixed effector and memory state seemed to be enhanced.
In contrast, two subsets of T cells with a predominant effector memory phenotype, CD4+
EM cells and two subsets with a clear naive phenotype decreased upon 6 months of

testosterone treatment.
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Figure 28. T cell subpopulations showed a changed effector and memory state under testosterone. Upper panel: Frequencies of the populations of living CD45 cells in
FTM samples from before testosterone therapy (BL) and 6 months after testosterone therapy (6M). A subject paired t-test was performed for each population between
BL and 6M samples. Lower panel: Effector memory state of the populations from upper panel of FTM samples 6 months after testosterone therapy (6M). A, B. CD8+ T
cells expressing CD39. C, D. CD4+ T cells expressing CD161. E, F. CD8+ T cells expressing CD28, CD57 and CD161. G, H. CD8+ T cells expressing CD69.1,]J. CD8+ T cells,
which were CD44high. K, L. CD4+ T cells expressing CD28, CD272 and CD197 medium. Fa. Effector memory state of cells from E and F at all three timepoints: BL, 3M and
6M. La. Effector memory state of cells from K and L at all three timepoints: BL, 3M and 6M.
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In summary, our flow cytometry-based deep immunophenotyping revealed that in vivo
treatment with testosterone did not change the frequencies or absolute numbers of CD4+,
CD8+, double positive and double negative T cells. However, we observed significant
alterations in important subpopulations of CD4+ and CD8+ T cells, such as Tregs, TH17
cells and CD4+ and CD8+ TEMRA cells. The T cells with either significantly different
frequencies or absolute cell numbers after 6 months of testosterone treatment are
summarized in Figure 29. For comparison, the mean of the fold change from BL to 3M and
6M are displayed in a heatmap, but in all of the populations shown, only the 6M samples
were significantly different from BL. The categorization of the populations in an effector
memory state is indicated on the left side of the heatmap, where it was possible to gate in
the corresponding flow cytometer panel (see section 5.1.6). We found increased TEMRA
T cells and decreased effector and central memory cell subpopulations upon testosterone
treatment. Some subpopulations of naive T cells decreased, but within mixed populations,
the proportion of naive cells increased. These changes might help maintain a diverse
repertoire of naive T cells. In general, high testosterone leads to diverse changes in the T
cell atlas, with important parameters involved in autoimmunity, such as high TH1, high
TH17 and low Tregs, indicating a shift towards a more anti-inflammatory phenotype. On
the other hand, TEMRA-like T cells, long thought to be proinflammatory, increased.
However, the overall T cell atlas in the peripheral blood seems more balanced, with a

slight tendency for anti-inflammatory processes under high testosterone conditions.
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Figure 29. T cell populations were significantly different at 6 months of testosterone treatment. Summary
heatmap of fold change between FTM samples before testosterone therapy started and upon 3 or 6 months
of therapy with testosterone (3M or 6M) based on the frequencies of living CD45 cells. Grey (1.0) signals no
fold change, while red indicates the populations that increased under testosterone and blue marks those
that decreased. Only populations that were individually significantly different in either frequencies or
absolute numbers after 6M compared to baseline (BL) are displayed. Mean fold changes of BL to 3M for the
same populations are shown for comparison, despite not being significant. Left legend: Cells were
categorized in an effector memory state, if possible.
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3.7. CD4 and CD8 T cell subpopulations shift and invariant T cells

change their expression profile under testosterone

To confirm and deepen our understanding of the findings, we performed single-cell
sequencing with a parallel analysis of surface proteins and the TCRaf} repertoire (see the
methods in 5.1.15). We analyzed sorted CD3+ positive T cells from 4 different subjects of
our FTM cohort with samples from BL and 6M after the start of hormone treatment. For
comparison, the same number of sequenced cells from each sample was used for analysis

(4,400 cells each, 35,200 cells total).

We identified 12 distinct T cell populations in the peripheral blood of the eight samples
(Fig. 30A). The identification of these populations was made according to their RNA
expression and their surface protein expression via CITE-Seq antibodies (Fig. 30B, C). The
identified clusters (0-11) were naive CD4 T1 cells, TH17-like CD4 cells, naive-like CD4
cells, TC1/naive-like CD8 cells, CD57+ 3 T cells, MAIT/TC17 CD8 cells, naive-transition
CD4 cells, TC2/TC1-like CD8 cells, Tregs, CD28+ yo T cells, GZMB+/CD57+ TEMRA-like
CD8 cells and naive-like CD4 T3 cells (Fig. 30A).
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Figure 30. Single-cell CITE sequencing of eight FTM samples revealed different T cell subsets. A. UMAP
clustering of FTM samples according to their RNA expression. The resulting clusters were categorized into
T cell subpopulations according to their most expressed genes (C) and their surface marker expression (B).
B. Expression of surface proteins from each cell. C. Heatmap of the dominant differential expressed genes

in each cluster compared to all other clusters.

Next, we aimed to analyze changes in in vivo T cell activation and differentiation and

compared the density of the clusters between BL and 6M of testosterone treatment. Upon

6M of testosterone treatment, we detected a decreased density

in the MAIT cell

population compared to the BL control. In contrast, y6 T cells and the TEMRA CD8+

cluster seemed to increase (Fig. 31A). To characterize these findings in detail and to
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confirm the changes in the amount and frequencies for all four of the subjects, we
analyzed the fold change of cells per cluster at 6M compared to BL. The naive-like CD4
cluster (cluster 2) and the TEMRA-like CD8 cluster (cluster 10) consistently increased
after testosterone treatment in all of the samples. In regard to CD57+ 3 T cells (cluster
4), only three out of four subjects showed the same tendency, and the MAITs (cluster 5)

revealed a similar pattern (Fig. 31B).

A.
Cell Density for BL Cell Density for 6M
8 8
4 41
~ 3 o i
o s o
< - L4
= =
h .
-4 -4
10 0 10 1 -10 5 0 5 10 15
UMAP_1 UMAP_1
B.
Cells per Cluster
15+
10
51
2, I e =N
3 L |
©
=] - l
8 — 1— - > T
O BLo--- A | vos oo o RN oo RRNERRHE . . o voo QURROVERML. . . . JRRRORRRY. . .  IRRRRRREE . oo vvreecoenens .
o L A =
5 2 ‘ .
8 o
- -
o
° . -+ l
° 0.5
= X
0.0 Ll Ll L} T Ll L) Ll L) Ll Ll T T
N N N N N N N N 9 N 2 N
2 oe oé o\ o\ o\ o\ <?} «'Z‘o" o"> o‘z\’ oé
N > U > A ® < A %
A <Q A Q o Q O ) O A
» O > O X O ) QO O D
Q ) Q ) x A S x ) Q
S Ny S N3 & o NE N N S
< 4 o 9 N\ 93 ]
S Q N @ SN @ N P F ¥
e"’ '\Q‘ & (\\ v\ N 6 N &
& N N ¢ v AR
AN » N . S
Ay 3
00
hY
%x
W
v

Figure 31. Sequencing cluster abundancy was altered upon 6-month testosterone treatment. A. Density
UMAP from before testosterone therapy (BL) and 6 months with testosterone (6M). B. Fold change of cell
numbers between BL and 6M in all 12 clusters. Each subject is marked with different symbol.
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In order to gain more functional insights, we next analyzed the changes in gene expression
upon testosterone treatment in our cohort. We analyzed the gene expression in all of the
cells without considering clusters and single cells (bulk analysis). The overall differential
expressed genes after 6M of testosterone treatment were visualized through a heatmap

(Fig. 32).

We identified some genes that are known to modulate T cell interactions, including the
expression of CXCR4 and IL21R, while the role of other genes such as GIMAPs is still
unclear. To understand whether the alterations in gene expression could lead to
functional changes, we performed a pathway analysis of all upregulated genes (80 genes).
To date, this method has not uncovered any relevant known mechanisms and needs to be

further analyzed (not shown).
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Figure 32. Analysis of sequenced bulk T cell RNA reveals significant changes upon testosterone treatment.
Heatmap of logFC (red = upregulated in 6M) of differential expressed genes before (BL) and 6 months of
testosterone treatment (6M). Genes are ordered alphabetically.
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To perform a more specific T cell subset analysis and detect genes affected by testosterone
in each T cell subset, we investigated the differential gene expression (DGE) in our

previously identified clusters.

Most T cell subsets had two to three genes changed upon testosterone treatment (Fig.
33A). Interestingly, some of these differentially expressed genes were found in many
clusters. GIMAP7 was upregulated upon testosterone treatment in naive CD4 T cells
(cluster 0, 2), naive-transition CD4 T cells (cluster 6), TH17-like CD4 T cells (cluster 1),
Tregs (cluster 8), CD57+ vyo T cells (cluster 4), MAITs (cluster 5), TC2/TC1-like CD8 T
cells (cluster 7) and TEMRA-like CD8 T cells (cluster 10) (Fig. 33B). CCR7 was
upregulated in the naive and naive-like CD4 T cells clusters (cluster 0, 2, 6), while JUNB
was upregulated in naive-like CD4 and CD8 T cells (cluster 2, 3). However, T cells
belonging to the invariant phenotype showed the greatest differential gene expression.
This group was also the only subset with up- and downregulated DGE genes. The CD57+
v6 T subset exhibited the greatest differential gene expression upon testosterone
treatment, while the MAITs exhibited the second greatest (Fig. 33A). The three most
predominant up- and downregulated genes after 6M of testosterone in all T cell subsets

are summarized in a heatmap in Figure 34B.
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Figure 33. Differentially expressed genes between BL and 6M showed similarities and differences according
to T cell subtype. A. Number of genes differentially expressed (DGE) in FTM samples after 6 months of
testosterone compared to baseline per cluster. Upregulated genes are marked in red and downregulated
genes in blue. B. Heatmap of fold changes of the top 3 up- (red) and down- (blue) regulated genes in each
cluster after 6 months of testosterone.
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Since some genes were differentially expressed upon testosterone treatment in more than
one T cell subset, we took a closer look at the gene expression at BL and 6M in all of the
clusters (Fig. 34A). This analysis confirmed that G/MAP7was significantly upregulated in
many clusters. Interestingly, GIMAP7was also differentially expressed in the bulk analysis
(Fig. 32). However, other genes such as DUSPI and FOSwere only downregulated in the
subset detected by the previous DGE analysis (Fig. 34B), and /UNBshowed a tendency for
downregulation in some subsets, in contrast to its significant upregulation in the naive-
like T cells found in the DGE analysis (Fig. 34A). Thus, testosterone has different effects

on T cell gene expression depending on the T cell subtype.

The CD57+4+ yd T cell subset contained the most differentially expressed genes upon
testosterone treatment and we therefore analyzed them in more detail. We performed a
pathway analysis of all upregulated genes after testosterone treatment in these CD57+ yd
T cells. This analysis revealed that testosterone upregulates the pathways of cell-cell

adhesion, cytolysis, cytotoxicity, migration and activation in yd T cells (Fig. 34B).
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Figure 34. GIMAP7 expression was reduced upon testosterone therapy in almost all T cell clusters. A.
Expression of GIMAP7, FOS and DUSPI across clusters split in samples before (BL) and after testosterone
therapy (6M). B. Pathway analysis of upregulated genes in CD57+ y6 T cells (cluster 4).

In general, the differential gene expression analysis of samples taken at BL and 6M
revealed that testosterone not only upregulates G/IMAP7 in bulk T cells but also in
different distinct T cell subsets, such as naive and TH17-like T cells. The consequence of
this GIMAP7 upregulation is as yet unknown (see Discussion). Furthermore, the analysis
revealed that testosterone upregulates different pathways in a subset of y6 T cells,

including pathways of cytotoxicity.
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Next, we aimed to confirm this ex vivo DGE upon testosterone treatment in our in vitroT
cell experiment, where we saw the influence of proinflammatory cytokines (Fig. 9).
Therefore, we analyzed the gene expression of GIMAP7, JUNB and CCR7 in T cells
stimulated /n vitroand cultured in the presence of testosterone. We observed significantly
increased GIMAP7 gene expression in testosterone-treated T cells compared to untreated
controls. This upregulation was mainly observed in T cells derived from female donors
(orange) (Fig. 35). The expression of CCR7was not altered in bulk T cells (not shown). In
the CITE-Seq analysis, testosterone treatment had mixed effects on JUNB expression;
however, in the bulk T cells treated in vitro, a significant downregulation was observed
(Fig. 35). Overall, the strong upregulation of GIMAP7 in different T cell subsets from the
trans men cohort was confirmed with cells from healthy female donors treated in vitro

with testosterone.
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Figure 35. T cells treated with testosterone in vitro showed increased G/MAP7 and decreased /UNB
expression. T cells were treated with 150 ng/ml testosterone and aCD3/CD28 for 24 hours. Relative gene
expression to dilution control (EC = 1). Left = GIMAP7, right = JUNB, orange dots = female; blue dots =
male. Statistical significance was tested with an unpaired t-test for each gene.

Overall, our flow cytometry data and sequencing data could link sex-specific differences
in gene regulation and responsiveness upon stimulation with testosterone.
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3.8. Transferring this knowledge to autoimmune liver diseases

The autoimmune liver diseases autoimmune hepatitis (AIH) and primary biliary
cholangitis (PBC) are among the autoimmune diseases with the highest female bias. The
mechanisms behind the sex differences observed in these diseases remain largely
unknown. The incidence of most autoimmune liver diseases peaks around menopause,
while AIH peaks around puberty, indeed pointing to the contribution of sex hormones. In
addition, pathogenesis in AILD patients is associated with dysfunctional immune cell
responses. We therefore aimed to investigate whether we could transfer our knowledge
of the impact of testosterone on immune cells gained from our transgender cohort to

patients with AIH and PBC.

We first investigated the sex hormone levels in patients with PBC and AIH and compared
them to sex- and age-matched healthy controls. The sample included a total of 55 patients

and controls, as summarized in Table 4.

We found a significant reduction in free and bioavailable testosterone levels in serum
samples from female PBC and AIH patients as compared to the controls (Fig. 36A).
Importantly, differences in BMI (Fig. 36B) and medication did not seem to cause the
observed changes in testosterone levels. Of note, female AIH and PBC patients without
immunosuppressive medication still showed significant lower bioavailable testosterone

levels compared to aged-matched healthy controls (Fig. 36C).
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Figure 36. Bioavailable testosterone levels of female AIH and PBC patients were lower than healthy female
controls. A. Serum levels of total, free and bioavailable testosterone in healthy female controls (HC), AIH
and PBC patients (from top to bottom). An ordinary one-way ANOVA test was performed. B. Body mass
index (BMI) of healthy female controls vs. AIH and PBC patients. An unpaired t-test was performed. C.
Bioavailable testosterone levels in healthy controls (HC) and AIH and PBC patients with and without (w/o0)
immunosuppressive medication. An ordinary one-way ANOVA was performed.

Men with AIH and PBC showed no significant difference in testosterone levels compared
to healthy males, as Figure 37A demonstrates. However, in this cohort, the decline of
testosterone due to age was very clear and could be correlated with age (Fig. 37B, p =
0.007). Due to the low number of male patients, we could not make cutoffs regarding age
and disease severity to homogenize the cohort as we did for the female patients. A larger
cohort consisting of groups with smaller age ranges could help clarify if there is in fact no

difference in hormone levels in males with AIH and PBC.
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Figure 37. Testosterone levels of male AIH and PBC patients were unchanged compared to healthy male
controls. A. Serum levels of total, free and bioavailable testosterone in healthy male controls (HC), AIH and
PBC patients (from top to bottom). An ordinary one-way ANOVA test was performed. B. Regression analysis
of bioavailable testosterone versus age in years in all males from A. A significant linear regression line is
shown.

The amount of f3-estradiol was not different between patients with AILDs and healthy
controls (not shown). Of note, in our cohort, no significant difference in f3-estradiol was
observed between women 37 to 65 years old and men 20 to 89 years old, but there was a

highly significant difference in testosterone levels (Fig. 38).
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Figure 38. Testosterone levels between healthy males and females differ. A. Total serum testosterone in
females and males. B. Serum f3-estradiol levels in females and males. An unpaired t-test was performed
between males and females.

Female patients with PBC and AIH showed reduced levels of bioavailable testosterone
compared to healthy controls. Moreover, in the ex vivo transgender samples, we found
testosterone had an effect on T cells, which are thought to be involved in autoimmune
liver diseases. Therefore, we investigated whether we could find altered TH1, TH17 and
Treg frequencies and immune ratios in female AILD patients compared to healthy female
age-matched controls. We found that female patients with PBC, AIH or an overlap of both
showed a tendency for increased TH17 cells (Fig. 39B). Furthermore, these patients
exhibited significantly increased TH1 cells (Fig. 39C). Thus, AILD patients had a tendency
of increased ratios of TH1/Treg (p = 0.19) and TH17/Treg (p = 0.15) compared to
healthy controls (Fig. 39D, E).
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Figure 39. Immune ratios in female PBC and AIH patients tended to be elevated compared to healthy
women. Frequencies of (A) Tregs, (B) TH17 cells, (C) TH1 cells from CD45 living cells in healthy female
controls (HC) and female patients with PBC and AIH (PBC/AIH). D. TH1/Treg ratio based on the frequencies
of TH1 and Treg cells of healthy female controls (HC) and patients with PBC or AIH (PBC/AIH). E. Same as
in D but based on frequencies of TH17 and Treg cells. An unpaired t-test was performed between HC and
PBC/AIH.

In general, we observed that female patients with AIH and PBC showed reduced levels of
bioavailable testosterone compared to healthy controls. Furthermore, they showed
tendencies of increased TH1/Treg and TH17/Treg ratios. We also found that after 6
months of a high dose testosterone treatment, patients from our trans men cohort had
decreased TH1/Treg and Th17/Treg ratios. Therefore, higher testosterone levels could
contribute to the protection of females from an increase in the proinflammatory
TH1/Treg and Th17/Treg ratios observed in autoimmune diseases. Interestingly,
cholangiocyte activation was diminished with supernatant from testosterone-treated T
cells (not shown). This finding suggests that altered cholangiocyte activation could
further contributes to the sex differences observed in autoimmune liver diseases,

especially in PBC patients.

However, the lower testosterone levels found in PBC and AIH patients should be
confirmed with a larger cohort. Moreover, studies should investigate whether these lower
testosterone levels make women more vulnerable to autoimmunity or if they are a
consequence of the disease. This could be achieved by including patients at the onset of

the disease or at least after receiving the first diagnosis. In addition, other T cell subsets
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affected by testosterone, such as CD84+ TEMRA cells, and their role in autoimmunity
should be examined. The role of GIMAP7in autoimmunity and autoimmune liver diseases

should also be investigated in future research.
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4. Discussion

Autoimmune diseases are defined as diseases with immune responses directed against
self-antigens in organs or tissues. The origin of many autoimmune diseases is not
completely clear, but most are associated with alterations in genetic, epigenetic,
environmental, or microbiota-related factors. In addition, many AIDs, including the
autoimmune liver diseases AIH and PBC, are characterized by sex bias, with more females
than males affected. The underlying mechanisms are unknown, but there is increasing
evidence that androgens, especially testosterone, are an important modulator of immune
cell differentiation and activation. However, most of the studies describing the effects of
testosterone on T cells are not very thorough, and a deeper understanding of the in vivo
effects of testosterone is lacking. In this thesis, we therefore aimed to investigate the
effects of testosterone on T cell phenotypes and functions /n vivo and in vitro and how
these effects contribute to the pathogenesis of autoimmune liver diseases. Using our
unique cohort from patients undergoing high doses of testosterone treatment, we defined

T cell subsets and changes caused by testosterone through an in-depth analysis.

Androgens act by binding cytoplasmatic or membrane bound ARs, and the expression of
different hormone receptors on immune cells and the cells that directly interact with them
has been described previously?0-92124144  However, detailed knowledge of specific
immune cell types or of the expression of newly discovered membrane bound receptors
such as ZIP9 in immune cells is lacking!4>. In this study, we were able to determine the
expression of AR and ZIP9, currently known as the two most relevant androgen receptors,
in all of our analyzed immune cell populations, including T cells, DCs and innate immune
cells and cholangiocytes (Fig. 6; cholangiocytes not shown). Therefore, we confirmed that
immune cells are inherently able to respond to testosterone. To investigate the effects of
testosterone on immune cell activation, we analyzed the proliferative capacity of T cells
upon stimulation in the presence of testosterone and did not find a clear effect on human
PBMC and T cell proliferation upon testosterone treatment (see Fig. 7). These data are in
contrast to several older studies that assumed androgens impact the proliferation of
immune cells146-148, These studies have reported that androgens could impact immune
cell activation and survival by androgen-dependent signaling during cell proliferation and

apoptosis 149-152,
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However, by combining deep flow cytometry-based immunophenotyping with an analysis
of single cell levels in our unique cohort, we found that testosterone has an impact on anti-

and proinflammatory immune cell subsets in vivo.

Using deep immunophenotyping, we observed an increase in immune regulatory cell
subsets in trans men at 6 months of testosterone treatment compared to the baseline
controls. Briefly, we observed an increase in Treg cells and identified an increase in
different subsets of Tregs, such as CD73+ Tregs (Fig. 20). Regulatory T cells have been
described as essential for immune cell homeostasis15. They mediate immune balance by
suppressing effector T cell functions, a mechanism that is also mediated by the function
of CD73211, The lack or insufficient functionality of regulatory T cells has been associated
with the development of AID in humans and mice, highlighting the importance of these
cell subsets. Thus, decreased levels of CD4+ CD25hi T cells associated with lower levels
of Foxp3 and a decreased ability to inhibit cell proliferation in vitro have been found in
patients with active AIH153154, Similarly, reduced Tregs numbers, IL-10 levels and
disrupted co-stimulation have been reported for PBC155156, Qur study revealed in increase
in the Treg population and the upregulation of CD73, suggesting that treatment with
testosterone directly or indirectly enhances Tregs and thereby leads to a more balanced
immune environment. Importantly, these data are in accordance with other reports that
have shown that androgens increased Treg numbers in micel>7 and humans!26. Moreover,
some studies have found differences in Treg frequencies between males and females in

Vivol25.138,

The increase and stability of Tregs upon testosterone treatment could also be provided
by other immune cell subsets. We found a significant reduction in BAFF expression on B
cells (not shown), and it has been shown that the expression of BAFF on B cells is an
important mediator of Treg apoptosis®8. Of note, this downregulation was the only
significant change we found in the B cell subsets. Interestingly, CD39+ expression on
CD8+ T cells decreased after testosterone treatment (Fig. 29). In cancer studies, CD8+ T

cells expressing CD39 have been identified as exhausted T cells1>°.

In addition to affecting regulatory T cells, testosterone also had an impact on other T cell
subsets. Other cells that were lower in the trans men at 6M belonged to the effector
memory cells or were primarily a mixture of effector memory and TEMRA cells. The

reduced T cells subsets were TH17, CD4+ CD161+ CD28+/-, CD8+ CD28+ CD57+
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CD161+ and CD8+ CD39+ cells (Fig. 30). These cells probably show more of the classical
proinflammatory phenotype due to their CD161, CD57 and CD28 expression8. TH17 cells,
classified according to surface markers, were significantly reduced after 6 months of
testosterone treatment (Fig. 22B ). /n vivo studies in mice have shown that testosterone
attenuated IL-17 in the lung and liver141.160, Moreover, TH17 cells have been implicated in
multiple human autoimmune diseases, such as rheumatoid arthritis and primary biliary

cholangitis161.162,

Some of the other proinflammatory populations, including TH1 cells, only showed a
tendency to decrease (Fig. 22C). We calculated the ratios of TH1/Treg and Th17/Treg
cells and found significantly reduced ratios in both groups upon testosterone treatment.
This finding is important since TH1 cells have been strongly associated with the
pathogenesis of AIDs. The hallmark cytokines of TH1 cells are TNFa and IFNy. Both
cytokines have been described as important mediators in autoimmune diseases.
Bovensiepen et al. described increased frequencies of TNF and TNF/IFN double positive
cells compared to age- and sex-matched healthy controls in patients with AIH70. In
addition, increased expression of IFN in other autoimmune diseases such as MS has been
suggested163-165, [nterestingly, it has been shown that androgen stimulation reduces the
expression of TH1 cytokines in murine-derived T cells123137, These findings nicely link to
our observation of in vitro assays, where we detected a reduction in TNFa secretion of
whole PBMCs upon stimulation and testosterone treatment (Fig. 8). T cells are the most
abundant cells in PBMCs1%6 and are strong producers of TNFa, and we observed reduced
secretion of TNFa and IFNy from human-derived T cells upon testosterone treatment /n
vitro (Fig. 9). However, we cannot exclude the effects of testosterone in PBMCs on other

cells such as monocytes or macrophages1¢?, which need to be further examined?2148168,

Importantly, the striking difference in T cell responsiveness upon testosterone treatment
occurs between male- and female-derived T cells. Here, only female-derived T cells
showed a significantly reduced release of TNFa and IFNy upon T cell receptor specific
stimulation in the presence of testosterone (Fig. 9). This result could be due to the slightly
higher expression of TNFa and IFNy in female-derived cells or because male-derived cells
are more acclimated to higher testosterone levels in vivoand therefore less susceptible in
vitro. Moreover, this finding underlines the importance of further investigating the
influence of testosterone on the immune system and autoimmunity in regard to sex

chromosomes. In this thesis, we focused on the influence of testosterone on females with
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XX chromosomes and can therefore conclude that our findings do not come from XX/XY
differences. However, factors such as X chromosome inactivation probably play a role in

autoimmune diseases (see Introduction).

In addition to considering X chromosomal effects, the effect of testosterone conversion to
estrogen in vitro has to be investigated. We therefore analyzed the expression of the
aromatase enzyme, which is responsible for converting testosterone to estrogen. We did
not detect an increase upon in vitro testosterone stimulation, and we therefore exclude
the possibility that conversion to estrogen is responsible for the observed effects. A
treatment of DHT instead of testosterone could further confirm these data since this
derivate cannot be further converted. However, in vitro treatment with DHT is known to
be difficult since efficiency and stability are strongly affected upon storage, leading to a

quick loss of function.

Our deep immunophenotyping analysis revealed that other T cells were changed upon
testosterone treatment. Some memory cells were enhanced, including CD8+ CD44high
and CD4 memory CD28+ CD272+ (Fig. 29], K). The glycoprotein CD44 is thought to be
involved in T cell migration, adhesion and proliferation6®. CD8+ CD44high T cells are
mainly memory T cells, while gradient-like lower CD44 expression can be found on
effector or naive T cells!”. They are often associated with tissue residency and can function
as a receptor for HUA, found on endothelial cells, and other components of the
extracellular matrix'’. Interestingly, /n vitro TCR-stimulated CD44high CD8+ mice T cells
have been found to express lower levels of T-bet and higher levels of IFNy than CD44low
CD8+ cells170. CD272 (BTLA) is a co-inhibitory receptor on T cells belonging to the CD28
immunoglobulin superfamilyl7!. Its expression decreases with T cell activation, and its
activation reduced IFNy and IL-10 production in T cells in vitro'71. BTLA signaling has
been shown to be altered in the autoimmune disease systemic lupus erythematosus172173,
Apart from these findings, it is unclear what role these cells play in autoimmune diseases,
especially in autoimmune liver diseases, and what consequences the enhancement of such
cells has. Based on the current literature, a more proinflammatory milieu would be
expected from an increase of these cells. To date, no connection between CD44 or CD272
(BTLA) and testosterone in T cells has been found. In regard to CD44, some connections

between androgens and breast cancer cells have been observed174175,
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In addition to noting changes in memory T cells, we identified two T cell subsets, one naive
CD4+,CD25+, CD44+, CD49a+, CD49b+ and one naive CD4, CD8 double positive, CD25+
CD44+ T cell subsets that were suppressed by testosterone (Fig. 26F, G). CD44 is often
seen in connection with tissue residency within this CD4+ naive population. This tissue-
resident phenotype is strengthened by the expression of CD49a and CD49b (Table 1).
Thus, naive cells with homing markers seem to manifest in a tissue niche. The role of naive
tissue resident cells in autoimmune diseases is largely unknown. However, Poch et al.
recently found naive-like T cells with a tissue-resident phenotype in livers with PSC,
which were more prone to TH17 cells'7¢. A reduction of such cells could therefore be
beneficial for autoimmunity. How testosterone might influence naive-like T cells and

tissue residency should be further investigated.

In addition to CD4+ T cells, CD8+ T cells and invariant T cells are thought to play a role
in AILDs such as AIH!77. We observed higher frequencies of TEMRA cells after
testosterone treatment, which were mainly CD8+ T cells, though some CD4+ cells were
present (Fig. 18, 19). Moreover, with the addition of single-cell sequencing (CITE-Seq),
we could further specify that a distinct CD8 TEMRA cluster was increased (Fig. 32B).
Interestingly, this population is CD57+ and CD28- (Fig. 31). CD8+ TEMRA T cells have
been described as mainly CD27 and CD28 negative, which are often connected with the
impairment of T cell functioning. The loss of CD28 expression in particular has been linked
with telomere loss, reduced proliferative capacity and increased senescencel’8179,
Furthermore, TEMRA cells are often described as KLRG1 and CD57 positive, and together
with PD-1, they are implicated in replicative senescencel78180-182 TEMRA cells have also
been associated with strong cytokine production (Granzyme B, IFNy, and TNFa) and a
high cytotoxicity183184, Similar findings have been reported on CD4+ TEMRA cells, though
the authors suggested that senescence was reversible in these cells!8>. Others have
described subpopulations of CD4+ TEMRA cells with different functions186. Compared to
CD8+ TEMRA cells, the CD4+ subset is low in the peripheral blood, which might prevent
a clear separation in the CITE-Seq data (Fig. 31).

Research has primarily described the phenotype of TEMRA cells as highly cytotoxic, which
is contrary to the immune suppressive effects of testosterone described to date. However,
studies have also indicated that TERMA cells have immunoprotective and regulatory
roles178187 [t is also likely that there are subpopulations of TEMRA cells, and their

function /n vivoremains to be determined. Moreover, the simplistic view that the immune
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system contains several proinflammatory T cells, such as TH17 cells, and fewer anti-
inflammatory T cells, such as Tregs, might be too narrow. A balanced immune system that
also contains cytotoxic T cells to keep the immune system in check is probably required
for the long-term prevention of autoimmune diseases. In addition to the classic TH17, TH1

and Tregs, TEMRA cells could play an important role in autoimmunity.

Of note, anti-TNF immunotherapy has been shown to reduce CD8+ TEMRA cells; this TNF
therapy has recently been explored in multiple studies on autoimmune diseases!88,
However, a successful therapy for MS with the immunomodulator FTY720 led to a relative

increase of TEMRA cells, suggesting the beneficial role of TEMRA cells in this disease1%°.

The analysis of gene expression on a single cell level (CITE-Seq data) confirmed some of
our findings from our in vitro and ex vivo data, and we identified several other markers.
The advantage of the Seq data is that it allows for a deeper analysis and classification of
the T cell subsets due to the additional RNA information it provides, and changes in RNA
expression across different subsets can be investigated. Moreover, further analyses, such
as analyzing the interactome by examining the receptor ligand expression in the clusters,
would be possible with this sequencing datal??. The differences between the deep flow
cytometry-based immunophenotyping and CITE-Seq data could be related to differences
in group sizes and the time of data acquisition. Flow cytometry data are based on at least
10 different subjects, while four individuals were chosen for the CITE-Seq analysis. There
are intra-individual differences in human cohorts that can only be limited by increasing

the number of subjects.

Overall, we found that two T cell subsets increased in all four individuals after
testosterone treatment: a CD4 naive cluster and the previously discussed CD8 TEMRA
cluster (Fig. 32B). The naive CD4 cells did not increase in general, but through the addition
of RNA sequencing, the naive CD4 T cells could be split into further subsets, one of which
increased. In the flow cytometry data, the naive CD4 T cells were not significantly
enhanced through testosterone treatment. However, the deeper classification of the naive
subcluster through their RNA profiles, as in the CITE-Seq experiment, was not possible.
Our data showed an increase in one naive CD4 T cell cluster and a decrease in another.
Though the flow cytometry data revealed only a significantly decreased subset of naive
CD4+ T cells, overall, the naive CD4 T cells showed a tendency to increase (Fig. 18G; p =
0.0869). Therefore, it is likely that with additional markers, the flow cytometry could also
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detect an increase in one naive population. Furthermore, the expression of CCR7, a naive
and CM marker, increased upon testosterone treatment in the naive and naive-like CD4
clusters (Fig. 34B). This increase could ensure that the cells remain in the naive state.
Since the simultaneous sequencing of surface protein expression and RNA expression
allowed us to define these T cells subsets, we were able to find altered gene expression

not only in naive T cells but in all of the clusters.

Most strikingly, we found a significant upregulation of GIMAP7in almost all T cell subsets
after testosterone treatment (Fig. 35A). GIMAP7 is a small GTPase belonging to the
immune-associated nucleotide family1°1. Members of the GIMAP family, such as GIMAP3,
5 and 1, have been found to be involved in the development and proliferation of mature
and immature T cells and have been further linked to normal liver functions192-197, The
role of GIMAP7 in T cells is largely unknown, and to date, research has only described a
higher G/IMAP7 expression in T lymphocytes than in B lymphocytes in micel%8. However,
we confirmed G/MPA7 upregulation in our /n vitro stimulated T cells (Fig. 36), a finding
that supports the essential functional role of GIMAP7 in T cells upon testosterone

treatment.

In addition to GIMAP?7, also other genes were differentially regulated after testosterone
treatment in more than one cluster. We observed the downregulation of FOSand DUSPI,
and JUNBwas upregulated in some clusters (Fig. 34). Interestingly, in in vitrobulk T cells,
JUNB was downregulated after testosterone treatment (Fig. 36). The role of JUNB
activation on T cell activation and function has been previously described. An increased
JUNB activation upon the TCR stimulation of T cells has been associated with the
differentiation of T cells into TH2 and TH17 cells199-203, [n addition, JUNB has been
reported to be involved in Treg activation and its ability to suppress effector T cells204,
Notably, JUNB-deficient mice are resistant to the induction of EAE, but mice lacking JUNB
in T cells have been shown to display a disrupted Treg development and a higher
susceptibility to colitis205206, Mechanistically, JUNB can form a heterodimer with FOS to
produce the AP-1 transcription factor, which is involved in various T cell functions and
differentiations207.208, Dual-specificity phosphatases (DUSPs) are involved in different T
cells signaling mechanisms, and mice lacking DUSP1 also display resistance to EAE
induction and a disrupted T cell immune response2°. To date, there are no clear data on
the effects of testosterone on JUNB, FOS or DUSP1 activation in human-derived T cells.

However, there is one study from the breast tissue of FTM individuals that showed an
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increased expression of JUNB and FOS upon testosterone treatment?10, Therefore, the
consequences of changes in the expression of JUNB, FOS and DUSP1 in specific T cell
subsets should be investigated. However, more importantly, the consequences of
enhanced GIMAP7 expression due to the effects of testosterone treatment on different T
cell subsets and T cells overall should be examined. A knockout or knockdown of GIMAP7
in different T cell populations could help decipher the mechanistic outcomes for T cell

function and differentiation.

We also observed differences in the abundancy of the TEMRA CD8+ subcluster upon
testosterone treatment. Therefore, we recommend a further analysis to determine the
effects of this subcluster and its contribution to the overall inhibitory effects of

testosterone or whether it functions as a counter mechanism.

While only a few genes were affected in the TH and TC subsets, invariant y6 T cells and
MAITs showed a high number of altered genes upon testosterone treatment (Fig. 34A),
even though we only detected tendencies for frequency changes (Fig. 32B). MAITs and y6
T cells have been implicated in autoimmunity and especially in autoimmune liver
diseases. In patients with PBC, circulating MAITs were decreased but showed a higher
activation status, and hepatic MAITs were increased compared to healthy controls211,
Ursodeoxycholic acid treatment reduced the differences in circulating MAITs?211. In liver
tissues from metastatic liver tumors reduced MAIT frequencies compared to controls
with no chronic liver diseases were found212. Another study found reduced frequencies of
MAITs in the peripheral blood and liver tissue of patients with autoimmune liver diseases
(AIH, PBC, PSC) compared to controls?13. Furthermore, AILD MAITs showed signs of
exhaustion?13. A study investigating V81 T cells of the y8 T cells found higher numbers
than in age-matched controls?14. An older study also found increased yo T cells in the
peripheral blood and portal areas of the liver in patients with AILDs compared to
controls215, The problem with these data is that they mostly originate from patients with
AlILDs that have already manifested; therefore, researchers can only speculate on the
initial state of T cells at disease onset. Moreover, the effects of these increased and
decreased subsets are unknown. It has been speculated that y& T cells have pathogenic as
well as protective functions depending on the subset of y6 T cells216217, Currently, there
is no clear data on the effects of testosterone on human MAIT or yd T cells. One older study
using a B1.Tg.Ealpa mice model with a coxsackievirus B3 infection showed increased y&

T cells after testosterone application?18, and some sex differences in human MAIT cells
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were found. For example, the researchers observed reduced MAITs in the livers of male
but not female obese mice?21°. Interestingly, a recent preprint study on COVID-19 patients
showed a female-specific protective MAIT profile229, Therefore, it is possible that the
increased activity of MAITs or y8 T cells through testosterone treatment are beneficial to

autoimmunity.

In summary, we propose that testosterone does not lead to an overall suppression of T
cells nor to the differentiation of a more proinflammatory phenotype. Testosterone seems
to balance immune system functions, shielding men from autoimmunity and making them
more susceptible to infections. Testosterone influences different T cell subsets to create a
balanced microenvironment in favor of immune tolerance. In keeping with this finding,
testosterone leads to a reduction of proinflammatory T cells, such as effector memory
CD161+ T cells and TH17 cells, and proinflammatory cytokines from T cells including
TNFa and IFNy. In addition, regulatory cells such as Tregs were enhanced, and ratios of
TH1/Treg and Th17/Treg were significantly lower after 6 months of testosterone
treatment. However, our data also suggest that excessive testosterone could cause
contradictory outcomes. TEMRA T cells, which are thought to be proinflammatory, were
also upregulated. Moreover, the RNA activity of invariant yd T cells and MAITs was greatly
changed upon testosterone treatment, probably leading to a higher activity. In addition,
the effects of testosterone on T cells are likely altered by inflamed tissue. Overall, the
combination of single-cell flow cytometry and RNA sequencing allowed us to identify

various changes in T cells subsets upon testosterone treatment, as Figure 40 illustrates.
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Figure 40. Schematic summary of changes in peripheral female T cells subsets upon 6 months of
testosterone treatment.

In a translational approach to studying the impact of testosterone on autoimmunity, we
investigated patients with the autoimmune liver diseases PBC and AIH. Notably, we found
that in women with PBC and AIH, the serum bioavailable testosterone levels were lower
than in healthy age-matched controls (Fig. 37A). This finding further supports the idea
that testosterone plays a protective role in the context of autoimmunity. In addition, this
finding suggests that the level of testosterone is likely crucial, and a specific beneficial
range of testosterone in women and men exists in regard to autoimmunity. This balance
is very important, as amounts that are too high likely make the immune system more
vulnerable to outside attacks, such as infection, which is possibly exemplified by higher
mortality rates of males with COVID-19221222, We did not find different levels of
testosterone in men with PBC and AIH compared to healthy controls (Fig. 38A). However,
we also faced the difficulties associated with analyzing a diverse male patient group
regarding age and medication. To better evaluate whether hormone levels differ between
male AILD patients and controls, we would need a larger number of patients divided into

subgroups based on age to correct for this limitation.

Both TH1 and TH17 cells have been implicated in several autoimmune diseases.
Moreover, in our data of female patients with the autoimmune liver diseases PBC and AIH,

we found a significant increase of TH1 cells, which supports the data previously described
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from Bovensiepen et al.’s study??. In addition, AIH and PBC patients showed a tendency
for increased immune balance TH1/Treg and TH17/Treg ratios compared to healthy

controls (Fig. 40).

Since we found decreases of these parameters upon testosterone treatment in our
transgender cohort, we suggest that testosterone plays a part in the pathogenesis of the
autoimmune liver diseases AIH and PBC. Whether the observed low levels of testosterone
and the increase in TH17/Treg and TH1/Treg ratios in female AILDs patients contribute
to the cause of these diseases or only their progression should be evaluated. The results
of these peripheral T cell changes should be compared to changes in the local liver niche,
which could be possible with the use of rare liver biopsies. To further strengthen the
overall link between the transgender patient data and autoimmune diseases, additional
research is needed. For example, the investigation of liver tissue T cells from the
transgender cohort would be interesting, though it is not possible. However, the
measurement of hormones in autoimmune liver diseases should be repeated with a
second cohort, and the role of other immune cells found in the trans men cohort, such as
TEMRA, MAIT and vy T cells, should be investigated in relation to these diseases.
Additionally, other know aspects of autoimmune liver diseases such as the microbiome
should be explored since it is already known that the AILD microbiome differs from the
healthy microbiome and can influence T cells223.224, Interestingly, it has been reported that
testosterone levels can be influenced by the microbiome*?, and therefore examining the
interaction of the microbiome, testosterone and T cells would add another layer to our

understanding of sex differences in autoimmunity.

Overall, the knowledge we obtained in this thesis will help us further understand the
differences in immune cell responses between men and women and why women are more

prone to develop autoimmune diseases.
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4.1. Final conclusion

In summary, testosterone enhances and suppresses different types of T cell subsets.
Testosterone treatment led to increased CD8+ TEMRA and Treg cell numbers and
suppressed effector memory T cells such as TH17 cells. These effects might lead to a more
balanced immune system that promotes anti-inflammation, which is less likely to drive
autoimmune responses and could be part of the reason why males are less likely to
develop autoimmune diseases. In combination with local niches such as the liver, which
have cells especially sensitive to this altered T cell milieu, including cholangiocytes, this
could lead to an even higher female predominance in autoimmune liver diseases such as
PBC. Moreover, the hormone measurements of autoimmune liver disease patients
showed lower testosterone levels in female patients compared to age-matched controls,
which could suggest that these women are even more vulnerable to autoimmune attack
and manifestation than other women with higher testosterone levels. If this is part of the

cause or evolves during disease progression should be further investigated.
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5. Material and Methods

5.1. Methods

5.1.1. Patient selection and sample collection

Blood, serum and PAXgene samples of female-to-male (FTM) patients and AIH, PBC and
healthy controls were collected and tested in this study. Liver explant tissue from
transplantation was used to isolate primary cholangiocytes. Disease diagnosis and other
relevant parameters are summarized in Tables 3 and 4. FTM samples were collected
before the start of hormone replacement therapy (HRT) and 3 and 6 months after
treatment began. The deviations and specific time points of blood collection are shown in
Table 3. To meet the inclusion criteria for recruitment, female AIH and PBC patients ages
40-65 had to have non-cirrhotic livers and normal bilirubin levels and receive treatment
with less than 7.5 mg prednisolone per day. Male AIH and PBC patients were recruited
independently of their age, disease severity and medication state due to the low number
of patients. Additional parameters that could be relevant for hormone status were
evaluated and are summarized in Table 4. All AIH and PBC patients were recruited from
the specialized outpatient clinic of the I. Department of Medicine at the UKE (University
Medical Centre Hamburg Eppendorf). Healthy donors were carefully selected based on
age and sex, and additional parameters were evaluated; these details are summarized in

Table 4.

All donors included in this study provided written informed consent, the study received

local ethics approval (PV5982, PV4081, PV5473).
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Figure 41. Schematic representation of the sample collection of the FTM probands and the AIH and PBC
patient cohort as well as healthy controls.

5.1.2. Cell isolation from whole blood

Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA blood tubes. Blood
was diluted with PBS and overlaid on Biocoll solution in order to separate the blood
components based on their size and granularity by density gradient centrifugation (20
min, 400 g, acceleration 1, brake 0). The resulting PBMC layer was removed using a
Pasteur pipette, and the cells were washed twice with PBS (5 min, 400g, acceleration 9,
brakes 9). After counting (using the Neubauer-Zahlkammer), cells were ready for further
processing. For this study, cells were either frozen in freezing media for long-term storage
(6-10x10° cells in 1ml 10%DMSO0/90% FCS) or used directly for /n vitro experiments (see
sections 5.1.4. and 5.1.5.).

5.1.3. Magnetic activated cell sorting

For the T cell in vitro experiments, untouched T cells were isolated from PBMCs using the
Pan T Cell Isolation Kit according to the manufacturer’s instructions. After separation by
magnetic activated cell sorting (MACS), cells were counted and used for in vitro
experiments (see section 5.1.5.). Additionally, for the RNA analysis of different immune
cell populations, the Pan Monocyte Isolation Kit, Pan-DC Enrichment Kit and CD4 and CD8
Microbeads Kits were used according to manufacturer’s protocols to isolate respective
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populations from PBMCs. For RNA isolation, all cell populations were directly

resuspended in lysis buffer from the RNA kit following isolation (see section 5.1.10.).

5.1.4. In vitro stimulation of PBMCs and T cells with and without
androgens

For unspecific in vitro cytokine stimulation assays, PBMCs were stimulated with
PMA/ionomycin (50 ng/ml PMA/ 1pg/ml ionomycin) or LPS (100 ng/ml) using 96
uncoated suspension cell culture plates for 4 hours after hormone stimulation for 24
hours. For T cell receptor specific activation (aCD3/CD28), cells were stimulated with
coated anti-CD3 (2 pg/ml) (min. 1h, 37°C) and soluble anti-CD28 (2 pg/ml) for 24 hours
parallel to hormone stimulation. Then, 300,000 cells/200ul/well were seeded in
lymphocyte media (Table 9). To perform the hormone stimulation, we added testosterone
in the given amounts (0.5-500 ng/ml). A stock solution of testosterone was dissolved in
ethanol and then further diluted in lymphocyte media, not exceeding 0.015 % of the final
ethanol concentration. To make the ethanol control (EC), we added an amount of ethanol
equal to the highest concentration. Dihydrotestosterone (DHT) stock was dissolved in
methanol (MeOH) and diluted in lymphocyte media to achieve the final concentration and
added to the cells in the given concentrations (0.3-30 ng/ml). Controls (MC) were given
the same amount of MeOH as the highest concentration, equal to 0.0003% of the final
MeOH concentration. Cells were incubated for 24 hours in the incubator (37°C, 5% CO02).
For the cytokine analysis, the supernatant was harvested and frozen at -20°C. To conduct
the RNA analysis, we pooled the remaining cells of at least two wells with the same
conditions and then resuspended cell pellets in 350ul of RNA lysis puffer (RA1) and froze
them at either -20°C or -80°C.

5.1.5. ELISA

The analysis of cytokines from serum and supernatant was done using a sandwich ELISA
for single cytokine analysis (TNFa, [FNy, IL-6, IL-8, CCL20 and CCLZ2; see Table 11). The
ELISAs were performed according to the manufacturer’s instructions, and the

supernatant was diluted according to the expected cytokine levels, from undiluted up to
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a 1:20 dilution. The absorption was measured on the Tecan microplate reader for the

ELISAs.

5.1.6. Flow cytometry staining of whole blood

Fresh heparinized blood was stained the day after blood collection for equal processing
across all of the samples. For the analysis of surface markers, we used previously
established staining panels for innate cells, B cells and subsets of T cells (T cell [, T cell II
and Treg). Antibodies were mixed in staining cocktails, as explained in Table 2. Next, 50
ul of the respective master mix cocktails were added to a 5 ml flow cytometry tube (FACS
tube). We then added 100 pl of whole heparinized blood, which was gently vortexed and
incubated for 30 min at room temperature (RT) in the dark. Afterwards, 1ml of lysing
buffer (RBC lysis 1:10 H20) was added, vortexed and incubated for 10 min at RT in the
dark. Then, samples were washed twice with PBS (5 min, 400 g) and the supernatant was
removed. Finally, samples were resuspended in 180 pl of FACS buffer and stored at 4°C in

the dark until they were measured using the flow cytometer BD™ LSR Fortessa.

The stimulation panels were processed as follows (T ICC, Mono ICC). Staining cocktails
were prepared (see Table 2), and the master mixes for stimulation contained 50 pL X-
vivo, 0.5 pL. PMA (final: 250 ng/ml) and 1 pL ionomycin (final: 5pg/ml) for each T ICC
tube and 50 pL X-vivo and 1 pL LPS (final: 2.5 pg/ml) for each Mono ICC tube. An
unstimulated control for T ICC and Mono ICC was prepared with only 50 pl X-vivo. Master
mixes were mixed with 100 pl of whole blood in a FACS tube, gently vortexed and
incubated for 30 min at 37°C. Then, inhibition mixes were added, containing 50 pl X-vivo
and 0.7pl Brefeldin A, and the Mono ICC tubes additionally contained 0.2 pl Monensin for
each sample. Samples were then incubated for 4.5h at 37°C. Afterwards, the staining
surface cocktails (only surface antigens) were added, gently vortex and incubated for 30
min at RT in the dark. Then, cells were lysed and fixed with 1ml lysis buffer for 10 min at
RT in the dark. Again, they were washed twice with PBS (5 min, 400 g), then resuspended
in 50 pl of saponin buffer and incubated for 5 min at RT in the dark. Afterwards, the
cytokine staining cocktail (cytokine antigens and CD4) was added, gently vortexed and
incubated for 30 min at RT in the dark. Cells were washed once with PBS (400 g, 5 min),
resuspended in 180 pl of FACS buffer and stored at 4°C in the dark until the measurements
were taken with the BD™ LSR Fortessa.
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Table 2. Staining cocktails (antibodies listed in Table 7)

Panel I: Tcell I

Panel II: Tcell 11

Panel III: Treg

Fluorochrome | antigen Fluorochrome |antigen Fluorochrome | antigen
BV421 CD272 BV421 CD25 BV421 CD25
BV510 CD8 BV510 CD62L BV510 CD8
BV605 CD279 BV605 CD103 BV605 -
BV650 CD3 BV650 CD3 BV650 CD127
BV711 CD45Ra BV711 CD45Ra BV711 CD45Ra
BV785 CD45 BV785 CD45 BV785 CD45
FITC - FITC CD49b FITC HLA-DR
PerCP-Cy5.5 |CD160 PerCP-Cy5.5 CD69 PerCP-Cy5.5 |CD3

PE CD161 PE CD44 PE CD73
PE-Texas CD57 PE-Texas CD4 PE-Texas =
PE-Cy7 CD28 PE-Cy7 CD49a PE-Cy7 CD39
APC CD197 APC LAG-3 APC -

AF700 CD4 AF700 CD8a AF700 CD4
APC-Cy7 L/D APC-Cy7 L/D APC-Cy7 L/D

Panel IV: T ICC

Panel V: Mono ICC

Fluorochrome | antigen Fluorochrome |antigen
BV421 CD56 BV421 IL1f3
BV510 L/D BV510 L/D
BV605 - BV605 -
BV650 TNFa BV650 TNFa
BV711 IL17A BV711 CD14
BV785 CD45 BV785 CD45
FITC Granzyme B FITC IL8
PerCP-Cy5.5 |CD3 PerCP-Cy5.5 1L12p40
PE IL10 PE IL10
PE-Texas CD4 PE-Texas =
PE-Cy7 IL4 PE-Cy7 -

APC FoxP3 APC IL6
AF700 CD8; CD20 AF700 -
APC-Cy7 IFNg APC-Cy7 CD16
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Panel VI: Bcells Panel VII: Subsets Panel VIII: CCRs
Fluorochrome | antigen Fluorochrome | antigen Fluorochrome | antigen
BV421 CD20 BV421 CD56 BV421 CD56
BV510 L/D BV510 L/D BV500 L/D
BV605 BV605 CD16 BV605 CD161
BV650 BV650 - BV650 CD3
BV711 BV711 CD14 BV711 CD183/CXCR3
BV785 CD45 BV785 CD45 BV785 CD45
FITC CD38 FITC HLA-DR FITC Integrin-p7
PerCP-Cy5.5 | CD24 PerCP-Cy5.5 CD3 PerCP-Cy5.5 |CD196/CCR6
PE slgD PE - PE CD49d/Integrin-a4
PE-Texas CD19 PE-Texas CD11c PE-Texas Red | CD8
PE-Cy7 CD43 PE-Cy7 CD123 PE-Cy7 CD194/CCR4
APC CD268 APC - APC CD199/CCR9
AF700 AF700 CD20 AF700 CD4
APC-Cy7 CD27 APC-Cy7 CD1c APC-Cy7 CD16

5.1.7. Cell isolation from livers

Liver pieces from explant liver tissue were stored in RPMI with 5% FCS and 1% P/S at 4°C
until processing. For cell isolation, liver explant tissue was cut into very small pieces with
ascalpel or surgery scissors in a petri dish. Then, the tissue was digested with collagenase.
We used approximately 10 ml GBSS with 0.01 g collagenase solution for 20 min in a 50 ml
falcon tube in a 37°C water bath. Following digestion, the liver tissue was passed through
a 100 pm cell strainer. Afterwards, samples were centrifuged twice for 4 min with 40 g to
removed hepatocytes, and the supernatant was transferred into a new 50 ml falcon. The
supernatant was then centrifuged for 7 min at 400 g. Next, the supernatant was removed,
and the cell pellet was washed twice with PBS (400g, 5min). Cells were resuspended in
approximately 500 pl of MACS buffer and stained with 10 ul of EpCAM-APC antibody for
10 min at 4°C in the dark. Afterwards, cells were washed twice with 2 ml of MACS buffer
(400 g, 5 min) and resuspended in approximately 80 pl of MACS buffer and 20pl of a-APC
microbeads. After incubation for 15 min at 4°C in the dark, cells were washed again and
resuspended in 1 ml of MACS buffer. Then, EpCAM positive cells were isolated using an LS
MACS column following the manufacturer’s protocol but with an additional pre-
separation filter (30um) on the columns. Flow-through and MACS-separated cells were
seeded in primary cholangiocyte media (see Table 9) into 24-well plates, which were

precoated with collagen (1:2 with H20) for atleast 1 h at 37°C and then washed with PBS.

86



The media was changed the next day, and cell growth was observed daily until 80%
confluency was reached. Next, cells were trypsinized and transferred to a T25 flask for
further growth until 80% confluency was reached again and then finally transferred into
T75 flask for expansion. Upon reaching confluency, cholangiocyte cells were harvested for

long-term storage or to be used in the experiments.

5.1.8. Charcoal stripping of FCS

To avoid hormone enrichment, charcoal stripped FCS (DCC-FCS) was used in in vitro
experiments instead of normal FCS. Therefore, approximately 2 g of dextran-coated
charcoal was added to 100 ml of FCS and mixed gently without a stir bar on a shaker
overnight at 4°C. The solution was then centrifuged for 15 min at 2000 rpm, the

supernatant was filtered, and the charcoal stripped FCS was aliquoted and stored at -20°C.

5.1.9. RNA isolation, cDNA and gPCR

Total RNA was isolated from tissues or cells using the Nucleospin RNA Kit. Samples were
taken according to the manufacturer’s protocols. Isolated cells and mechanically
disrupted tissue were resuspended with RNA lysis buffer (RA1) with the addition of -
mercaptoethanol. Following RNA isolation, 1 pg cDNA was transcribed using the High
Capacity cDNA Reverse Transcription Kit according to the manufacturer’s instructions.
For the gene expression analysis, qPCRs were performed with TagMan™ Gene Expression
Assays and TagMan™ Fast Advanced Master Mix. The primer probes and catalogue
numbers are summarized in Table 8. Afterwards, the relative expression was calculated

using the ACt method with the equation:
ACt = Ct Hprt — Ct target gene

x — fold expression = 274¢t

To isolated RNA directly from the PAXgene blood collection tubes, the PAXgene Blood

RNA Kit was used as described by the manufacturers.
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5.1.10. Blood parameter and hormone analysis

To perform the differential blood count of human samples, we analyzed small EDTA-blood

collection tubes after blood was drawn at the clinical chemistry department of the UKE.

For the detection of hormone levels (estrogen, testosterone, SHGB and albumin), frozen
serum samples were either analyzed via clinical chemistry or alternatively, the total
testosterone level was measured with a human testosterone ELISA (Table 11). The
instructions of the manufacturers were strictly followed. Free and bioavailable
testosterone levels were calculated with the calculator from the University Hospital of

Ghent?25 according to the equation of Vermeulen?26,

5.1.11. Proliferation analysis with PrestoBlue™ and CellTrace™

The proliferation of immune and H69 cells were analyzed with the PrestoBlue™ assay. In
brief, cells were seeded in 96 well plates and cultured for 24, 48, 72 and 96 hours (see
section 5.1.9). The PrestoBlue™ assay was performed following the manufacturer’s
protocol. Thus, 10 pl of PrestoBlue per 100 pl of medium were added after cell growth
and incubated until a visible color change occurred. The absorption of the plates was

measured at 560 nm using 600 nm as a reference wavelength.
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Figure 42. Schematic representation of the proliferation assay with PrestoBlue™.

Additionally, the proliferation of lymphocytes was analyzed with CellTrace™. Lymphocyte
proliferation was detected by flow cytometry analysis using intracellular CellTrace™
staining. Before seeding, cells were suspended in PBS at a concentration of 1x107 cells/ml
and stained with 1 pl of 1:1000 diluted CellTrace™ per ml. Cells were incubated for 20 min

at 37°C. The staining process was stopped by adding 5 times the amount of medium
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containing FCS. Cells were incubated for 5 min and washed twice with the medium.
Afterwards, cells were seeded and treated as with the T cell receptor specific stimulation
described above (2pg/ml aCD3/CD28) and IL-2 (100U/ml) (see section 5.1.4). After the
proliferation experiment concluded (4 days), cells were harvested and measured with the

BD™ LSR Il in the DAPI channel.

5.1.12. Single-cell Cite-Seq experiments

The Cite-Seq experiments used samples from four subjects from the FTM cohort (see
Table 3) at both BL and 6M after beginning testosterone therapy (mean age = 23.7;
testosterone injection). All materials used for cell thawing and sorting were coated
overnight with the MACS buffer. Frozen PBMCs were briefly thawed at 37°C in a water
bath and quickly transferred into 10 times the amount of the pre-warmed medium (PRMI
Glutamax + 10% FCS) to remove the cell toxic DMSO contained in the freezing medium.
From this point on, cells were kept at 4°C on ice. Cells were washed with the medium and
counted. Next, cells were stained with L/D-PaCO, L/D-APC-Cy7,aCD3-BV650 and the Cite-
Seq antibody cocktail (all 20 TotalSeqC antibodies listed in Table 5) for 30 min at 4°C and
then washed with MACS buffer and centrifuged at 400 g for 5 min. The cell pellet was
resuspended in 400 pl of MACS buffer, and cells were transferred into a FACS tube with a
pre-separation filter (30 pm). Approximately 200,000 live CD3 positive cells were sorted
with the BD™ Aria Fusion into reaction tubes filled with 500 pl of medium with a flow
rate of 1. Cells were counted, and approximately 15,000 cells were used for further
analysis. Then, single-cell libraries for ADTs, RNA and TCR were made according to the
manufacturer’s protocol with the 10x Chromium Next GEM Single Cell 5' Library and Gel

Bead Kit v1.1 in cooperation with Jenny Krause from the lab AG Gagliani.

Libraries were pooled as follows: the eight CITE(AB) and eight GEX(RNA) libraries were
pooled together with a concentration of 2 nM each at a ratio of 1:6, and all TCR libraries
were pooled together at a concentration of 2 nM. Libraries were frozen and later sent to
sequencing. Sequencing was done at the Competence Centre for Genomic Analysis (CCGA,
Kiel, Germany). Sequencing data were prepared, demultiplexed and aligned to the human
genome using the cellranger pipeline from 10X Genomics. Data were filtered (genes were
observed in at least 1% of all cells; duplets and damaged cells were excluded;
normalization) and analyzed with the Seurat R package in close cooperation with

89



Christian Casar (Bioinformatics Core, UKE Hamburg). For a better comparison, all
samples were randomly downsampled to the cell number of the lowest sample (4,400

cells per sample).
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Figure 43. Scheme of the Cite-Seq experiment setup and execution.

5.1.13. Gating strategies and downstream FACS analysis

As described in section 5.1.6 and shown in Table 2, deep immunophenotyping was
performed using a flow cytometry-based analysis. The antigens used for each panel can
be found in Table 2. For manual gating and conformation of the SPADEVizR populations,
FlowJo™ v10 software and Rstudio were used. All of the samples from one staining panel
were loaded into one workspace, and the compensation for each sample was adjusted
individually. Next, singlets, lymphocytes, time gates and live CD45 or live CD45high gates
were applied to all samples and adjusted if necessary (Fig. 12). For the T cell
subpopulation analysis, only CD45high cells were analyzed, while CD45 positive cells

were used for the analysis of innate and B cells.
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Figure 44. General gating strategy.

Data from the live CD45 cells, including their compensation data, were exported and
loaded into RStudio. Cells were transformed and normalized channel by channel.
Normalization was verified by Flow]Jo, and samples or channels were excluded as
necessary. The normalized flow cytometric data were further used for either classical
manual gating or SPADE?27 and SPADEVizR?28 analysis in R. Population, which were
altered according to SPADEVizR were confirmed in FlowJo. The significance of both the

manually gated and SPADE populations was confirmed with GraphPAD or RStudio. In this

CD45

thesis, manual gating was performed for different staining panels:

e Panell: CD3 positive cells, CD4, CD8+, double positive (DP), double negative (DN),
central memory (CM), effector memory (EM), naive and effector cells (Fig.13).

Additionally, the proportion from CD4+/CD8+/DP/DN of CD28, CD57, CD160,

CD161, CD272 and CD279 positive cells were gated.

e Panel II: CD3, CD4, CD8, CD25, CD44, CD45Ra, CD49a, CD49b, CD62L, CD69, CD103

and LAG-3 positive cells.

e Panel III: Tregs, CD39, CD73, CD127, effector (HLA-DR+) and naive (CD45Ra+)

positive cells (Fig. 45).




Panel IV: CD3, CD4, CD8, Foxp3, Granzyme B, IFNy, TNFaq, IL-4, IL-10 and IL-17

positive cells (Fig. 45).

Panel VIII: TH1-like, TH2-like and TH17-like and “real” TH17 cells were gated from

CD4+ cells according to surface marker expression, as Figure 45 shows.
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Figure 45. Gating strategy for T cells.

realTH17
37,.9%

CD194/CCR4

CD3

CD183/CXCR3

Panel V: Monocytes, TNFaq, IL-10, IL-1b, IL-8, IL-6 and IL-12 positive cells (Fig. 14).

Panel VI: B cells, Baffr+, naive, natural memory and switched memory B cells (Fig.

14).

Panel VII: NK cells, pDCs and cDC2 (Figure 46).
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Figure 46. Gating strategy for non-T cell panels.

5.1.14. Statistics

The statistical analysis was performed with GraphPad Prism (V.8.) and RStudio. The
statistical tests used are indicated in the respective figure legends. Data are presented as

mean * SD. Significant differences were indicated as p < 0.0001: ****; p < 0.001: ***; p <
0.01: **; or p < 0.05: *,
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5.2. Patient characteristics

Table 3. FTM Proband characteristics

HRT start)

Cohort FTM

Age at BL 29,3 Time points 2,8
3M (mean months after .

HRT start) 2,7 HRT (testosterone syringe) 15
6M (mean months after

HRT start) 5,7 HRT (testosterone gel) 4

I e T EIEaT 10,5 additional GnRH-Analoga 1

side diseases (count, if
more than once)

hypothyroidism (2), depression
(2), schizophrenia, low blood
pressure , autism spectrum
disorder, morbus basedow ,
irritable bowel , hashimoto,
alopecia universalis , pseudo
croup

medication (count, if more
than once)

L-Thyroxin (5), duspatalin,
sertralin, valsartan, citalopram,
perazin, benazepril, omeprazo],
salufalk, cetirizin, venlafaxin,
dekristol, folsan
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Table 4. Patient characteristics of male and female AIH, PBC, Healthy

. . Immun- .

Disease Sex Age Count Height Weight suppressiva BMI Fibroscan

[cm] [ke] [kPa]

[yes]
PBC female 53,0 11 165,3 73,3 0 28,29 4,95
PBC male 71,5 6 174,5 85,0 1 22,48 6,73
AIH female 55,8 4 166,5 67,3 3 22,87 6,05
AIH male 48,3 8 184,0 86,2 6 25,96 7,33
e female 53,0 4 164,0 73,7 3 33,83 4,63
Overlap
PBC/AIH male 48,7 3 185,5 82,5 2 24,25 5,93
Overlap
AIH/NASH female 65,0 1 167,0 90,0 1 32,27 4,40
Healthy ¢ 1 ale 51,4 10 170,7 74,5 0 25,42 //
(HC)
Healthy
(HC) male 46,3 8 186,6 88,1 0 25,33 //
all female 53,2 30 167,9 73,7 7 26,93 //
all male 53,2 25 183,8 86,1 9 24,98 //
Table 5. Patient characteristics of explant liver tissue
. . AlH or Ethyltox or .

Diagnosis PSC AlH/NASH Ethyltox/HCC Cyst Liver NAFLD
Count 3 1/1 1/1 1 1
Mean Age 66 61,5 57,5 65 52
Sex male female/male female female male




5.3. Materials

Table 5. Consumables

Article Cataloge Number Company
FACS Tubes 551.579 Sarstedt AG, Germany
Cryotubes 1.8 ml 379 Sarstedt AG, Germany
Pipette tips 0.2ml - 25ml e.g. 760012 Sarstedt AG, Germany
Suspension 96-well plate 833.925.500 Sarstedt AG, Germany

Flat Bottom Plate (6-, 12-, 24-, 48-, 96-
wells)

e.g. 83.3920.300

Sarstedt AG, Germany

Tubes 1.5ml - 5ml

e.g. 72.690.001

Sarstedt AG, Germany

Tubes 15ml, 25ml e.g. 188271 | Greiner Bio-One, Germany
Cell Strainer 100 um 542000| Greiner Bio-One, Germany
LS columns 130-042-401 Miltenyi Biotec
Multiply-uStrip Pro 8-strip 72.991.002 Sarstedt AG, Germany
Syringes 1 mL, 2 mL, 10 mL e.g. 9166017V B. Braun
Pre-Separation Filters 130-041-407 Miltenyi Biotec

Tube, 5 ml, 75x12 mm, PS

Ref. 55.476.005

Sarstedt AG, Germany

Dimension Vista® Small Sample Container

(SSCO) Ref. KS860 Siemens, Germany
Table 6. Devices
Article Cataloge Number Company
Eppendorf 5920R 5948000010 Eppendorf, Germany
Eppendorf 5810R 5810000010 Eppendorf, Germany
Eppendorf 5427R 5409000010 Eppendorf, Germany
Microbiolgy Safety Cabinet Class 11 ThermoFisher, USA
MCO-18AIC CO2 Incubator SA-MCO18 Sanyo, Japan
MCO-19AIC CO2 Incubator SA-MCO19 Sanyo, Japan
GFL 1083 water bath 1083 GFL GmbH, Germany
Biorevo BZ-9000 Fluorescence
Microscope Keyence, Japan
T100 Thermal Cycler 1861096 Bio-Rad, USA
Biometra TRIO Thermal Cycler Biometra
BDTM LSR 11 BD, USA
BD LSRFortessaTM BD, USA
BD FACSAriaTM Fusion BD, USA
Integra Biosciences,
Pipetboy Acu 2 155000 Germany
Eppendorf Research® plus (diff. sizes) e.g. 3123000012 Eppendorf, Germany
Vortex-Genie 2 SI-0236 Scientific Industries, USA
Eppendorf ThermoMixer® Comfort 5382000015 Eppendorf, Germany
NanoDropTM 2000 ND-2000 ThermoFisher, USA
Tecan Infinite microplate reader Tecan, Switzerland
ViiATM 7 Real-Time PCR System Applied Biosystems, USA
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Table 7. Antibodies and Cytokines

Article Type| Catalogue Number Company
CD103 Antibody 350218 Biolegend, USA
CDh117 Antibody 313206 Biolegend, USA
CD11c Antibody 301641 Biolegend, USA
CD123 Antibody 306010 Biolegend, USA
CD127 Antibody 351326 Biolegend, USA
CD127 Antibody 351322 Biolegend, USA
CD14 Antibody 301838 Biolegend, USA
CD14 Antibody 301804 Biolegend, USA
CD16 Antibody 302018 Biolegend, USA
CD16 Antibody 302039 Biolegend, USA
CD160 Antibody 341210 Biolegend, USA
CD161 Antibody 339916 Biolegend, USA
CD161 Antibody 339904 Biolegend, USA
CD183 Antibody 353732 Biolegend, USA
CD19 Antibody 302252 Biolegend, USA
CD194 Antibody 359410 Biolegend, USA
CD196 Antibody 353406 Biolegend, USA
CD197 Antibody 353218 Biolegend, USA
CD199 Antibody 358911 Biolegend, USA
CD1c Antibody 331520 Biolegend, USA
CD20 Antibody 302322 Biolegend, USA
CD20 Antibody 302330 Biolegend, USA
CD20 Antibody 302303 Biolegend, USA
CD223 Antibody 369304 Biolegend, USA
CD24 Antibody 311116 Biolegend, USA
CD25 Antibody 302630 Biolegend, USA
CD268 Antibody 316914 Biolegend, USA
CD27 Antibody 302816 Biolegend, USA
CD272 Antibody 344511 Biolegend, USA
CD279 Antibody 329924 Biolegend, USA
CD28 Antibody 302926 Biolegend, USA
CD294 Antibody 350125 Biolegend, USA
CD3 Antibody 317324 Biolegend, USA
CD3 Antibody 317336 Biolegend, USA
CD38 Antibody 303512 Biolegend, USA
CD39 Antibody 328212 Biolegend, USA
CD4 Antibody 317426 Biolegend, USA
CD4 Antibody 300548 Biolegend, USA
CD43 Antibody 343208 Biolegend, USA
CD44 Antibody 338808 Biolegend, USA
CD45 Antibody 304036 Biolegend, USA
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CD45 Antibody 304048 Biolegend, USA
CD45RA Antibody 304138 Biolegend, USA
CD49a Antibody 328312 Biolegend, USA
CD49b Antibody 359306 Biolegend, USA
CD49d Antibody 304303 Biolegend, USA
CD56 Antibody 318328 Biolegend, USA
CD57 Antibody 359619 Biolegend, USA
CD62L Antibody 304843 Biolegend, USA
CD69 Antibody 310914 Biolegend, USA
CD69 Antibody 310926 Biolegend, USA
CD73 Antibody 344004 Biolegend, USA
CD8 Antibody 301028 Biolegend, USA
CD8 Antibody 301048 Biolegend, USA
CD8 Antibody 300930 Biolegend, USA
Foxp3 Antibody 320214 Biolegend, USA
Granzyme B Antibody 515403 Biolegend, USA
HLA-DR Antibody 307642 Biolegend, USA
HLA-DR Antibody 307604 Biolegend, USA
IFNy Antibody 502530 Biolegend, USA
IgD Antibody 348203 Biolegend, USA
TCR Va24-J18 Antibody 342921 Biolegend, USA
TNFa Antibody 502938 Biolegend, USA
TCRy$ Antibody 655410 BD, USA
B7-integrin Antibody 121010 Biolegend, USA
IL-17A Antibody 512328 Biolegend, USA
IL-10 Antibody 501404 Biolegend, USA
IL-8 Antibody 511411 Biolegend, USA
IL-6 Antibody 501112 Biolegend, USA
IL-4 Antibody 500824 Biolegend, USA
IL-1 Antibody 511710 Biolegend, USA
IL-12/IL-23 p40 Antibody 501822 Biolegend, USA
Va7.2 Antibody 351708 Biolegend, USA
CD25 Antibody 302643 Biolegend, USA
CD127 Antibody 351352 Biolegend, USA
CD194 Antibody 359423 Biolegend, USA
CD183 Antibody 353745 Biolegend, USA
CD279 Antibody 329955 Biolegend, USA
CD223 Antibody 369333 Biolegend, USA
CD152 Antibody 369619 Biolegend, USA
TIGIT Antibody 372725 Biolegend, USA
CD4 Antibody 344649 Biolegend, USA
CD8 Antibody 344751 Biolegend, USA
HLA-DR Antibody 307659 Biolegend, USA
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TCR gd Antibody 331229 Biolegend, USA
CD56 Antibody 362557 Biolegend, USA
CD314 Antibody 320835 Biolegend, USA
CD45RA Antibody 304157 Biolegend, USA
CD197 Antibody 353247 Biolegend, USA
CD49b Antibody 359311 Biolegend, USA
CD3 unstained antibody 317302 Biolegend, USA
CD28 unstained antibody 302902 Biolegend, USA
. . Novartis Pharma,
Proleukin, IL-2 cytokine Switzerland
cvtokine Miltenyi Biotec,
IL-1B y 130-093-898 Germany
TNFa cytokine 300-01A PeproTech, USA
[FNy cytokine 300-02 PeproTech, USA
C0034 CD3 TotalSeq™ C Antibody 300479 Biolegend, USA
C0072 CD4 TotalSeq™ C Antibody 300567 Biolegend, USA
C0046 CD8 TotalSeq™ C Antibody 344753 Biolegend, USA
C0085 CD25 TotalSeq™ C Antibody 302649 Biolegend, USA
C0148 CD197 )
(CCR7) TotalSeq™ C Antibody 353251)  Biolegend, USA
C0390 CD127 (IL- .
7Ra) TotalSeq™ C Antibody 351356 Biolegend, USA
C0063 CD45RA | TotalSeq™ C Antibody 304163 Biolegend, USA
C0147 CD62L TotalSeq™ C Antibody 304851 Biolegend, USA
C0071 CD194 )
(CCR4) TotalSeq™ C Antibody 359425 Biolegend, USA
C0140 CD183 .
(CXCR3) TotalSeq™ C Antibody 353747 Biolegend, USA
C0143 CD196 .
(CCR6) TotalSeq™ C Antibody e T s
C0168 CD57 .
Recombinant TotalSeq™ C Antibody 393321 Biolegend, USA
C0170 CD272 .
(BTLA) TotalSeq™ C Antibody 344527 Biolegend, USA
€0088 CD279 .
(PD-1) TotalSeq™ C Antibody 329963 Biolegend, USA
C0149 CD161 TotalSeq™ C Antibody 339947 Biolegend, USA
C0386 CD28 TotalSeq™ C Antibody 302963 Biolegend, USA
C0581 TCR Va7.2 | TotalSeq™ C Antibody 351735 Biolegend, USA
C0584 TCR Va24- .
Jal8 TotalSeq™ C Antibody 342925 Biolegend, USA
CO0139 TCRYy/6 TotalSeq™ C Antibody 331231 Biolegend, USA
C0032 CD154 TotalSeq™ C Antibody 310849 Biolegend, USA
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Table 8. Reagents

Article Cataloge Number Manufacturers
RPMI 1640 11875085 | ThermoFisher, USA
X-Vivo™ 15 881024 Biozym, Germany
Biocoll L6113 | Biochrom, Germany
OptiPrep™ OptiPrepTM | Sigma-Aldrich, USA
RBC Lysis/Fixation Solution (10X) 422401 Biolegend, USA
Monensin Solution (1000X) 420701 Biolegend, USA
Brefeldin A Solution (1000X) 00-4506-51 eBioscience, USA
Pacific Orange NHS-Ester P30253| ThermoFisher, USA
Fixable Viability Dye eFluor™ 506 65-0866-14 eBioscience, USA
Alexa Fluor™ 750 NHS-Ester A20011| ThermoFisher, USA
PAA Laboratories,
Fetal calf serum (FCS) A15-101 USA
Penicillin-Streptomycin (10°000
U/ml) 15140122 | ThermoFisher, USA
DMSO D4540| Sigma-Aldrich, USA
ABTS™ Sigma-Aldrich, USA
-Mercaptoethanol Sigma-Aldrich, USA
Cholera Toxin Sigma-Aldrich, USA
Collagen R solution SERVA
Collagenase NB 4G Proved Grade Nordmark, Germany
EGF recombinant human PeproTech, USA
Epinephrine Sigma-Aldrich, USA
Ethanol, absolute Th. Geyer, Germany
Ham’s F-12 Nutrient Mix ThermoFisher, USA
HGF recombinant human PeproTech, USA
Hydrocortisone Sigma-Aldrich, USA
Hydrogen peroxide (30 %) Merck, Germany
Insulin solution human Sigma-Aldrich, USA
Insulin-Transferrin-Selenium  (ITS)
(100X) ThermoFisher, USA
lonomycin calcium salt Sigma-Aldrich, USA
L-Glutamine (200 mM) ThermoFisher, USA
Adenine Sigma-Aldrich, USA
Methanol J.T.Baker, Germany
OneComp eBeads™ Compensation
Beads ThermoFisher, USA
Paraformaldehyde solution (4 % in
PBS) Morphisto, Germany
TagMan™ Fast Advanced Master Mix ThermoFisher, USA
Triton R X 100 Carl Roth, Germany
Trypan blue solution (0.4 %) ThermoFisher, USA
TrypLE Express Enzym (1X) 12604013 | ThermoFisher, USA
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Tween R 20 J.T.Baker, Germany
Water 0082423E B. Braun
DPBS 14190144 | ThermoFisher, USA
Charcoal, Dextran Coated C6241-5G| Sigma-Aldrich, USA
Table 9. Buffer and Medium
Buffer & Medium Ingredients Concentrations/Amounts
PBS NaCl 137 mM
KCI 2.7 mM
Na2HPO4 6.5 mM
KH2P04 1.5 mM
FACS-Buffer EDTA 2 mM
FCS 2%
NaN3 0.01 %
in PBS
MACS-Buffer EDTA 2 mM
BSA 1%
in PBS
Saponin Buffer Saponin 0.3%
BSA 0.1%
in PBS
PMA-solution in DMSO 1 mg/m
lonomycin-solution in DMSO 1 mg/ml
LPS-solution in PBS 5 mg/ml
H69-medium DMEM / HAM F12 67,5ml / 22,5ml
100ml DCC-FCS 10 ml
Hydrocortisone 100 pl
Triiodothyronine 1 ml
EGF 10 ul
Adenine 1ml
Epinephrine 40 pul
Insulin-Transferrin
100x 750 pl
L-Glutamine 16,25 ul
Pen/Strep 0,375 ml
Primar
Cholan?;,iocyte DEEMpA N 43 ml /43 ml
Medium DCC-FCS 10 ml
100ml HGF 10 ul
Cholera Toxin 1 ml
Hydrocortisone 1 ml
Triiodothyronine 1 ml
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EGF 10 pl
Insulin 0,25 ml
Pen/Strep 1 ml
AmphoB 50 pl
Lymphocyte
Medium RPMI
DCC-FCS 5-10%
Pen/Strep 1%
Table 10. TagMan Assays
Article Cataloge Number Company
AR 00171172 m1| ThermoFisher, USA
Ar 00442688 _m1| ThermoFisher, USA
CCL 2 00234140_m1| ThermoFisher, USA
CCL 20 00355476_m1| ThermoFisher, USA
CCR7 01013469 m1| ThermoFisher, USA
CYP19A 1 00903411_m1| ThermoFisher, USA
ESR 1 00174860_m1| ThermoFisher, USA
ESR 2 01100353_m1| ThermoFisher, USA
Esrl 00433149_m1| ThermoFisher, USA
Esr2 00599821_m1| ThermoFisher, USA
GIMAP7 04990082_s1| ThermoFisher, USA
GPER 1 01922715_s1| ThermoFisher, USA
Gperl 02620446 _s1| ThermoFisher, USA
Gprc 6a 00467618_m1| ThermoFisher, USA
GPRC6A 01026851 m1| ThermoFisher, USA
Hprt 03024075_m1| ThermoFisher, USA
HPRT 1 02800695_m1| ThermoFisher, USA
IFNG 00989291 _m1| ThermoFisher, USA
IL10 00961622 m1| ThermoFisher, USA
IL13 00174379_m1| ThermoFisher, USA
IL17A 00174383 m1| ThermoFisher, USA
IL1B 1555410_m1| ThermoFisher, USA
IL4 00174122 m1| ThermoFisher, USA
IL6 00174131_m1| ThermoFisher, USA
IL8 00174103 _m1| ThermoFisher, USA
JUNB 00357891 _s1| ThermoFisher, USA
KRT 19 00761767_s1| ThermoFisher, USA
KRT 7 00559840 _m1| ThermoFisher, USA
RORC 01076122 m1| ThermoFisher, USA
SLC 39A9 04276955_m1| ThermoFisher, USA
Slc39a9 00470907_m1| ThermoFisher, USA
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SRD 5A1 00971645_g1| ThermoFisher, USA
SRD 5A2 00936406_m1| ThermoFisher, USA
SRD 5a3 00430680_g1| ThermoFisher, USA
TBX 21 00203436_m1| ThermoFisher, USA
TNF 01113624 g1| ThermoFisher, USA

Table 11. Kits
Article Cataloge Number Company
CellTrace™ Violet Cell Proliferation Kit C34557 ThermoFisher, USA
Pan T Cell Isolation Kit, human 130-096-535 Miltenyi Biotec, Germany
Pan Monocyte Isolation Kit, human 130-096-537 Miltenyi Biotec, Germany
Pan-DC Enrichment Kit, human 130-100-777 Miltenyi Biotec, Germany
CD4 MicroBeads, human 130-045-101 Miltenyi Biotec, Germany
CD8 MicroBeads, human 130-045-201 Miltenyi Biotec, Germany
Chromium Next GEM Single Cell 5' Library
and Gel Bead Kit v1.1 1000165 10x Genomics, USA
Chromium Next GEM Chip G Single Cell Kit 1000223 10x Genomics, USA
High-Capacity cDNA Reverse Transcription
Kit 4368814 ThermoFisher, USA
NucleoSpin R RNA REF 740210.20| MACHEREY-NAGEL, Germany
PAXgene Blood RNA Kit 762174 Qiagen, Netherlands
Human TNF-a Standard ABTS ELISA 900-K25 PeproTech, USA
Human IFN-y Standard ABTS ELISA 900-K27 PeproTech, USA
ELISA MAX™ Deluxe Set Human CCL20 441404 Biolegend, USA
Human MCP-1 (CCL2) Standard ABTS ELISA 900-K31 PeproTech, USA
Human IL-6 Standard TMB ELISA 900-T16 PeproTech, USA
Human IL-8(CXCL8) ABTS ELISA 900-K18 PeproTech, USA
Human Testosterone ELISA Kit CSB E05099h Cusabio, USA

Mouse/Rat Testosterone, Total ELISA

SKU: TE187S-100

Calbiotech, USA
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Table 12. Software

Article Company|
Flow]JoTM v10 BD, USA
BD FACSDivaTM v8 BD, USA|
Office 2016 Microsoft Corporation, USA|
R (Version 4.0.2) The R Foundation

Rstudio (Version 1.1.463)

Rstudio PBC

R packages: readx], tidyverse, ggplot2, xlsx, flowCore, flowVs,
dplyr, flowStats, seurat, pheatmap, spade, SPADEVizR

GraphPad Prism v9 GraphPad Software, USA
LEGENDplexTM Software Biolegend, USA
Endnote X9 Alfasoft GmbH
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