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Summary

Summary

Interactions between immune and environmental-metabolic responses were recently shown
to be critically involved in the development of obesity which is accompanied by chronic, low-
grade inflammation and insulin resistance. An obesogenic environment might affect the
abundance, functionality and cell specific metabolism of various immune cell populations
both in the lymphoid tissues and in particular at the site of inflammation, the adipose tissue.
Pro-inflammatory CD4*CXCR5*(PD1"Bcl6") effector T follicular helper (TFH) cells and
suppressive, anti-inflammatory regulatory Foxp3*T cells (Tregs) are critical mediators of
immune activation versus immune regulation. The latter are especially important for immune
tolerance in the adipose tissue by dampening tissue inflammation and maintaining tissue
homeostasis in obesity. The hormone insulin is crucial for the body’s metabolic control and
insulin resistance in the peripheral insulin-responsive tissues is a major hallmark of obesity.
However, the specific involvement of TFH cells and Tregs in obesity as well as the metabolic
signaling cues that link the metabolic and the immune system such as insulin signaling are
not yet fully understood.

This thesis provides first evidence, that CD4*CXCR5*PD1" precursor TFH cells are enriched
in both the lymphoid tissue and inflamed visceral white adipose tissue (VAT) of mice
exposed to a long-term or a sustained high-fat, high-sugar (HFHS) diet. Higher (precursor)
TFH cell frequencies were also observed in genetically obese ob/ob mice. Here, levels of
mature CD4*CXCR5*PD1"Bcl6"TFH cells in mesenteric lymph nodes (mesLNs) were
significantly increased. Significantly higher levels of /l27 and a trend towards higher
expression of ICOS and Bcl6 represent characteristics of fully differentiated TFH cells and
were both present in CD4*CXCR5* precursor TFH cells isolated from mesLNs of lean and
obese mice. MicroRNA92a that was previously shown to be positively correlated with TFH
cell levels in the autoimmune setting could not be confirmed as similarly important for linking
obesity-associated chronic, low-grade inflammation with increased (precursor) TFH cell
levels. A limited number of human peripheral blood samples and VAT biopsies were
available to obtain insights into a possible relevance of TFH cells for human obesity. The
abundance of precursor Th1-like, Th2-like and Th17-like TFH cells in human peripheral blood
was influenced by the presence of obesity and insulin resistance. Furthermore, early TFH
cell markers Ascl2 and /I21 showed a trend towards a higher abundance in total VAT of
obese, insulin-resistant individuals potentially reflecting a favorable environment for

precursor TFH cells.
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Summary

The expression of the insulin receptor (InsR) on activated CD4*T cells and the importance of
the PI3K-Akt-mTOR pathway for both insulin-mediated metabolic responses and stable,
functional Foxp3+*Treg induction offer means of integrating environmental-metabolic signaling
cues with Treg induction and function. In this thesis, insulin was shown to impair in vitro
Foxp3*Treg induction from naive CD4*T cells isolated from lymph nodes (LNs) or VAT of
both lean and diet-induced obese (DIO) mice. Similarly, insulin interfered with Treg induction
using naive CD4*T cells from mesLNs of genetically obese ob/ob mice. Therefore, these
results demonstrate that both DIO and ob/ob mice remain insulin-sensitive on the T cell level
despite their insulin resistance in metabolic tissues such as liver, adipose tissue and muscle.
In line with the insulin-mediated impairment in Treg induction, T cell specific InsR deficiency
significantly increased Treg induction capacity using naive T cells from mesLNs and VAT.
This effect was maintained in DIO. From a mechanistic point of view, the results shown here
provide evidence that insulin increases cellular glucose uptake which might lead to an
increased glycolytic activity that results in the observed higher T cell proliferation and
consequently negative effects on Treg induction. In contrast, T cell specific InsR deficiency
diminished cellular glucose uptake, thereby potentially limiting glycolytic activity and T cell
proliferation whilst promoting Treg induction.

In summary, the results of this thesis will help to better understand links between the
metabolic and the immune system in order to more specifically target TFH cells and Tregs in
future therapeutic strategies for the treatment of metabolic diseases including obesity and
diabetes.
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Zusammenfassung

Zusammenfassung

Kirzlich  wurde gezeigt, dass Wechselwirkungen zwischen immunologischen-,
metabolischen- und Umweltfaktoren eine entscheidende Rolle bei der Entstehung von
Adipositas spielen, welche von chronischen, schwachen Entziindungsprozessen und
Insulinresistenz begleitet wird. Eine obesogene Umgebung kann die Anzahl, Funktionalitat
und den zellspezifischen Metabolismus verschiedener Immunzellpopulationen im
lymphatischen Gewebe, sowie insbesondere im Fettgewebe, welches als Entziindungsherd
der Adipositas zahlt, beeinflussen. Pro-inflammatorische CD4+*CXCR5*(PD1"Bcl6")
follikulare Effektor-T-Helferzellen (TFH-Zellen) und suppressive, entzindungshemmende
regulatorische Foxp3*T-Zellen (Tregs) sind entscheidende Mediatoren der Immunaktivierung
versus Immunregulation. Letztere sind besonders wichtig flr die Immuntoleranz im
Fettgewebe, da sie bei Adipositas die Entziindung des Gewebes dampfen und somit dessen
Homoostase aufrechterhalten. Das Hormon Insulin ist von entscheidender Bedeutung fur die
Stoffwechselkontrolle des Kérpers und Insulinresistenz in den peripheren, insulin-sensitiven
Geweben ist ein Hauptmerkmal der Adipositas. Jedoch ist der spezifische Beitrag von TFH-
Zellen und Tregs, sowie von metabolischen Signalwegen (z.B. Insulin-Signalweg), welche
den Metabolismus und das Immunsystem verbinden, zur Adipositas noch nicht vollstédndig
entschllsselt.

Die vorliegende Arbeit liefert erste Indizien dafir, dass die Anzahl von
CD4*CXCR5*PD1"TFH Vorlaufer-Zellen sowohl in den Lymphknoten als auch im
entzindeten viszeralen weiBen Fettgewebe von diatinduzierten adipdsen Mausen, erhdht ist.
Eine erhdhte Anzahl an Vorlaufer-TFH-Zellen wurde auch in genetisch adipésen ob/ob-
Méausen beobachtet. Hier war die Frequenz von ausgereiften CD4*CXCR5*PD1"Bcl6"TFH-
Zellen in den mesenterialen Lymphknoten signifikant erhéht. Eine signifikant erhdhte
Genexpression von [[21 und ein Trend zur hdheren Expression von ICOS und Bcl6é
reprasentieren Charakteristika vollstandig differenzierter TFH-Zellen und waren in
CD4*CXCR5*TFH-Zellen aus mesenterialen Lymphknoten von normalgewichtigen und
diatinduzierten adipésen Mausen vorzufinden. Frihere Forschungsergebnisse im Bereich
der Autoimmunitédt zeigten eine positive Korrelation zwischen der Expression von
microRNA92a und der Anzahl an TFH-Zellen. MicroRNA92a konnte nicht als wichtige
Verknipfung zwischen Adipositas und der Anzahl an (Vorlaufer-)TFH-Zellen bestétigt
werden. Eine begrenzte Anzahl an humanen, peripheren Blutproben und viszeralen
Fettgewebsbiopsien war verfugbar, um eine mégliche Relevanz von (Vorlaufer-)TFH-Zellen
fir die Adipositas beim Menschen zu erforschen. Es konnte gezeigt werden, dass Adipositas
und Insulinresistenz einen Einfluss auf die Anzahl von Th1-, Th2- und Th17-ahnlichen
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Zusammenfassung

(Vorlaufer-)TFH-Zellen im menschlichen peripheren Blut haben. Darlber hinaus waren die
frihen TFH-Zellmarker Ascl2 und /I21 im viszeralen Fettgewebe von adipdsen, insulin-
resistenten Individuen erhdht. Dies spiegelt das adipdse, viszerale Fettgewebe als glinstiges
Umfeld fur (Vorlaufer-)TFH- Zellen wider.

Die Expression des Insulinrezeptors auf aktivierten CD4*T-Zellen und die Bedeutung des
PI3K-Akt-mTOR-Signalwegs fur sowohl Insulin-vermittelte metabolische Reaktionen als auch
eine stabile, funktionelle Induktion von Foxp3*Tregs, ergeben eine gute Mdglichkeit den
Einfluss von metabolischen Faktoren auf die Induktion und Funktion von Tregs zu
erforschen. In dieser Arbeit wurde gezeigt, dass Insulin die in vitro Induktion von
Foxp3*Tregs aus naiven CD4*T-Zellen der Lymphknoten oder des viszeralen Fettgewebes
von normalgewichtigen und diatinduzierten adipésen M&ausen beeintrachtigt. In &hnlicher
Weise verringerte Insulin die Treg-Induktion unter Verwendung naiver CD4*T-Zellen aus den
mesenterialen Lymphknoten von genetisch adipésen ob/ob-Mausen. Diese Ergebnisse
zeigen, dass diatinduzierte adipdse und ob/ob-Mause trotz ihrer Insulinresistenz in den
metabolisch aktiven Geweben wie Leber, Fettgewebe und Muskel, ihre Insulinsensitivitat auf
T-Zell-Ebene beibehalten. Im Einklang mit der insulinvermittelten Beeintrachtigung der Treg-
Induktion fUhrte ein T-Zell-spezifischer Insulinrezeptor-Knockout zu einer erhéhten Induktion
von Tregs unter Verwendung von naiven T-Zellen aus mesenterialen Lymphknoten und
viszeralem Fettgewebe. Dieser Effekt wurde in der didtinduzierten Adipositas
aufrechterhalten. Aus mechanistischer Sicht belegen die hier gezeigten Ergebnisse, dass
Insulin die zellulare Glukoseaufnahme in T-Zellen erhéht, was zu einer gesteigerten
glykolytischen Aktivitat fihren kann, welche die Proliferation von T-Zellen bedingt und die
Induktion von Tregs negativ beeinflusst. Im Gegensatz dazu verringerte ein T-Zell-
spezifischer  Insulinrezeptor-Knockout die  zellulare  Glukoseaufnahme,  wodurch
mdglicherweise die glykolytische Aktivitdt und die Proliferation von T-Zellen vermindert
werden, wahrend die Treg-Induktion geférdert wird.

Zusammenfassend kénnen die Ergebnisse der vorliegenden Arbeit dazu beitragen, die
Zusammenhange zwischen dem Immunsystem und dem Stoffwechsel besser zu verstehen,
um in therapeutischen Strategien zur Behandlung von Stoffwechselkrankheiten und
insbesondere von Adipositas und Diabetes gezielt auf TFH-Zellen und Tregs einzugehen.
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1. Introduction

1. Introduction: Obesity- an immune-metabolic disease

1.1. Characteristics of obesity and the metabolic part of the disease

1.1.1. The prevalence and incidence of obesity

The prevalence of overweight and obesity is rising dramatically worldwide. In 2016, about
15 % of all women and 11 % of all men of the world’s adult population were obese. This
accounts for 13 % of the world’s total population and reflects nearly a triplication of the
disease in the last 40 years. (WHO, 2017) Although obesity is less prevalent among children
(<20 years of age; 5% prevalence), there is a more prominent increase in childhood
compared to adult obesity as recently published and analyzed over 25 years in the “Global
Burden of Disease Study” with a cohort of 68.5 million individuals in 195 countries
(Collaborators et al., 2017). Overweight and obesity are characterized by a high body mass
index (BMI), calculated as weight in kilograms divided by the square of the body height in
meters, and are associated with an elevated risk of developing type 2 diabetes (T2D) and
cardiovascular diseases. Globally around four million people died due to an elevated BMI
(BMI: 25-<30kg/m? overweigt; BMI: =230 kg/m? obesity) and obesity-associated
comorbidities in the last 40 years. (Collaborators et al., 2017) According to the definition of
the International Diabetes Federation (IDF), the occurrence of central obesity together with
two of the following conditions: elevated serum triglycerides, reduced high-density lipoprotein
levels, raised blood pressure and elevated fasting plasma glucose levels, is defined as
metabolic syndrome (IDF, 2006).

1.1.2. The pathophysiology of obesity and its characteristics

Obesity is a result of our modern, sedentary life style with decreased levels of physical
activity and associated low energy expenditure in combination with increased intake of an
always available, calorically dense, highly processed, inexpensive palatable and cheap diet
(Chin et al., 2016; van der Klaauw & Farooqi, 2015). Besides these environmental factors,
gene variants were identified as causal for obesity (van der Klaauw & Farooqi, 2015). ~20
single gene disruptions cause an extremely severe, autosomal form of obesity mainly by
affecting the leptin-melanocortin pathway in the central nervous system (CNS) which is a
critical regulator of whole-body energy homeostasis. Monogenetic obesity is caused by
polymorphisms in genes that encode e.g. leptin, leptin receptor, melanocortin-4 receptor
(MC4R) or pro-opiomelanocortin (POMC), resulting in increased appetite and diminished
satiety. (O'Rahilly, 2009) Additionally, genome wide association studies (GWAS) identified

>80 genetic loci with single-nucleotide polymorphisms (SNPs) associated with the
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1. Introduction

susceptibility to obesity, including the FTO (fat mass and obesity-associated) locus (Frayling
et al., 2007).

Obesity is a complex metabolic disease that affects multiple organs including adipose tissue
(AT), liver, muscle, brain and pancreas simultaneously. Molecular, physiological and
behavioral pathways play a critical role in obesity development, progression and persistence.
The complexity of obesity complicates understanding its pathophysiology and exacerbates
adequate treatment of the disease and its secondary complications. In addition, there is
growing evidence for a cross physiological communication of the metabolic system with the
immune system in the disease development. Inflammation of the visceral white adipose
tissue (VAT) was identified as a key event in the pathogenesis of obesity and pathological
and inflammatory changes in VAT were shown to ultimately affect the whole-body providing
the basis for obesity-associated comorbidities (compare chapter 1.3.2). (Kanneganti & Dixit,
2012; Redinger, 2007)

Insulin resistance in the peripheral metabolic active tissues (liver, AT, muscle) is one major
characteristic of obesity and is discussed in detail in chapter 1.3.3. Besides insulin
resistance obese individuals suffer from hyperglycemia resulting from decreased utilization
of insulin-stimulated muscle glucose and associated increased compensating hepatic
gluconeogenesis. Hyperglycemia was identified both as source and consequence of insulin
resistance. (Hatting et al., 2018) The pancreatic B-cell mass expands in obesity to prevent
hyperglycemia by providing sufficient amounts of insulin. Increased insulin production in
combination with insulin resistance results in systemic hyperinsulinemia. However, the
causal role of insulin hypersecretion in obesity development remains controversial.
Hyperinsulinemia was shown to affect lipid-and glucose metabolism and might trigger the
progression of chronic AT inflammation, thereby strengthening disease progression.
(Templeman et al., 2017) Furthermore, dyslipidemia (increased fasting plasma triglycerides)
(Klop et al., 2013), lipotoxicity (enhanced lipolysis and release of free fatty acids (FFA)
creating oxidative stress) (Yazici & Sezer, 2017) and hypertension (Jiang et al., 2016) are
attributes of obesity. Persistent obesity is associated with systemic inflammation, the
manifestation of the metabolic syndrome and progression to cardiovascular diseases and
T2D. Additionally, obesity increases the risk for cancer and premature death. (Redinger,
2007; Templeman et al., 2017)
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1.1.3. Animal models of obesity

Clinical investigation of obesity is limited to the analysis of body composition, peripheral
blood samples, tissue biopsies and other non-or minimal invasive metabolic assessments
(Collet, 2000). Model organisms are thus indispensable to overcome these limitations and to
get more detailed information about the disease pathology. Several mouse models are
currently available and are beneficial for reproducible pre-clinical investigation of both the
immune system and the metabolism in genetic or diet-induced obesity (DIO) and insulin
resistance. (Kleinert et al., 2018)

The leptin-null Lep® mouse, commonly referred as ob/ob mouse, was discovered by change
in a colony at the Jackson Laboratory by Snell and colleges in 1949 and the mutated gene
was designated by the symbol ob (obese) (Ingalls et al., 1996). In 1994, Zhang and colleges
(Zhang et al., 1994) identified the hormone leptin as a product of the obese (ob) gene by
positional cloning of this gene. They showed that the ob gene, then called Lep (Leptin),
encodes a 4.5-kilobase AT messenger RNA with a highly conserved 167-amino-acid open
reading frame. The Lep gene is encoded on Chromosome 6 in mice and a spontaneous,
autosomal recessive, non-sense C to T mutation in codon 105 of this gene inhibits
expression of the 16 kDa leptin protein. This mutation prevents the secretion of bioactive
leptin by white adipocytes and impairs its impact on central circuits controlling food intake
and glucose metabolism. (Zhang et al., 1994) The ob/ob mouse is a well-established and for
decades intensively studied pre-clinical monogenetic mouse model of metabolic diseases. It
is especially valuable to investigate monogenetic forms of obesity. (Kleinert et al., 2018)
Traditionally, ob/ob mice are maintained on C57BL/6J background (Loten et al., 1974).
Ob/ob mice are characterized by an early-onset of obesity caused by hyperphagia and
decreased energy expenditure due to reduced non-shivering thermogenesis of the brown
adipose tissue (BAT). Thereby ob/ob mice can reach three times the normal weight of their
wildtype (WT) controls. Additionally, ob/ob mice are characterized by mild hyperglycemia,
hyperinsulinemia caused by compensatory hypertrophy and hyperplasia of the B-cells to
control high glucose levels, insulin resistance, hypothyroidism and increased circulating
corticosterone levels. (Coleman, 1978; Garris & Garris, 2004; Himms-Hagen & Desautels,
1978)

Besides monogenetic mouse models, mice with targeted cell type specific gene modifications
are an additional way to study metabolic pathways with regard to obesity pathology. On the
contrary to global knockouts, Cre-lox recombination applies gene deletions, insertions,
inversions and translocations at defined sites in the DNA of cells to enable targeted
activation, repression or exchange of specific genes. The Cre-lox recombination technology
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was developed by Sauer and Henderson in 1988 (Sauer & Henderson, 1988). Since then
this simple and powerful method is widely used, among others to delete metabolism relevant
genes in T cells in vivo. The Cre-lox recombination technology enables e.g. the crossing of
mice in which the Cre-recombinase is expressed under the control of CD4
enhancer/promotor/silencer (CD4-Cre) with mice having the insulin receptor (InsR) gene
flanked by loxP sites (InsRLox), resulting in mice with a T cell specific loss of the InsR,
named InsR TKO mice. In this specific case, the InsR is knocked out in both CD4* and
CD8*T cells, since CD4-Cre conditionally deletes genes in the double positive stage
(CD4+CD8*T cells) of T cell development and in mature, single positive CD4*T cells, as
described by Lee et al. (Lee et al., 2001).

In addition to genetic modifications of mice, the pathogenesis of human obesity can be
resembled by DIO. DIO largely reflects the pathogenesis of human obesity with respect to its
slow progression in body weight (BW) gain and the development of insulin resistance. To
study the effect of obesity progression on the whole-body metabolism and on the immune
system, mice can be ad libitum exposed to a standardized calorie-dense diet which is highly
enriched in fats and sucrose (HFHS diet). The development of obesity and diabetes is then
monitored by e.g. BW assessments and glucose tolerance tests (GTTs). Inbred C57BL/6J
mouse strains are highly susceptible to DIO compared to other mouse strains and prone to
develop severe hyperphagia-induced obesity, impaired glucose tolerance and moderate
insulin resistance when put into an obesogenic environment. Thus, they are favored for
metabolic studies. (Kleinert et al., 2018; Surwit et al., 1988; West et al., 1992; Winzell &
Ahren, 2004) To reach optimal obesity progression, dietary intervention should start when
the mice are = 8 weeks of age (Nishikawa et al., 2007). The duration of DIO progressively
increases hyperinsulinemia, accompanied by a worsening of insulin resistance. Already one
week of a high-fat, high sugar (HFHS) diet slightly increases insulin levels and decreases
insulin sensitivity. After 16-20 weeks of HFHS diet obesity is normally manifested and
characterized by peripheral insulin resistance, hyperinsulinemia, adipocyte hyperplasia, fat
deposition in the mesentery, increased fat mass and hypertension. The degree of insulin
resistance depends on genetic factors e.g. sex and strain and environmental factors e.g.
housing. (Speakman et al., 2007; Winzell & Ahren, 2004) Male C57BL/6J mice show higher
susceptibility to DIO characterized by early onset of obesity and both more pronounced
insulin resistance and glucose intolerance compared to females (Hong et al., 2009;
Medrikova et al., 2012; Yang et al., 2014). They develop more VAT and less subcutaneous
(SAT) fat mass than females (Macotela et al., 2009). However, since the obesity pandemic
affects both male and females, research should be conducted in both sexes to ameliorate the

translational value (Kleinert et al., 2018).
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1.1.4. The body’‘s adipose tissue compartments

Given the importance of VAT inflammation for the pathogenesis of obesity, it is of great
interest to gain a closer look on the body’s AT compartments, mainly consisting of
adipocytes. These cells are classically divided into two subtypes that might originate from
different mesenchymal stem cell lineages, but share a subsequent peroxisome proliferator-
activated receptor gamma (PPARy) driven adipogenic differentiation program (Giralt &
Villarroya, 2013). Unilocular white adipocytes store excess calories in form of triglycerides in
order to provide energy during periods of starvation (Konige et al., 2014), representing their
function as key regulators of nutritional homeostasis and energy balance (Rutkowski et al.,
2015). On the contrary, multilocular brown adipocytes are densely packed with mitochondria
and are involved in thermogenesis by dissipating stored chemical energy in form of heat
through the activation of uncoupled respiration using uncoupling protein 1 (UCP1) (Giralt &
Villarroya, 2013). Cold exposure, chronic 33-adrenergic receptor activation or a short-term
high calorie diet were shown to trigger the appearance of inducible, beige adipocytes at
anatomical sites characteristic for white AT. Beige adipocytes show similar morphology,
function and overlapping, but distinct gene expression patterns compared to brown
adipocytes. (Rothwell & Stock, 1997; Wu et al., 2012)

The distribution of the different ATs is highly complex and depends on age, sex, genetics and
physiological status. In men and mice, white AT is dominantly located in visceral (intra-
abdominal) (VAT) and subcutaneous (beneath the skin) (SAT) localities. (Lidell et al., 2013;
Mann et al., 2014) Murine BAT accumulates in the interscapular and perirenal regions (Mann
et al., 2014), whilst human BAT can only be found deep in the supraclavicular and spinal
regions of adults and interscapularly in infants (Lidell et al., 2013).

VAT represents a loose connective tissue, consisting of an adipocyte and a stromal vascular
fraction (SVF). Adipocytes comprise about 90 % of the AT volume, whilst accounting for only
20-40 % of the AT'’s cellular mass. (Martyniak & Masternak, 2017; Rosen & Spiegelman,
2014) The cellular composition of VAT undergoes continuous dynamic remodeling in
response to physiological changes such as reduced energy expenditure and excess calories
that need to be stored. In obesity, this process assumes pathological dimensions associated
with alterations in AT function (compare chapter 1.3.2). (Choe et al.,, 2016; Wang et al.,
2013) Cells of the SVF surround adipocytes and include a variety of innate and adaptive
immune cells, pre-adipocytes, endothelial cells and fibroblasts (Kanneganti & Dixit, 2012).
More specifically, the immune cell population residing in the SVF comprises among others
macrophages (Weisberg et al., 2003; Xu et al., 2003), CD4* and CD8*T cells (Nishimura et
al., 2009; Zhao et al., 2018), B cells (Winer et al., 2011), neutrophils (Talukdar et al., 2012),
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eosinophils (Wu et al., 2011), group 2 innate lymphoid cells (ILC2s) (Brestoff et al., 2015;
Lee et al., 2015) and mast cells (Liu et al., 2009). Immune cells can be observed
histologically as “crown-like structures” surrounding predominantly death adipocytes in obese
VAT (Cinti et al., 2005; Coats et al., 2017; Feuerer et al., 2009), as milky spots (tiny white-
colored areas of lymphoid tissue) (Rangel-Moreno et al., 2009) or are dispersed through the
AT (Kolodin et al., 2015). Obesity is characterized by qualitative and quantitative changes in
immune cells of the AT, affecting its function. This suggests that VAT serves as an important
intersection linking immunity with metabolism. The specific characteristics and functions of
AT-residing CD4*T cells and their Treg subpopulation are highlighted in chapter 1.3.2.2
(Grant & Dixit, 2015).
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1.2. Relevant immunological players in obesity

1.2.1. Adaptive immune cells- differentiation and function

The immune system effectively protects the body against diseases by innate and adaptive
immune responses both contributing to immune homeostasis. Leukocytes are the cellular
components of the immune system. They derive from pluripotent hematopoietic stem cells in
the bone marrow and can differentiate into common lymphoid progenitors and subsequently
into T and B cells. Antigen-specific T and B cells are key components of the adaptive
immunity fulfilling different, distinct functions. B cells mature in the bone marrow and directly
migrate to the peripheral lymphoid organs, whereas precursor T cells migrate to the thymus
where Notch signaling instructs T cell linage commitment (CD4 versus (vs.) CD8 decision)
and where T cells undergo somatic T cell receptor (TCR) rearrangement. This results in an
incredible diversity and specificity in their TCR repertoires and enables highly specific
immune responses. (Moticka, 2016; Murphy & Weaver, 2016; Radtke et al., 2013; Zhu et al.,
2010)

TCRs that are compatible with self-peptide-major histocompatibility complex (MHC)
molecules are characteristic for self-reactive T cells. These cells are eliminated by the
immune system by mechanisms of central and peripheral tolerance which are present
throughout life. (Xing & Hogquist, 2012) Immune tolerance is indispensable for human
health, since it avoids reactions against the body’s own structures (autoimmunity), a
phenomenon that was already described in the early 20" century as “horror autotoxicus” by
Paul Ehrlich (Ehrlich, 1906). Central tolerance is induced during somatic TCR rearrangement
in the thymus, resulting in the elimination of self-reactive T cells by a process called negative
selection (Daley et al., 2017; Kappler et al., 1987; Kisielow et al., 1988). Autoreactive T cells
that escape negative selection enter peripheral lymphoid and non-lymphoid tissues and are
eliminated via peripheral, dominant tolerance which is mainly conducted by regulatory T cells
(Tregs) (compare chapter 1.2.2) (Sakaguchi et al., 1995; Thornton & Shevach, 1998).

T cells that have TCRs with low affinity for self-peptide-MHC complexes are positively
selected, enter the bloodstream, circulate through peripheral lymphoid tissues, return via the
lymphatics to the bloodstream and recirculate between blood and peripheral lymphoid
tissues (Murphy & Weaver, 2016; Xing & Hogquist, 2012). Here, antigen-specific, yet naive T
cells of the CD4 lineage (CD4*T cells) get rapidly activated upon interaction of their TCR with
cognate peptide-MHCII ligands presented by antigen-presenting cells (APCs). T cell
activation is followed by clonal expansion and differentiation into various different types of

effector T lymphocytes. (Smith-Garvin et al., 2009)
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The distinct cytokine milieu determines the T cell fate, resulting in T helper (Th) 1, Th2, Th17
and T follicular helper (TFH) cells and several other T helper cell subsets with distinct
effector functions and alternatively into suppressive Tregs (Murphy & Weaver, 2016; Zhu et
al., 2010). There is growing evidence, that T cells are highly flexible and plastic in their gene
expression and cell identity and that small variations in their gene expression profiles can
govern cell fate decisions made by these cells, contradicting the theory of stable lineages or
subsets (DuPage & Bluestone, 2016). Effector CD4*T cells are highly specialized and
combined by their common goal: clearance of the pathogen from the body. Th1 cells produce
interferon gamma (IFNy) and other cytokines that activate macrophages which enables them
to efficiently destroy intracellular microorganisms. Th2 cells trigger humoral immunity and are
involved in allergic responses. They produce interleukin () 4, 115, 119 and 113 and thereby
recruit and activate eosinophils, mast cells and basophils which promote barrier function at
mucosal surfaces. Th17 cells secrete cytokines of the [117 family which results in the
recruitment of neutrophils to the site of infection and is part of the early adaptive immune
response. (Murphy & Weaver, 2016; Zhu et al., 2010) Another crucial function of T cells is to
support B cells for antibody production. Especially TFH cells can provide signals to antigen-
stimulated B cells, thereby influencing their differentiation and antibody class switching
(compare chapter 1.2.3). (Crotty, 2014)

Upon activation by antigen-engagement, some of the T and B cells differentiate into memory
cells and thereby generate a long-lasting immunity. Memory T and B cells are characterized
by a fast and enhanced immune response following the second exposure to their specific
antigen. Summing up, a balance between effector T cells and Tregs is critical to ensure
immune competence while avoiding immune pathology and autoimmunity. (Murphy &
Weaver, 2016)

1.2.2. Mediators of immune tolerance: Regulatory T cells

Tregs are a subset of CD4*T cells with immunosuppressive functions and play a critical role
in maintaining immune homeostasis (Sharma & Rudra, 2018; Zhao et al., 2017). Tregs are
diverse in their origin and either develop in the thymus (Apostolou et al., 2002; Itoh et al.,
1999; Jordan et al., 2001) or are induced from naive CD4*T cells in the periphery (Apostolou
& von Boehmer, 2004; Chen et al., 2003; Kretschmer et al., 2005), however, there is so far
no specific marker to distinguish between these two Treg populations. Tregs are
characterized by high expression of the 112 receptor alpha-chain (CD25) (Sakaguchi et al.,
1995; Thornton & Shevach, 1998) and the expression of Forkhead box protein 3 (Foxp3)
(Fontenot et al., 2003; Fontenot et al., 2005; Hori et al., 2003; Khattri et al., 2003; Roncador
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et al.,, 2005). The latter is the lineage specifying factor and master transcription factor of
Tregs which is essential for their development and function (Fontenot et al., 2003; Fontenot
et al.,, 2005; Hori et al.,, 2003; Khattri et al., 2003; Roncador et al., 2005). Additionally,
Cytotoxic T-lymphocyte antigen 4 (CTLA4) and Glucocorticoid-induced TNFR-related protein
(GITR), are highly expressed in Tregs compared to conventional T cells (Tconv.) in a Foxp3-
independent manner (Gavin et al., 2007). In the human setting, CD25 is also expressed by
activated CD4*T cells and absence of the interleukin 7 receptor a-chain (CD127) is used as a
marker complementary to CD25 to more precisely identify human Tregs (Liu et al., 2006).
Tregs are long-lived and predominantly exhibit stable Foxp3 expression. However, there is
growing evidence for an unstable Treg phenotype under pro-inflammatory or pathogenic
conditions. Unstable Tregs are characterized by a loss of Foxp3 expression and conversion
of Tregs into ex-Tregs with acquisition of an effector T cell-like phenotype. (Dominguez-Villar
& Hafler, 2018; Sakaguchi et al., 2013)

In contrast, a stable Treg phenotype is associated with Treg specific hypomethylation of the
Foxp3 locus and especially with complete demethylation at the CpG-rich site of the
conserved noncoding sequence 2 (CNS2) which is part of the Foxp3 locus and also known
as Tregs-specifc demethylated region (TSDR) (Baron et al., 2007; Polansky et al., 2008;
Someya et al., 2017; Zheng et al., 2010). Thereby, the CNS2 region of the DNA is accessible
for binding of transcription factors e.g. the runt-related transcription factor 1 (RUNX1) - core-
binding factor subunit beta (CBFB) heterodimer which is indispensable for sustained high
and stable Foxp3 expression in Tregs and their suppressive function (Kitoh et al., 2009). On
the contrary, effector T cells have a completely methylated TSDR (Dominguez-Villar &
Hafler, 2018; Floess et al., 2007; Polansky et al., 2008).

Foxp3*Tregs are essential for maintaining peripheral immune tolerance, prevent autoimmune
diseases, such as type 1 diabetes (T1D), and are critical players in limiting chronic
inflammatory diseases. Congenital deficiency in Tregs causes fatal autoimmunity in so called
scurfy mice (Ramsdell & Ziegler, 2014) and Immundysregulation-Polyendokrinopathy-
Enteropathy-X-chromosomal (IPEX) syndrome in humans (Bacchetta et al., 2018). Tregs act
via basically four different modes of action to mediate suppression: Suppression by secretion
of immunosuppressive cytokines e.g. Transforming growth factor-B (TGFB) (Green et al.,
2003), 1110 and 1135 (Wei et al., 2017); Suppression of T cell responses and death of effector
T cells by cytolysis via secretion of granzyme B and perforin (Cao et al., 2007; Gondek et al.,
2005); Suppression by disruption of the metabolic environment of the effector T cells e.g. by
‘consuming’ all surrounding 112, a cytokine that is needed by effector T cells to survive and

trigger immune responses, by high expression of CD25 (Pandiyan et al., 2007; Thornton &
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Shevach, 1998) and suppression by modulation of the activity of APCs e.g. dendritic cells
(DCs) or macrophages which are required for the activation of effector T cells (Liu et al.,
2011; Misra et al., 2004; Tiemessen et al., 2007). Lymphoid Tregs, circulating Tregs and
Tregs that reside in non-lymphoid tissues exhibit a high functional and phenotypic
heterogeneity which is not discussed in detail here. Especially Foxp3+*Tregs in VAT bear a
distinct phenotype and functions beyond suppression. They were identified as critical
mediators in dampening obesity-associated tissue inflammation and maintaining tissue
homeostasis (compare chapter 1.3.2.2) (Becker et al., 2017; Panduro et al., 2016). These
functions recently brought them into the limelight.

1.2.2.1. In vivo and in vitro Treg induction

In vitro Foxp3*Treg induction is commonly performed by stimulating naive Foxp3-CD25
CD4+T cells via their TCR in the presence of TGFB3. Thereby induced Tregs lose their Foxp3
expression and their suppressive capacity upon re-stimulation in the absence of TGF3 and
more importantly show a methylated TSDR which indicates that they are not stable and do
not resemble in vivo generated Tregs. This reflects that differentiation of naive CD4*T cells
into functional Tregs can predominantly occur under conditions that simultaneously induce
epigenetic fixation of the Treg phenotype by TSDR demethylation. (Floess et al., 2007;
Polansky et al., 2008).

Efficient de novo Treg induction in the absence of TGFR in the peripheral immune system of
mice was demonstrated by several studies. This in vivo Treg induction was shown to be most
efficient using a strong agonistic ligand for the TCR, supplied under subimmunogenic
conditions, thereby avoiding general immune activation. Results of these studies additionally
highlight that a weak interaction of the agonistic ligand with the TCR cannot be compensated
by higher doses of the ligand. (Daniel et al., 2011; Daniel et al., 2010; Gottschalk et al., 2010;
Gottschalk et al., 2012; Kretschmer et al., 2005) The group of Matthias Merkenschlager
(Sauer et al., 2008) confirmed that Tregs can be in vitro induced in the absence of TGF[3 by
limiting the activity of the Phosphoinositid-3-kinase (PI3K) - Protein kinase B (Akt) -
Mammalian target of rapamycin (mTOR) pathway and/or by premature deprivation of the
TCR stimulus. The latter was recently confirmed by us (Serr et al., 2016a). On the contrary,
continuous TCR stimulation and constitutively active PI3SK-Akt-mTOR signaling antagonize
Foxp3*Treg induction. Additionally, PI3K-Akt-mTOR signaling was identified to control a
Treg-like transcriptional program, reflecting that this approach of in vitro Treg induction
shares features with the development of Tregs in vivo (Sauer et al., 2008).
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PI3K is activated by engagement of the TCR, CD28 co-stimulation, cytokine signaling etc.
resulting in phosphorylation and activation of Akt (Merkenschlager & von Boehmer, 2010).
However, Akt can also be activated independently by the costimulatory CD28 pathway
(Garcon et al.,, 2008). Akt phosphorylates and activates mTOR, resulting in subsequent
phosphorylation of Forkhead box protein O (Foxo) proteins including Foxo1 and Foxo3a and
their nuclear export into the cytoplasm (Merkenschlager & von Boehmer, 2010). However,
binding of Foxo1 and Foxo3a to the promotor region of Foxp3 in the nucleus is essential for
the expression of Foxp3 (Kerdiles et al., 2010). Since Foxp3 is indispensable for stable and
functional Tregs, Treg induction can be increased by molecules that counteract the PI3K-Akt-
mTOR pathway such as phosphatase and tensin homologue (Pten), PI3K inhibitors, Akt
inhibitors or mTOR inhibitors (Sauer et al., 2008). A low activity of the PISK-Akt-mTOR
pathway in activated T cells is hence associated with most efficient induction of functional
Foxp3*Tregs which was confirmed by several publications (Delgoffe et al., 2009; Delgoffe et
al., 2011; Haxhinasto et al., 2008; Zeng et al., 2013).

As mentioned above, TCR signaling strength and duration are critical for Treg function (Li &
Rudensky, 2016). In addition to suppressing the activity of Foxo proteins via activation of Akt
and subsequent negative effects on Foxp3 expression (Merkenschlager & von Boehmer,
2010), TCR stimulation was shown to, among others, activate the Transcription factors
nuclear factors of activated T cells (NFATSs) (Gabriel et al., 2016; Tone et al., 2008), Nuclear
factor 'kappa-light-chain-enhancer' of activated B cells (NF-kB) (Long et al., 2009; Schuster
et al., 2012) and Nrd4ai family of transcription factors (Nr4al) (Sekiya et al., 2013). NFATSs,
NF-kB and Nr4a1 are crucial for maintenance of the Treg identity by binding to different parts
of the Foxp3 locus, inducing Foxp3 expression (Gabriel et al., 2016; Long et al., 2009;
Schuster et al., 2012; Sekiya et al., 2013; Tone et al., 2008). Additionally, E3 ubiquitin ligase
casitas-B-lineage lymphoma protein (Cbl) b was shown to control in vitro and in vivo Treg
development by tuning TCR signaling strength (Qiao et al., 2013) and Cbl-b deficiency in T
cells was identified to result in defective Foxp3 induction (Harada et al., 2010). RasGRP1, a
Ras-guanyl-nucleotide exchange factor, links TCR signaling with the activation of the
Ras/Mitogen-activated protein kinase (MapK) signaling pathway. RasGRP1 and thus
Ras/MapK signaling was shown to be important for thymic Treg development, but
dispensable for the expansion and suppressive function of peripheral Tregs (Chen et al.,
2008). This is in line with an increased induction of suppressive Foxp3*Tregs upon
inactivation of the Ras/MapK signaling pathway in T cells (Liu et al., 2013; Luo et al., 2008).
In addition to the TCR signaling strength and duration, cytokines (e.g. TGF, Tumor necrosis
factor (TNF) a, 112) critically contribute to Treg induction. 112, the “key Treg cell growth factor,
is required for Treg survival and lineage stability (Burchill et al., 2007; Chen et al., 2011; Yao
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et al., 2007). 12 was shown to promote Foxp3*Treg induction via activation of Signal
Transducers and Activators of Transcription (Stat) 5a and Stat5b (Burchill et al., 2007; Yao et
al., 2007). Furthermore, Stat3 was identified as critical for Treg differentiation, Foxp3
expression and Treg function (Chaudhry et al., 2009; Pallandre et al., 2007). This highlights
that Treg induction and function are tightly regulated and depend on an interplay between
multiple transcription factors.

1.2.3. T follicular helper cells

T follicular helper (TFH) cells are a subset of CD4*T cells and belong to the group of effector
T cells. TFH cells are mainly characterized by the expression of C-X-C chemokine receptor
type 5 (CXCR5) (Breitfeld et al., 2000; Kim et al., 2001; Schaerli et al., 2000), the master
transcription factor B cell lymphoma 6 (Bcl6) (Johnston et al., 2009; Nurieva et al., 2008; Yu
et al., 2009) and by secretion of their effector cytokine 1121 (Avery et al., 2010; Linterman et
al., 2010; Zotos et al., 2010).

TFH cells are specialized to provide help to follicular or germinal center (GC) B cells. GCs
are compartments developed by follicles of secondary lymphoid organs (e.g. lymph nodes
(LNs), tonsils, spleen), consisting of B cells, macrophages, follicular DCs, GC TFH cells and
stroma. The GC reaction is a key feature of adaptive humoral immunity against foreign
pathogens since the interaction of TFH cells with follicular B cells in the GCs leads to B cell
maturation and the secretion of high-affinity antibodies by plasma B cells generating long-
lived functional humoral immune responses and sustained immune protection. (Crotty, 2014)
More specifically, GC TFH cells provide signals to GC B cells that are essential for their
survival, differentiation, affinity maturation, isotype switching and high affinity antibody
secretion. (Breitfeld et al., 2000; Johnston et al., 2009; Kim et al., 2017; Nurieva et al., 2008;
Schaerli et al., 2000; Yu et al., 2009). Though, all above presented functions are restricted to
GC TFH cells, these cells might have yet unknown additional functions outside the GCs
(Crotty, 2014) e.g. in the AT.

TFH cells differentiate from CD4*T cells in a non-linear, highly complex, multifactorial
process, consisting of multiple differentiation steps which are tightly regulated by various
molecules and signaling cues (Crotty, 2014). Upon activation via their TCR, naive T cells are
primed towards CD4*CXCR5*ICOS*T cells that secrete 1121 (Deenick et al., 2010; Goenka et
al., 2011; Langenkamp et al., 2003). The additional expression of Bcl6é depends on either
transient induction by 1121 and 116 (Eto et al., 2011; Nurieva et al., 2008; Nurieva et al., 2009)
or signaling of Inducible T cell costimulator (ICOS). ICOS is highly expressed on early TFH
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cells and induces Bcl6 expression by unblocking its repression by Foxo1 (Choi et al., 2011;
Stone et al., 2015). Foxo1, on the other hand, can be repressed by E3 ubiquitin ligase ITCH
(N. Xiao et al., 2014). ICOS also increases the production of 1121 by TFH cells (Odegard et
al., 2008) and influences their differentiation and migration towards the B cell follicle via the
interaction with ICOS-ligand on B cells (Akiba et al., 2005; Xu et al., 2013). The
transcriptional repressor PR domain zinc finger protein 1 (Blimp1) is a negative regulator that
suppresses TFH cell differentiation. Thus, Bcl6é and Blimp1 are reciprocal and antagonistic
regulators of the TFH cell fate. (Crotty et al., 2010; Johnston et al., 2009) E-protein Achaete-
scute complex homolog 2 (Ascl2) represents a transcription factor involved in early TFH cell
differentiation (Kim et al., 2017; Liu et al., 2014). Murine studies by Liu et al. (Liu et al., 2014)
showed that Ascl2 drives CXCR5 induction and that its expression precedes Bcl6
upregulation. Further characteristics of early TFH cell differentiation are the upregulation of
Programmed cell death protein 1 (PD1) accompanied by both a downregulation of C-C
chemokine receptor type 7 (CCR7) (Haynes et al., 2007; Shi et al., 2018) and cell adhesion
molecule P-selectin glycoprotein ligand (PSGL1) (Hale et al., 2013; Odegard et al., 2008;
Poholek et al., 2010). Bcl6é expression is closely connected with the expression of CXCR5
(Choi et al., 2011; Choi et al., 2013; Johnston et al., 2009) and PD1 (Kroenke et al., 2012;
Shi et al., 2018). However, initiation of CXCR5 is feasible in the absence of Bcl6 (Liu et al.,
2012).

Aforementioned TFH cell characteristics are indispensable for the migration of precursor TFH
cells to the GCs in the secondary lymphoid organs and precede their interaction with B cells
(Haynes et al., 2007; Odegard et al., 2008; Poholek et al., 2010). Especially the combined
expression of high CXCR5 and low CCR?7 levels was shown to be important for T cells to
enter and accumulate at C-X-C motif chemokine 13 (CXCL13)- enriched B cell follicles
enabling GC activity (Hardtke et al., 2005; Havenar-Daughton et al., 2016; Haynes et al.,
2007; Tan, 2018). In the B cell follicles of the GCs, TFH cells undergo further maturation by
interacting with follicular B cells. This results in continuous stimulation of precursor TFH cells
and preserves their cell phenotype. (Baumjohann et al., 2013b; Choi et al., 2011; Choi et al.,
2013) The maturation of TFH cells in the GCs is additionally associated with various changes
in their expression of cell surface proteins, transcription factors and in their secretion of
molecules (Crotty, 2014). GC-residing TFH cells for instance display much higher levels of
Bcl6 than circulating precursor TFH cells (Hale et al., 2013). Additionally, they are specifically
characterized by upregulation of e.g. SLAM-associated-protein (SAP) which is required for T
to B cell adhesion, their prolonged contact and optimal TFH cell function in the GC reaction
(Cannons et al., 2010; Deenick et al., 2010; Hu et al., 2013).
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TFH cells underlie an enormous intrinsic heterogeneity enabling them to adapt to various
environmental locations, conditions and needs and to respond against any form of pathogen
(Crotty, 2014). TFH cells were examined in human tonsils (Breitfeld et al., 2000; Chtanova et
al., 2004; Rasheed et al., 2006; Schaerli et al., 2000), human peripheral blood (Chtanova et
al., 2004; Morita et al., 2011; Schmitt et al., 2014), the human intestinal tract (Zhou et al.,
2018), murine blood and murine secondary lymphoid organs (Akiba et al., 2005; Choi et al.,
2011; Weber et al., 2015). However, the designation “TFH cell” is conventionally reserved for
CD4+*CXCRS5*T cells that are found within the GCs, while cells with a TFH profile found
elsewhere are termed “precursor TFH cells” (Deenick & Ma, 2011). The frequencies of
murine blood precursor TFH cells were shown to positively correlate with TFH cells in LNs
(He et al., 2013). Thus, precursor TFH cells in the blood offer an excellent opportunity to
study TFH cell responses in health and disease. Breitfeld et al. (Breitfeld et al., 2000)
showed that the vast majority of human peripheral blood CD4*CD45RA'CXCR5* cells
express low levels of CCR7 and high levels of PD1 and are thus precursor TFH cells. These
cells were also identified as TFH cells with an antigen-experienced, memory state, since they
can be readily re-activated to provide B cell help (Breitfeld et al., 2000).

There is evidence, that both human peripheral blood precursor TFH cells (Chtanova et al.,
2004; Morita et al.,, 2011) and murine lymphatic TFH cells (Fazilleau et al., 2009) are
comprised of a Th1-like, Th2-like and Th17-like subset. These subsets can be distinguished
based on their cytokine profiles and the expression of C-X-C chemokine receptor type 3
(CXCR3) and C-C chemokine receptor type 6 (CCR6). CXCR3*CCR67Th1-like TFH cells
produce IFNy, CXCR3CCR6Th2-ike TFH cells produce 114, 115 and 113 and
CXCR3°CCR6*Th17-like TFH cells are characterized by their secretion of 1117A and 1122
(Morita et al., 2011). Both Th2-like and Th17-like TFH cells can induce naive B cells to
differentiate into antibody producing plasma cells, whereas Th1-like TFH cells are inefficient
B cell helpers (Bentebibel et al., 2013; Fazilleau et al., 2009; Morita et al., 2011).
CD4+*CXCR5*CXCR3*ICOS* precursor TFH cells, reflecting Thi-like TFH cells, were
recorded to induce memory B cells, but not naive B cells to differentiate into plasma B cells
and produce high-affinity antibodies (Bentebibel et al., 2013). Thereby Thi-like TFH cells
were shown to be capable to provide B cell help, although with lower efficiency than Th2-
and Th17-like TFH cells (Locci et al., 2013). Th2-like and Th17-lke TFH cells were
additionally shown to differently regulate class switching of B cells, promoting either
immunoglobulin (Ig)G and IgE responses (Th2-like) or IgG and IgA responses (Th17-like)
(Fazilleau et al., 2009; Morita et al., 2011).
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Given their important role in contributing to humoral immune responses and sustained
immune protection, TFH cells were studied under various medical conditions such as in the
context of chronic viral infection (Vella et al., 2017), vaccination (Linterman & Hill, 2016),
autoimmune diseases (Scherm et al., 2016; Ueno, 2016) and recently also in the initiation
and progression of autoimmune T1D due to their function of inducing high-affinity antibodies
(Serr et al., 2016b). Here, increased levels of circulating precursor TFH cells were identified
in children with recent onset of islet autoimmunity (Serr et al., 2016b). The limited knowledge
about TFH cells in human obesity and associated T2D is presented in chapter 1.3.2.1.

1.2.3.1. In vivo and in vitro induction of TFH cells

In vivo TFH cell differentiation is highly complex and research in mouse models upon
immunization provides increasing knowledge about the in vivo TFH cell differentiation
process and its regulation (Baumjohann & Ansel, 2015; Takebe et al., 2018), however TFH
cell differentiation under systemic-low grade inflammation as in obesity remains to be

investigated.

In vitro differentiation of murine naive CD4*T cells into mature TFH cells is challenging and
mainly performed using TCR-transgenic T cells, under immunizing conditions and in the
presence of cytokines and neutralizing antibodies e.g. with 1121 and anti-IFNy/lI4/TGFR
(Nurieva et al., 2008) or with 1121, 116 and anti-IFN-y/ll4/IM12/TGFB (Lu et al., 2011).
Kolenbrander and colleges (Kolenbrander et al., 2018) recently showed in vitro TFH cell
differentiation with “non-transgenic” CD4*T cells. Specifically, generation of 1121-producing
CXCR5*Bcl6*TFH cells required co-culturing of “non-transgenic” CD4*T cells with DCs and B
cell receptor transgenic B cells specific for the added HIV-derived virus-like particles. Results
showed that thereby 10 % of the T cells differentiated into mature TFH cells (Kolenbrander et
al., 2018). First efforts in murine TFH cell differentiation without immunization failed to
generate mature TFH cells (Eto et al., 2011; Suto et al., 2008).

To get insights into the regulation of in vitro precursor TFH cell differentiation in human
autoimmunity, naive CXCR5CD4*T cells were differentiated in the presence of autologous
memory B cells, both isolated from human peripheral blood, resulting in low levels of
CCXR5*CCR7"°"PD1" precursor TFH cells (Serr et al., 2016b). Additionally, human in vitro
precursor TFH cell differentiation was successful by co-culturing immunized naive T cells

and autologous memory B cells (He et al., 2013).
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In summary, like Treg induction TFH cell differentiation is highly complex and signaling
pathways that regulate their generation might by opposed.

1.2.4. The role of miRNAs in immune activation

MicroRNAs (miRNAs) were identified as important mediators of T cell differentiation and
function and are thus critical regulators of the immune system (Baumjohann & Ansel, 2013;
Cobb et al., 2006; Cobb et al., 2005; Grishok et al., 2001; Jeker & Bluestone, 2013;
Monticelli, 2013).

They are small endogenously expressed, evolutionary conserved, ~22 nucleotides long,
noncoding RNAs that are part of the RNA interference (RNAIi) pathway (Baumjohann &
Ansel, 2013; Grishok et al., 2001). Especially, miRNAs of the miRNA17~92 cluster were
shown to regulate murine TFH cell differentiation and migration to the B cell follicles together
with Bcl6 by repression of Retinoid-related orphan receptor a (RORa) and by regulation of
signaling through ICOS and PI3K/Akt (Baumjohann et al., 2013a; Kang et al., 2013). The
miRNA17~92 cluster was additionally identified as highly relevant with respect to
autoimmune diseases, since its overexpression leads to autoimmunity and autoantibody
production (Xiao et al., 2008). The miRNA17~92 cluster is located on chromosome 13 in
humans and on chromosome 14 in mice, transcribed as a single transcript and post-
transcriptional processing results in six individual mature miRNAs (miRNA17, miRNA18a,
miRNA19a, miRNA20a, miRNA19b and miRNA92a). This miRNA cluster is rapidly induced in
activated CD4*T cells (Wu et al., 2015) and contributes to the differentiation and function of
various T helper cell subsets as recently reviewed by Dirk Baumjohann (Baumjohann, 2018).

Individual miRNAs have hundreds of mRNA targets, though they induce rather modest
regulation of gene and subsequent protein expression (Baek et al., 2008; Selbach et al.,
2008). The interaction of miRNAs with their target mMRNAs results in post-transcriptional
silencing of the mRNA by its translational inhibition, deadenylation, decapping and
degradation (Fabian & Sonenberg, 2012; Huntzinger & Izaurralde, 2011). Additionally, recent
publications by the groups of Joan A. Seitz and Shobha Vasudevan showed that miRNAs
can trigger translational upregulation of their target mMRNAs under specific cellular conditions
(Bukhari et al., 2016; Truesdell et al., 2012; Vasudevan et al., 2007). This adds an additional
layer of complexity to the miRNA-mediated regulation of target expression. Thus, miRNAs
are able to regulate complex cellular states and represent suitable candidates for immune
modulating therapies that e.g. agonize or antagonize miRNA-mediated silencing.

-16 -



1. Introduction

Our group recently showed that high expression of miRNA92a is associated with increased
frequencies of precursor TFH cells during onset of human islet autoimmunity. Additionally,
we identified Krueppel-like factor 2 (KIf2) as a target of miRNA92a in regulating human

precursor TFH cell induction. (Serr et al., 2016b)

The role of the miRNA17~92 cluster and especially of miRNA92a in human and murine
obesity, representing a second state of immune activation, has not been investigated so far.

-17-



1. Introduction

1.3. Immune-metabolic interactions in obesity

1.3.1. The immunometabolism of CD4*T cells drives their function

Obesity might not only affect systemic immune-metabolic interactions, but also the cellular
immunometabolism of CD4*T cells.

Naive CD4-T cells are quiescent and largely metabolically inactive. They augment catabolic
metabolic pathways and neither undergo clonal division nor secrete high levels of cytokines.
These cells need no exogenous energy for de novo generation of DNA, lipids and proteins,
but use available glucose, lipids and amino acids to maximize energy production in the form
of Adenosine triphosphate (ATP) through the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation (OXPHOS) in the mitochondria. For energy generation via OXPHOS,
electrons that are coupled with protons are transferred via the electron transport chain (ETC),
a series of four transmembrane proteins (Complex I-1V). This proton transfer across the inner
mitochondrial membrane creates an electrochemical proton gradient which is finally used by
the ATP synthase to phosphorylate Adenosine diphosphate (ADP) to ATP. Thereby 30-
36 ATP/mol glucose are generated. (Almeida et al., 2016; Park & Pan, 2015; van der Windt
& Pearce, 2012)

Upon in vitro TCR stimulation or upon in vivo antigen recognition, naive CD4*T cells rapidly
get activated and undergo metabolic reprogramming in order to meet certain metabolic
criteria which are required to differentiate and acquire effector functions. T cell metabolic
reprogramming includes increased expression of glucose and amino acid transporters,
activation of metabolic kinases (e.g. mTOR, Monophosphate Activated Protein Kinase
(AMPK)) and transcriptional regulators (e.g. Proto-oncogene protein Myc, Hypoxia-inducible
factor 1 a (HIF-1a)) and an altered global gene expression profile. Importantly, changes in
the cellular microenvironment such as high nutrient levels as in obesity can directly influence
T cell differentiation by triggering metabolic changes and adaption in the T cell. (Almeida et
al., 2016; Park & Pan, 2015; van der Windt & Pearce, 2012) AMPK is a cellular energy
sensor that is activated once the cellular adenosine monophosphate (AMP)/ATP ratio
increases and at least partly triggers its effects via regulation of its downstream target mTOR
(Hardie et al., 2003; Xu et al., 2012). However, AMPK and mTOR are capable to antagonize
each other’s activity (Blagih et al., 2015). Active AMPK downregulates energy consuming
metabolic pathways e.g. fatty acid synthesis (FAS), whilst enhancing energy generating
pathways e.g. glycolysis. Thereby, AMPK protects the cell from suboptimal environmental
conditions and ensures cell viability. (Hardie et al., 2003) Activated and effector T cells

-18 -



1. Introduction

(e.g. Th1, Th2, Th17 cells) mainly depend on aerobic glycolysis and low levels of
glutaminolysis to meet their energy needs. (Almeida et al., 2016; Michalek et al., 2011; Park
& Pan, 2015; van der Windt & Pearce, 2012).

The latter comprises the conversion of glutamine to a-ketoglutarate in the TCA cycle in the
mitochondria. Glutaminolysis is required since aerobic glycolysis was shown to be insufficient
to provide the full complement of factors needed for proliferation of activated T cells. (Carr et
al.,, 2010) In line with an active TCA cycle due to glutaminolysis in activated T cells,
mitochondrial oxygen consumption was shown to be increased during T cell activation (Sena
et al., 2013). This reflects that the mitochondrial metabolism plays an important role in T cell
activation (Carr et al., 2010; Sena et al., 2013).

However, as mentioned above, activated T cells mainly depend on aerobic glycolysis and
this pathway was shown to be enhanced by PI3K-Akt-mTOR signaling. On the contrary, fatty
acid B-oxidation (FAO) is restrained by an active PISK-Akt-mTOR pathway due to its
inhibition of the Carnitine palmitoyl transferase | (Cptl), a rate-limiting enzyme in FAO.
(Deberardinis et al., 2006) In line with this, mTOR inhibition in T cells was shown to trigger
Treg development associated with increased FAO (Delgoffe et al., 2011). Additionally,
TCR/CD28 stimulation was identified as activator of downstream MapK signaling and
subsequent activation of hexokinases and thus T cell specific glycolysis (Marko et al., 2010).
Furthermore, the group of Erica L. Pearce (Buck et al., 2016) highlighted that mitochondrial
remodeling controls metabolic reprogramming of T cells and more specifically that
mitochondrial fission promotes aerobic glycolysis whilst mitochondrial fusion favors OXPHOS
and FAO. The data above provides a strong link between metabolic control and
differentiation of CD4+T cells.

For aerobic glycolysis in activated T cells, glucose is first imported from the extracellular
space (e.g. via GLUT1) and subsequently converted into pyruvate, followed by conversion
into lactate and NAD* and release of energy in the form of ~4 ATP/mol glucose in a
mitochondria-independent, aerobic process called Warburg effect, in the cytosol. (Chang et
al., 2013; Frauwirth et al., 2002; Sena et al., 2013; Wang et al., 2011) The generated NAD* is
required as co-factor for glycolysis (Vander Heiden et al., 2009). However, the function of the
inefficient Warburg effect in activated CD4*T cells is yet incompletely understood (Almeida et
al., 2016; Park & Pan, 2015; van der Windt & Pearce, 2012). Glycolytic enzymes might be
metabolic checkpoints that link glycolysis with effector T cell function and changes in the
activity of OXPHOS vs. aerobic glycolysis might directly affect T cell differentiation (Chang et
al., 2013). Additionally, glycolytic enzymes can enter the nucleus highlighting that alterations
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in the glycolytic flux might result in epigenetic changes which potentially affect the T cell
phenotype (Boukouris et al., 2016). In activated, proliferating T cells, only a small part of the
pyruvate is transferred into the mitochondria, converted to Acetyl-Coenzym A (Acetyl-CoA)
which enters the TCA cycle to produce NADH and FADH.. NADH and FADH: are used to
generate ATP by OXPHOS. (Almeida et al., 2016; Park & Pan, 2015; van der Windt &
Pearce, 2012)

Despite the low OXPHOS rate, the activity of the ETC is increased in activated and
proliferating T cells and a functional mitochondrial metabolism might sustain T cell activation
and proliferation. (Baixauli et al., 2015; Chang et al., 2013; Frauwirth et al., 2002; Sena et al.,
2013; Wang et al., 2011) Deletion of the mitochondrial transcription factor A (Tfam) in CD4*T
cells resulted in mitochondrial dysfunction of these cells and an associated reduced
expression of genes and proteins of the ETC accompanied by an impaired ETC function. A
loss of mitochondrial electron density, a reduced mitochondrial ATP generation, lower levels
of reactive oxygen species (ROS), increased energy generation by anaerobic glycolysis
(assessed by the extracellular acidification rate (ECAR), an index of lactate production) and
decreased energy generation by OXPHOS (assessed by the oxygen consumption rate
(OCR), an indicator of OXPHOS) were identified as characteristics for the impaired ETC
function in Tfam-deficient CD4*T cells. (Baixauli et al., 2015) Especially, ROS production by
mitochondrial complex Ill, which is part of the ETC, was shown to be indispensable for T cell
activation and effector T cell differentiation via NFAT activation and subsequent 112 induction
in vitro and vitro (Sena et al., 2013). Additionally, impairments in the ETC might lead to a
subsequent lower activity of the ATP synthase, resulting in both a decreased release of ATP
into the extracellular space and a reduced Ca2* influx into the cell due to a lower abundance
of ATP-activated Ca2+-channels. Low intracellular Ca2* levels were previously associated
with impaired T cell activation. (Almeida et al., 2016; Chang et al., 2013; Ledderose et al.,
2014)

On the contrary to activated and effector T cells, Tregs predominantly use FAO to meet their
energy needs (Michalek et al., 2011). To this aim, fatty acids are transported into the
mitochondria where they are degraded in a series of enzymatic reactions to Acetyl-CoA,
NADH and FADH,. Acetyl-CoA enters the TCA cycle for further oxidation and NADH and
FADH: are used for generation of ATP in the ETC and subsequent ATP synthase reaction.
(Almeida et al., 2016) However, Tregs most probably have a flexible metabolic state and are
not completely independent from mTOR signaling and associated glycolytic and oxidative
processes which might assist them to proliferate and maintain Treg functional stability and

suppressive activity (Haxhinasto et al., 2008; Michalek et al., 2011; Procaccini et al., 2016;
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Zeng et al., 2013). Accordingly, in vitro under Treg conditions activated naive T cells showed
low rates of glycolysis and were mainly dependent on FAO (Michalek et al., 2011). However,
the metabolic phenotype of Tregs is still poorly understood and especially the interaction
between T cell metabolism and Treg suppressive function is yet unknown.

The highly complex immunometabolism of activated T cells and Tregs is an emerging field of
current investigation and it is specifically required to understand how the metabolic
phenotype e.g. obesity is related to the metabolic profile of CD4*T cells, their differentiation
and the suppressive function of Tregs.

1.3.2. Mechanisms of inflammation in the VAT and its systemic effects

On the systemic level of immunometabolism, VAT inflammation and associated immune cell
infiltration were identified as important drivers of the pathogenesis of obesity (compare
chapter 1.1.2) (Kanneganti & Dixit, 2012). VAT mass was shown to be positively correlated
with the disease risk for obesity and the metabolic syndrome (Lee et al., 2013), whereas, on
the contrary, BAT and SAT were shown to exert beneficial effects on the metabolism (Lee et
al., 2013) as exemplified by the transplantation of SAT into the VAT compartment of mice
resulting in reduced adiposity and improved glucose homeostasis (Tran & Kahn, 2010).

VAT remodeling is accomplished by hyperplasia (recruitment of new adipocytes and
adipocyte proliferation) and/or hypertrophy (increased size of individual adipocytes). Whilst
hyperplasia is a beneficial phenomenon of adipocyte expansion, hypertrophy is accompanied
by pathological, inflammatory changes with local and systemic effects due to tissue hypoxia,
a shift in local immune cell polarization and release of pro-inflammatory cytokines,
adipokines and other molecules (Choe et al., 2016; Osborn & Olefsky, 2012; Wang et al.,
2013). VAT inflammation differs from pathogen induced acute inflammation by the absence
of rubor (redness), tumor (swelling), calor (heat) and dolor (pain) (Larsen & Henson, 1983).
Macrophages that engulf lipids from remnant death adipocytes (Sun et al., 2011) represent
the most abundant class of immune cells in the inflamed VAT (Russo & Lumeng, 2018).
They skew from an anti-inflammatory, “alternatively” activated M2-subtype with characteristic
secretion of 1110- which protects adipocytes from TNFa-induced insulin resistance- towards a
pro-inflammatory “classically activated” M1-subtype secreting TNFa, 116, nitric oxide and 11113
etc. in response to e.g. high levels of IFNy (Lumeng et al., 2007; Rocha et al., 2008).
Additionally, to Th1 cells, CD8*T cells, B lymphocytes, neutrophils, group 1 innate lymphoid
cells (ILC1s) and mast cells accumulate in the obese VAT, whereas the number of anti-
inflammatory Th2 cells and Tregs is decreased. (Choe et al., 2016; Mathis, 2013)

29 -



1. Introduction

Enlarged adipocytes cross-talk with immune cells via soluble factors or direct cell-cell
interactions (Osborn & Olefsky, 2012). They secrete pro-inflammatory cytokines such as
TNFa, 116, 113 and monocyte chemoattractant protein 1 (MCP1) which affect adipogenesis
and trigger AT inflammation. Additionally, adipocytes secrete numerous adipokines that
affect insulin sensitivity such as the major drivers of the cross-talk between adipocytes and
immunocytes: leptin and adiponectin (Choe et al., 2016). Leptin positively correlates with the
AT mass and prevents weight gain via promoting satiety by regulating key hypothalamic
circuits (Clemmensen et al., 2017). The leptin receptor is also expressed on immune cells
and leptin was shown to trigger the secretion of Th1 cytokines (e.g. IFNy, 112) by polarized
CDA4+T cells (Lord et al., 1998). Additionally, leptin was identified to promote proliferation of
activated T cells (Lord et al., 1998), whilst inhibiting Treg numbers in AT. This reflects a
potential mechanistic link between elevated AT mass with high numbers of activated T cells
and low numbers of Treg (Matarese et al., 2010). On the contrary, anti-inflammatory
adiponectin levels inversely correlate with the degree of AT inflammation, insulin resistance
and glucose intolerance (Ye & Scherer, 2013). Adiponectin induces 1110 and inhibits pro-
inflammatory cytokine secretion by macrophages (Kumada et al., 2004; Yamaguchi et al.,
2005).

1.3.2.1. TFH cells in metabolic diseases

Like autoimmunity (compare chapter 1.2.3), obesity-associated chronic, systemic low-grade
inflammation represents a state of immune activation. Thus, it might be possible to transfer
gained knowledge from the autoimmune to an obesogenic setting. A limited number of
publications (Q. Wang et al., 2015; Zhan et al., 2017; Zhou et al., 2018) highlights the
involvement of circulating CD4*CXCR5*TFH cells in human obesity and associated T2D.
Wang et al. (Q. Wang et al., 2015) saw a significant enrichment of CD4*CXCR5*TFH cells
among circulating CD4*T cells in patients with T2D and the balance of TFH cell subsets was
shifted toward the Th17-like subtype. They additionally showed that the proportion of
CD4*CXCR5*TFH cells is increased in T2D patients with abdominal fat accumulation and
overweight compared to normal weight T2D patients. (Q. Wang et al., 2015) Recently, Zhou
et al. (Zhou et al., 2018) found enriched levels of IFNy, but not 14 and I117 producing
mucosal TFH cells accompanied by higher 1gG levels and low grade inflammation in the
intestinal tract of non-obese T2D patients (Zhou et al., 2018). Furthermore, Zhan et al. (Zhan
et al., 2017) observed a generally lower activation status of CD4*CXCRS5*TFH cells with
reduced pro-inflammatory cytokine secretion (IFNy, 112, 114, 1117) and elevated 1110 secretion
in obese patients upon Roux-en-Y Gastric Bypass (RYGB) surgery. Enrichment of
CD4+*CXCR5*IIM0*TFH cells was accompanied by a reduction in BMI, glycaemia and fat
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mass, resulting in a downregulation of inflammation and an amelioration of obesity-related

diseases upon RYGB surgery. (Zhan et al., 2017)

There is no data available yet that proves the existence of TFH cells in human or murine
VAT. Additionally, it remains unclear whether these cells could be subdivided into Th-subsets
compare chapter 1.2.3.

1.3.2.2. Adipose tissue residing T cells

CD4*T cells reside in VAT, SAT and BAT and play critical roles in maintaining tissue
homeostasis in mice (Choe et al., 2016; Mathis, 2013). Especially CD4*T cells were shown to
control the VAT-immune crosstalk in the progression and remission of obesity-associated
inflammation (Zhao et al., 2018). Several studies observed an enrichment of pro-
inflammatory IFNy producing CD4*T cells in the obese VAT (Cheng et al., 2012; Feuerer et
al., 2009; Winer et al., 2009). The increase in these cells is potentially promoted by M1-
macrophages (Morris et al., 2013) or enlarged adipocytes (Deng et al., 2013) which trigger
their proliferation via MHCII-mediated antigen presentation. On the contrary, T cells might
respond directly to adipocyte injury, preceding innate-immune inflammation and polarization
of macrophages (Deng et al., 2013; Winer et al., 2009). Different CD4*T cell subsets, such as
Th1 cells and Tregs, have been detailed studied in AT inflammation, however there is no
data on TFH cell yet.

Normal, lean AT is mainly populated by Th2 cells and Foxp3+*Tregs, especially the latter play
a critical role in ameliorating chronic VAT inflammation which contributes to AT and systemic
insulin sensitivity recently reviewed by Becker et al. (Becker et al., 2017) and Panduro et al.
(Panduro et al., 2016). The abundance of murine VAT Tregs is first evident at 10-15 weeks
of age, comprises 40-80 % of the CD4*T cells at the age of 20-25 weeks and gradually
declines from the age of 40 weeks onwards (Cipolletta et al., 2015). The fraction of Tregs
within the CD4*T cell compartment is higher in VAT compared to lymphoid tissues (15-20 %)
and declines with obesity progression (Deiuliis et al., 2011; Feuerer et al., 2009; Kalin et al.,
2017; Winer et al., 2009). Both systemic and AT-specific ablation of Tregs was shown to
exacerbate AT inflammation and dysfunction, likely by a synergistic effect on macrophages,
adipocytes and other T cells (Cipolletta et al., 2012; Eller et al., 2011; Feuerer et al., 2009).
On the contrary, augmentation of the Treg compartment in ob/ob mice decreased AT
inflammation (llan et al., 2010).
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VAT Tregs bear a Th2 like phenotype with high expression of Gata3, C-C chemokine
receptor type 4 (CCR4) and I110 (Cipolletta et al., 2015; Cipolletta et al., 2012; Han et al.,
2015). This Th2-like phenotype might be driven by the interaction of 1133 with its receptor ST2
(Interleukin 1 receptor-like 1 (ll1rl1)), expressed by the majority of Tregs in lean VAT. The
frequency of ST2*VAT Tregs was shown to be severely diminished in DIO, but could be
reversed by in vivo administration of [I33 which additionally ameliorated VAT inflammation
and increased insulin sensitivity (Han et al., 2015; Vasanthakumar et al., 2015). 1133 might
together with MHCII-mediated antigen presentation contribute to the accumulation of Tregs
in lean VAT (Kolodin et al., 2015). Recently the group of Diane Mathis (Li et al., 2018)
showed that the formation of the VAT Treg phenotype might include an initial priming step of
thymus derived Tregs in the spleen followed by migration to the non-lymphoid tissue where
final diversification via epigenetic remodeling takes place. VAT Tregs are further
characterized by high expression levels of the transcription factor PPARy which not only
represents the “master regulator” of adipocyte differentiation (Giralt & Villarroya, 2013), but
was also shown to control differentiation, function and accumulation of VAT Tregs (Cipolletta
et al., 2012). A Treg specific PPARYy depletion resulted in a loss of VAT Tregs accompanied
by normal Treg levels in lymphoid tissues, whereas treatment with the PPARy-agonist
pioglitazone induced VAT Tregs abundance and improved AT insulin resistance in obese
mice (Cipolletta et al., 2012). Both PPARy and ST2 were shown to be regulated by Interferon
regulatory factor 4 (IRF4) and Basic leucine zipper transcription factor (BATF)
(Vasanthakumar et al., 2015). As mentioned earlier, VAT Tregs show a remarkable high
production of anti-inflammatory 1110 which enable them to suppress the development of AT
inflammation. However, 110 production by VAT Tregs was shown to be reduced in obese
mice. (Feuerer et al., 2009; Han et al., 2014)

VAT Tregs were shown to bear a distinct TCR repertoire compared to other Tregs which
might recognize yet unknown AT-specific antigens triggering accumulation of Tregs in
specific niches. Additionally, the differences in the TCR repertoires of VAT-residing Tregs
and Tconv. cells imply that VAT Tregs do not differentiate from VAT Tconv. cells. (Feuerer et
al., 2009)

Focusing on human VAT-residing T cells, there is no clear evidence yet that either the
proportion or the phenotype of T cells is altered in obesity. Human VAT T cells might skew
towards a Th1/Th17 phenotype in obesity, whilst Th2 cells and associated cytokines and
transcription factors are diminished. (Deiuliis et al., 2011; Esser et al., 2013; Fabbrini et al.,
2013; loan-Facsinay et al., 2013; McLaughlin et al., 2014; Wouters et al., 2017; Wu et al.,
2018; Zeyda et al., 2011) Data is more limited and contradictory for human VAT-residing
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Tregs which were shown to be both positively (Pereira et al., 2014; Zeyda et al., 2011) and
negatively (Deiuliis et al., 2011; Eller et al., 2011; Feuerer et al., 2009) correlated with obesity
and insulin resistance, applying gene expression analysis for FOXP3 mRNA in total human
VAT. Flow cytometry data revealed lower levels of Foxp3*Tregs in VAT of metabolically
unhealthy obese individuals (Esser et al., 2013) and showed a negative correlation of VAT
Foxp3*Tregs with BMI (Wu et al., 2018). Recently, Wu et al. (Wu et al., 2018) phenotyped
Tregs from human obese VAT and showed that their gene signature is closely related to that
of murine VAT-residing Tregs. However, ST2 was not detectable both via gPCR and flow
cytometry (Wu et al., 2018). This is in line with the findings of Zeyda et al. (Zeyda et al.,
2013), but contradicts the data of Vasanthakumar et al. (Vasanthakumar et al.,, 2015)
showing ST2 expression on human obese VAT-residing Tregs.

Further research is needed to dissect pathways of immune regulation in murine and
especially human VAT.

1.3.3. Insulin (receptor) signaling and insulin resistance

The anabolic peptide hormone insulin was discovered in 1922 by Sir Frederic Banting
(Banting F. G., 1922) and belongs to a highly conserved family of sequence-and structure
related, functionally distinct hormones of the insulin-like superfamily including insulin and the
insulin-like growth factors IGF-I and IGF-II (Andersen et al., 2017; Shabanpoor et al., 2009).
Insulin is released from the B-cells of the pancreas in response to elevated plasma glucose
levels and is a key player for metabolic control with profound effects on cellular and whole-
body carbohydrate-, lipid- and protein metabolism (Newsholme & Dimitriadis, 2001). Insulin
signaling is highly complex and affects a variety of downstream signaling pathways (Araki et
al., 1994; Avruch, 2007; Bouzakri et al., 2006; Gallagher & LeRoith, 2010; Taniguchi et al.,
2005; Thirone et al., 2006).

In the healthy, insulin-sensitive state, insulin exerts its pleiotropic effects by binding to the
InsR which is expressed mainly by cells of the metabolically active AT, liver and skeletal
muscle (De Meyts, 2016). The InsR is a transmembrane glycoprotein of the receptor tyrosine
kinase superfamily (Hubbard, 1997; Hubbard et al., 1994; Roth & Cassell, 1983; Seino et al.,
1989). In human and mice, it is encoded by the INSR gene and exists in two isoforms (InsR-
A and InsR-B) with similar physiological functions (Massague et al., 1980). The InsR has a
heterodimeric  structure consisting of two extracellular alpha-subunits and two
transmembrane B-subunits forming to monomers composed of an alpha and beta subunit

and linked by disulfide bounds (Massague et al., 1980; Sparrow et al., 1997). Two molecules
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of insulin can bind simultaneously to the dimeric structure of the alpha subunit of the InsR
(Yip & Jack, 1992), initiating the activation, autophosphorylation, conformational change and
internalization of the receptor and subsequent dissociation and degradation of insulin
(Morcavallo et al., 2014; Ward & Lawrence, 2009). Due to their sequential and structural
similarity to insulin, IGFI and IGFII are also capable to bind to the InsR and activate it, though
with lower affinity (Andersen et al., 2017; Belfiore & Malaguarnera, 2011). Upon
autophosphorylation of the InsR, different substrates are recruited to the tyrosine kinase
domain of the B-subunit of the receptor resulting in their phosphorylation and activation.
Depending on the recruited substrates, mainly downstream PI3K-Akt-mTOR or Ras/MapK
pathway is activated. (Morcavallo et al., 2014; Ward & Lawrence, 2009) Activation of the
InsR substrates (IRS) 1-6 particularly activates PISK-Akt-mTOR signaling and evokes
metabolic effects such as increased cellular glucose uptake, glycogen synthesis, lipid
storage and synthesis and impaired gluconeogenesis and fatty acid oxidation in metabolically
active organs (Araki et al., 1994; Bouzakri et al., 2006; Taniguchi et al., 2005; Thirone et al.,
2006). On the contrary, recruitment and phosphorylation of Shc proteins mainly stimulates
the Ras/MapK pathway leading to the completion of mitogenic functions such as cell
proliferation (Avruch, 2007). Abnormally high insulin levels as in hyperglycemia were shown
to trigger overstimulation of the mitogenic pathway (Gallagher & LeRoith, 2010).

InsR signaling and its downstream pathways are tightly controlled and regulatory
mechanisms are distinct in liver, muscle and AT (De Meyts, 2016). Minor disturbances in the
InsR phosphorylation cascade were shown to result in severe perturbations of the
metabolism such as insulin resistance (Boura-Halfon & Zick, 2009; Du & Wei, 2014; Huang
et al.,, 2009; Yazici & Sezer, 2017; Ye, 2013; Youngren, 2007) which is defined as a
subnormal response of normally insulin-sensitive tissues to the hormone insulin (Yazici &
Sezer, 2017; Ye, 2013). Although several obesity-associated factors were identified as
causal in the pathogenesis of insulin resistance, there is no consensus for a unifying
mechanism of insulin resistance yet. However, there is evidence for sexual dimorphism in
insulin sensitivity with female rodents and women reflecting greater insulin sensitivity in AT,
liver and muscle compared to male counterparts (Estrany et al., 2013; Garcia-Carrizo et al.,
2017; Hoeg et al., 2011; Magkos et al., 2010; Masharani et al., 2009). Here, AT insulin
resistance which might precede and contribute to insulin resistance in muscle and liver by
release of FFAs (Jiao et al., 2011) is considered in more detail.

Initially, AT insulin resistance was associated with a decrease in the number of InsRs- under
maintained affinity for insulin- demonstrated on plasma membranes of adipocytes from ob/ob

mice (Freychet et al., 1972) and obese humans (Olefsky, 1976). This represents one
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characteristic of insulin resistance. Additionally, release of pro-inflammatory TNFa by the
chronically inflamed AT was shown to impair insulin sensitivity directly in the adipocytes
either by serine phosphorylation of the IRS1 protein via the c-Jun N-terminal kinase (JNK)
pathway and thus defects in the InsR downstream signaling cascade (Rui et al., 2001) or by
inhibiting the activity of PPARy which normally drives lipid synthesis and fat storage in cells
(Ye, 2008). Isolated Foxp3*Tregs from obese VAT showed decreased 1110 and increased
IFNy production reflecting their shift towards a Th1-like phenotype which might contribute to
AT insulin resistance (Han et al., 2014). More specifically, IFNy, which is also secreted by
other VAT-residing T cells, was shown to attenuate insulin resistance in mature human
adipocytes in vitro via activation of JAK1-Stat1 signaling resulting in reduced activation of Akt
and downregulation of IRS1, the InsR and insulin dependent glucose uptake via glucose
transporter 4 (GLUT4) (McGillicuddy et al., 2009).

1.3.3.1. T cell specific insulin (receptor) signaling

The effects and regulation of insulin (receptor) signaling are cell-type dependent and the
expression of the InsR by immune cells and especially by activated T cells (Han et al., 2014;
Helderman & Strom, 1978; Tsai et al., 2018; Viardot et al., 2007) highlights the importance of
insulin (receptor) signaling for T cell function. However, T cell specific InsR signaling is yet
poorly understood, especially regarding its effect on differentiation of CD4*T cells into
Foxp3*Tregs. Insulin signaling was first linked to CD4*T cell, and more specifically Treg
function, by Han et al. (Han et al., 2014). They showed that isolated Tregs from spleens and
VAT of WT mice display a reduced 1110 and an increased IFNy production in response to
stimulation with exogenous insulin, reflecting potential impairments in their suppressive
function (Han et al., 2014). On the contrary, Fischer et al. (Fischer et al., 2017) showed that
Tregs from LNs of rats with inducible whole-body InsR deficiency were not affected in their
frequency, proliferation and suppressive capacity, indicating that InsR signaling might be
dispensable for Treg activity (Fischer et al., 2017). Recently, Tsai et al. (Tsai et al., 2018)
highlighted that murine InsR-deficient CD4*T cells are more prone to differentiate into Th2
cells and Tregs under the respective polarizing conditions in vitro. Accordingly, they
highlighted in an adoptive transfer model of colitis in vivo that the transfer of InsR deficient
CD4+*CD25CD45RB"T cells into RAG1-deficient hosts results in a diminished disease
severity compared to the transfer of WT ctrl. cells. This was reflected by a significant
reduction in pro-inflammatory CD4*T cells in the mesLNs, albeit no increase in Foxp3*Tregs
was assessed. (Tsai et al., 2018) Thus, T cell specific InsR deficiency might counteract
CD4*T cell-mediated inflammation in vivo, highlighting an anti-inflammatory effect of the T
cell specific InsR deficiency with potential similar beneficial effects in the obesity setting.
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1.4. Objectives

Interactions between the immune and the metabolic system are critically involved in obesity
development, progression, persistence and remission. However, the specific functions of
immune cells and specifically CD4*T cells in this disease remain poorly understood.
Investigating the effect of environmental-metabolic signaling cues on CD4*T cell frequencies,
differentiation and T cell metabolism as well as on miRNA and mRNA expression might help
to further dissect mechanisms that underlie immune activation vs. immune regulation in
obesity. An improved understanding of mechanisms that link the metabolic and the immune
system is fundamental to specifically target inflammatory effector T cells and
immunoregulatory T cells (Tregs) as part of future therapeutic strategies for obesity

treatment.

Therefore, the first objective of this thesis was to study the effect of an obesogenic
environment and accompanied systemic low-grade inflammation on aberrant immune
activation and specifically on inflammatory effector (precursor) TFH cell levels, since these
cells can provide help to B cells and trigger the production of high-affinity antibodies.
Specifically, it was the goal to investigate whether the durations of a high-fat, high-sugar
(HFHS) diet has a direct impact on the abundance of TFH cells in LNs and at the site of
inflammation, the non-lymphoid AT. TFH cell differentiation is regulated by miRNAs and
accompanied by changes in T cell specific mMRNA expression. Thus, miRNAs and mRNAs
were studied to dissect potential underlying mechanisms that link environmental-metabolic
signaling cues with immune responses during obesity progression. An additional goal was to
study precursor TFH cells as representatives of aberrant immune activation in peripheral
blood of obese humans, aiming to increase the clinical relevance of the here shown data.

The second objective of this thesis was to study the effect of environmental-metabolic
signaling cues on CD4*T cells and especially regarding their relevance for the induction of
immunoregulatory Foxp3*Tregs. The hormone insulin is crucial for metabolic control and
insulin resistance in the peripheral insulin-responsive tissues is a major hallmark of obesity.
Additionally, InsR signaling and stable Foxp3*Treg induction share PI3K-Akt-mTOR
downstream signaling. Foxp3*Tregs are critical players in dampening tissue inflammation
and contribute to tissue homeostasis highlighting their beneficial role in the obesity setting.
The InsR is expressed on CD4*T cells, however, the impact of InsR signaling on the
regulation of T cell activation and differentiation remains currently unclear. Therefore, the
effect of insulin and genetic T cell specific InsR deficiency on de novo Foxp3+*Treg induction

from naive CD4*T cells was studied in vitro during obesity development. InsR signaling is
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important for whole-body glucose, lipid and energy homeostasis via acting on liver, muscle
and AT. Thus, an additional goal of this thesis was to study the effect of insulin or T cell
specific InsR deficiency on cellular metabolism and specifically on T cell specific glucose

metabolism.
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2. Methods

2.1. Blood and tissue samples from human subjects

Peripheral blood samples and biopsies from human VAT were received from the Leipzig
Obesity Cohort (n=2500 subjects) coordinated by Prof. Matthias Bliher, Clinic for
Endocrinology and Nephrology, University of Leipzig, Germany. All subjects gave written
consent to the study protocols approved by the ethics committee of the University of Leipzig
(Reg. no. 031-2006 and 017-12-23012012). Both caucasian females and males, aged 19 to
80 years, with a BMI from 17.1-79.1 kg/m? are included in the study. Exclusion criteria are
pregnancy, acute or chronic inflammatory disease, antibodies against Glutamic acid
decarboxylase, hypertension, cardiovascular or peripheral artery disease, thyroid dysfunction
and alcohol or drug abuse. The study was designed to extensively characterize AT function,
glucose and lipid metabolism, fat distribution and insulin sensitivity. For the here shown
findings, lean, insulin-sensitive; obese, insulin-sensitive and obese, insulin-resistant subjects
of the Leipzig Obesity Cohort were invited to donate a sufficient amount of blood (50 ml)
and/or a VAT biopsy. Additionally, peripheral blood samples (10 ml) were received from
healthy, normal weight (BMI: 18.5-25 kg/m?), caucasian subjects, aged: 20-30 years, who
gave written consent to the Munich Bioresource project approved by the ethics committee of
the Technical University of Munich (approval number: #5049/11).

2.2. Isolation of human naive CD4*T cells and ex vivo precursor TFH cell staining
Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood via density
centrifugation over Ficoll Paque Plus. CD4*T cells were isolated from PBMC samples by
positive enrichment using CD4 Microbeads and magnetic activated cell sorting (MACS) and
CD19*B cells were enriched using CD19 Micro Beads and MACS according to the
manufacturer’s instructions. Cells were resuspended in HBSS* and first treated with Fc
blocking reagent for 5 min at room temperature (RT), followed by staining with fluorescence-
activated cell sorting (FACS) antibodies for 20min on ice in the dark. Naive
CD4+CD3*CD45RA*CD45ROCD127*CD25T cells were FACS purified for in vitro Treg
induction assays and naive CD4*CD3*CD45RA*CD45ROCD127*CXCR5T cells and
CD20+*CD27+CD19*B cells were FACS purified for in vitro TFH induction assays with FACS
Aria Il using optimal compensation and gating settings. Dead cells were excluded based on
forward (FSC) and sideward scatter (SSC) and staining with the viability dye sytox blue. For
the ex vivo (precursor) TFH cell stainings, MACS enriched CD4*T cells were stained with the
respective antibodies (compare Table 1) and identified as live
CD4+CD3*CD45RAP"CXCR5*CXCR3*CCR6 Th1-like TFH cells, live
CD4+CD3*CD45RAP"CXCR5*CXCR3 CCR6 Th2-like TFH cells and live
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CD4+*CD3*CD45RA°"CXCR5*CXCR3"CCR6* Th17-like TFH cells. Dead cells were excluded
based on FSC and SSC and staining with the viability dye eFlour450.

2.3. Human in vitro Treg induction assay

For polyclonal human in vitro Treg induction assays, 100 000 naive CD4*T cells were FACS
purified, resuspended in X-VIVO media and cultured in over-night pre-coated wells (5 pg/ml
anti-CD3/ 15 pg/ml anti-CD28) in the presence of 100 U/ml 112 with or without 100 ng/ml
insulin. The cells were transferred into uncoated wells after 18 hours and cultured for
additional 36 hours without further stimulation. Frequencies of in vitro induced live
CD25"Foxp3+Tregs were analyzed after intracellular staining with the respective antibodies
(compare Table 1) and dead cells were excluded based on FSC and SSC and staining with
the viability dye eFlour450.

2.4. Human in vitro TFH cell induction assay

Naive CD4*T cells were co-cultured with autologous B cells (ratio 1:1) in X-VIVO media and
TFH induction was performed in presence of 5 ug/ml anti-CD3 (Okt3) and 5 pg/ml anti-CD28
(CD28.2) for five days. In some assays, Chitosan-PLGA-Nanoparticles (ratio 1:50 mimic or
antagomir/nanoparticles) with or without a miRNA92a (control) mimic (0.75 ng/pl per
100,000 cells) or a miRNA92a (control) antagomir (2 ng/pl per 100,000 cells) were added.
The cells were cultured in X-VIVO media at 37°C and 5 % CO: in the incubator. At day five
the frequencies of live CD4*CD45RA'CXCR5*CCR7°“PD1" precursor TFH cells were
analyzed after staining with the respective antibodies (compare Table 1) and dead cells
were excluded based on forward (FSC) and sideward scatter (SSC) and staining with the
viability dye sytox blue. Precursor TFH cells generated in presence and absence of a
miRNA92a mimic were FACS purified for later gene expression analyses.

2.5. Mice

All mice were on C57BL/6J background. They were bred and maintained group-housed on a
12 hours/12 hours light dark cycle at 25°C under specific pathogen free conditions at the
animal facility of Helmholtz Zentrum Mduinchen, Germany, according to the Institutional
Animal Committee Guidelines. B6.Cg-Foxp3™2T" (Foxp3-GFP) mice, B6.SJL-PtprcaPerct/Boyd
(WT) mice and B6.Cg-Lep°/J (ob/ob) mice were obtained from the Jackson Laboratory.
InsR TKO mice were bred by crossing mice with the InsR gene flanked by loxP sites
(B6.129S4(FVB)-Insr™kn/J or InsR1¥X) mice, originally generated by the group of Ronald

Kahn (Bruning et al., 1998) with mice in which the Cre-recombinase was expressed under
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the control of CD4 enhancer/promotor/silencer (Tg(Cd4-cre)1Cwi/BfluJ or CD4-Cre mice).
Ethical approval for breeding and experimentations performed on InsR TKO and ob/ob mice
has been received by the District Government of Upper Bavaria, Munich, Germany (approval
number: #ROB-55.2-2532.Vet_02-14-33).

2.6. Genotyping

Genotyping of loxP sites was performed by PCR using primer sets specifically designed for
InsRf¥ox to bind to: oKAHNO03: 5'- GAT GTG CAC CCC ATG TCT G-3°; oKAHNO04: 5-TCT
ATC AAC CGT GCC TAG AG-3"; oKAHNO5: 5-CTG AAT AGC TGA GAC CAC AG-3" and
for CD4-Cre to bind to: RO289: 5-TGT GGC TGA TGA TCC GAA TA-3’; RO290: 5-GCT
TGC ATG ATC TCC GGT AT-3’. Ob/ob mice were genotyped by PCR applying the following
primers: OB 1151: 5-TGT CCA AGA TGG ACC AGA CTC-3’ and OB 1152: 5-ACT GGT
CTG AGG CAG GGA GCA-3'.

2.7. Dietary challenge

Animals got ad libitum access to food and water. The standardized control diet (SD)
consisted of 28.0 % kcal from fat, 14.0 % kcal from carbohydrates (including 8 % sucrose)
and 58 % kcal from protein. The HFHS diet consisted of 58.0 % kcal from fat, 25.5 % kcal
from carbohydrates (including 8 % sucrose) and 16.4 % kcal from protein. Mice were dietary
challenged for 2 weeks (short-term HFHS), 8 weeks (intermediate-term HFHS), 18 weeks
(long-term HFHS) and one year (sustained HFHS) starting from 8 weeks of age. The BWs of
the dietary challenged mice and their corresponding controls were assessed weekly and
before sacrificing the animals.

2.8. Glucose Tolerance Test
Mice were fasted for 6 hours prior to injection with glucose (2 g/kg BW of D-glucose in 0.9 %
saline) for the GTT. Tail-blood glucose levels (mg/dl) were measured with the glucometer at
the following time points: 0 (before glucose injection), 15, 30, 60, and 120 min after injection.
The area under the curve (AUC) was calculated and compared between mice with different
genotypes.

2.9. Murine cell isolation
LNs and/or spleens were collected in HBSS* and cells were isolated by mashing them
through 70 um cell strainers. For the CD4*T cell enrichment, isolated cells were treated with

Fc blocking reagent in HBSS* for 10 min on ice, followed by staining with FACS antibodies
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for CD44, CD25 and CD4 (CD4-Biotin) for 30 min on ice. After surface antibody staining
CD4*T cells were purified based on biotin-labelled anti-CD4 antibody and MACS with
streptavidin microbeads. Live naive CD4*CD25CD44""(Foxp3’) T cells were FACS purified
from enriched CD4*T cells. Dead cells were excluded based on FSC and SSC and staining
with the viability dye sytox red. VAT was collected in PBS + 0.5 % BSA and digested with
4 mg/ml Collagenase Il in PBS + 0.5 % BSA supplemented with 10 mM CaCl. for 7 min at
37°C on a rotator. The cell suspensions were passed through a 200 um nylon mesh,
centrifuged to remove the SVF from adipocytes and resuspended in HBSS*. Isolated cells
from VAT and unenriched, isolated cells from LNs were first treated with Fc blocking reagent
in HBSS* for 10 min on ice, followed by staining with FACS antibodies for CD4, CD25 (not
VAT), CD44, CD8a, CD11b, CD11c, CD14, B220 and F4/80 (sort naive T cells) or CD4,
CXCR5, CD8a, CD11b, CD11c, CD14, B220 and F4/80 (sort non-TFH and TFH cells) for
30 min on ice. Dead cells were excluded based on FSC and SSC and staining with the
viability dye sytox blue. These cells were either FACS sorted as live total CD4*T cells (for
RNAseq), live naive CD4*CD25CD44""(Foxp3) T cells (for Treg induction assays), live
CD4*CXCR5non-TFH cells or live CD4*CXCR5*precursor TFH cells (both for mRNA
analysis).

2.10. Murine in vitro Treg induction assay

For polyclonal in vitro Treg induction assays, 1000 (VAT) or 10 000 (LNs) murine naive
CD4+CD25CD44"°"(Foxp3’) T cells were FACS purified, resuspended in RPMI medium +
supplements and cultured at 37°C and 5 % CO: in the incubator in over-night pre-coated
wells (5 pg/ml or 0.01 pg/ml anti-CD3e/ 5 pg/ml anti-CD28) in presence of 100 U/ml 112 with
or without 50 ng/ml insulin. In some assays 10 nmol/ml PI3K inhibitor was added to the wells
after 18 hours. Unless otherwise indicated, short-term TCR stimulation was applied and cells
were transferred into uncoated wells after 18 hours and cultured for additional 36 hours
without further TCR stimulation. Continuously stimulated cells were cultured for 54 hours in
presence of TCR stimulation and costimulation. Frequencies of in vitro induced Tregs were
assessed by applying antibodies for CD4, CD25, CD44, CD8a, CD11b, CD11c, CD14, B220
and F4/80 and death cell exclusion marker eFlour450 for 30 min on ice following intracellular
staining for Foxp3 and Ki67 and FACS analysis.

2.11. (Intracellular) staining of ex vivo Tregs and (precursor) TFH cells

To detect ex vivo Treg frequencies, isolated cells were stained intracellularly with Foxp3 and
Ki67 following surface staining for CD4, CD25 (not VAT), CD44, CD8a, CD11b, CD11c,
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CD14, B220 and F4/80. Ex vivo (precursor) TFH cells were identified by staining for CD4,
CXCR5, PD1, CD8a, CD11b, CD11c, CD14, B220, F4/80, followed by intracellular staining
for Bcl6. For the intracellular staining, cells were fixed and permeabilized using the Foxp3
Staining Buffer Set following surface staining and prior to intracellular staining with Foxp3,
Ki67 and Bcl6 for 30 min on ice. Dead cells were excluded based on FSC and SSC and
staining with the viability dye eFlour450. Frequencies of live CD4*CD25*Foxp3*Tregs, live
CD4+*CXCR5*PD1MdnM)(precursor) TFH cells and live CD4*CXCR5*PD1MBcl6"TFH cells
were FACS analyzed. Additionally, 2000 CD4*CD25*Foxp3*Tregs from ingLNs and 400
CD4*Foxp3*Tregs from VAT of 50 days old InsR TKO and Flox ctrl. mice were sort purified
for Foxp3 CNS2 methylation analysis (compare chapter 2.15).

2.12. Invitro Treg re-stimulation Assay

CD4+*CD25*Foxp3-GFP+Tregs were FACS purified upon in vitro Treg induction and
5000 Tregs/well were re-stimulated by culturing the cells in over-night pre-coated wells
(5 pg/ml anti-CD3e/ 5 pg/ml anti-CD28) in RPMI medium + supplements in presence of
100 U/ml 112 with or without 50 ng/ml insulin. After 30 hours, the frequencies of remaining
CD4+*CD25*Foxp3-GFP+T cells were analyzed via FACS.

2.13. Glucose uptake Assay
To analyze T cell specific glucose uptake 250 000 naive CD4*CD25CD44"°"T cells were
FACS purified, resuspended in RPMI medium + supplements and cultured in over-night pre-
coated wells (5 pg/ml anti-CD3e/ 5 ug/ml anti-CD28) in the presence of 100 U/ml 112 and with
or without 250 ng/ml insulin at 37°C and 5% CO:2 for 4 hours. Thereafter, cells were
transferred into uncoated wells and washed with PBS to remove remaining glucose from
media. Glucose Uptake-Glo™ Assay was performed according to the manufacturer’s
instructions and luminescence which positively correlates with 2-Deoxyglucose uptake was

measured with a Glomax Multi Detection System.

2.14. Gene expression analysis of mMRNAs and miRNAs

Human CD4+*CD45RA CXCR5*CCR7"°"PD1" precursor  TFH cells, murine
CD4+*CXCRb5*precursor TFH cells and CD4*CXCR5non-TFH cells were sort-purified with
FACS Aria lll. RNA extraction was performed using the miRNeasy Micro Kit followed by
either transcription into cDNA using iScript cDNA Synthesis Kit for subsequent mRNA
expression analysis or by transcription into cDNA using Universal cDNA synthesis kit Il for

subsequent miRNA expression analysis according to the manufacturer’s instructions. cDNA
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from total human VAT was synthesized by the group of Prof. Matthias Bliher and was ready
available at a concentration of 50 ng/ml. Real-time quantitative PCR (RT-gPCR) for mRNA
expression analysis was performed with SsoFast Evagreen Supermix combined with the
primers for murine /121, ICOS, Bcl6, 18S, Histone and human Ascl2, 1121, ICOS, ITCH, Bclé,
CD4, Foxol, Pten, Kif2, 18S and Histone. To quantify miRNA expression, RT-qPCR was
performed with EXILENT SYBR Green master mix combined with the LNA™ PCR primer mix
for miRNA92a-3p and a primer for 5s for normalization. RT-qPCR data was normalized to the
mean expression of 18S and Histone ((non-) TFH cells), to the expression of CD4 (human
VAT) or to the expression of 5S (miRNA92a-3p). All RT-gPCRs were run on the CFX96
Touch Real-Time PCR Detection System and analyses were performed with Bio-Rad CFX
Manager 3.1.

2.15. Foxp3 CNS2 methylation analysis

Sorted cells (compare chapter 2.11) were lysed and bisulfite converted using the EZ DNA
Methylation-Direct Kit following the manufacturer’s instructions. The resulting bisulfite-
converted DNA (bcDNA) was used for a combination of methylation-sensitive high resolution
melting (MS-HRM) analysis and subsequent Pyrosequencing as described earlier (Serr et
al., 2016b; Serr et al., 2018). This bias-controlled quantitative methylation analysis was
performed by first applying the SensiFAST HRM Kit and corresponding primers (forward
primer: 5-TTG GGT TTT GTT GTT ATA ATT TGA ATT TGG-3" and biotinylated reverse
primer: 5-ACC TAC CTA ATA CTC ACC AAA CAT C-3’) on the CFX96 Touch Real-Time
PCR System. Thereby, the bcDNA was amplified and a first estimation of the methylation
status was possible. Secondly, Pyrosequencing for single CpG-site specific quantitative
analysis of the methylation status of the TSDR region was performed on the PyroMark Q24
system. Therefore, PyroMark Gold Q24 Reagents were used according to the manufacturer’s
instructions and with a specific sequencing primer (5’-AAT TTG AAT TTG GTT AGATTT TT-
3’) to cover the area of differential methylation in the first Foxp3 intron initially reported by
Baron et al. (Baron et al., 2007). Pyrosequencing data are presented as means of all CpG-
sites analyzed due to high homology between methylation levels of the individual sites and
displayed as %.

2.16. RNA Sequencing

3000 CD4*T cells were FACS purified from mesLNs of InsR TKO and Flox ctrl. mice and
immediately frozen at -20°C. Because of limited cell numbers, cDNA was synthesized
directly using the SMARTer ultra low input RNA Kit for Sequencing-v4 according to the
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manufactorer’s instructions. cDNA concentration was assessed using High Sensitivity DNA
Chips on an Agilent Bioanalyzer. 6 ng of cDNA were used for Library Preparation with
lllumina Nextera XT DNA library preparation kit and corresponding index primers. The quality
of the library was assessed with the bioanalyzer. Subsequent RNAseq was performed using
HiSeq Rapid SR Cluster Kit v2 and HiSeq Rapid SBS Kit v2. Dual-indexed, multiplexed
single-reads were run on an lllumina HiSeg2500 Instrument with the Sequencing Software
HiSeq Control Software 2.2.70 by Dr. Christine Wurmser, Lehrstuhl fir Tierzucht, Technical
Universitat Manchen. Differential expression analysis of the RNAseq data was performed by
Ming Wu, Institute for Animal Physiology and Immunology Weihenstephan, Technische
Universitdt Munchen using DESeqg2 (version 1.18.1) (Love et al.,, 2014) with default
parameters. Differences with baseMean > 50, absolute log2FoldChange > 1 and adjusted
P value < 0.05 were considered as significant. Volcano plots were generated by ggplot2
(Wickham, 2016) and ggrepel (Slowikowski, 2016) and grey lines were added to illustrate the
thresholds (line1: log2FoldChange = -1; line2: Log2FoldChange = 1; line 3: -log10(padj) = -
log10(0.05)). Gene Set Enrichment Analysis (GSEA) was performed as described in
(Sergushichev, 2016) and by using the reference databases c2 (curated gene sets), ¢5 (GO
gene sets), c7 (immunological signatures) downloaded from
<http://software.broadinstitute.org/gsea/msigdb/collections.jsp#C2>.

2.17. Proteomics
Total CD4+T cells from all LNs of InsR TKO and Flox ctrl. mice were MACS enriched using
CD4-Biotin and streptavidin microbeads as described in chapter 2.9 and immediately frozen
in PBS. Dr. Natalie Krahmer, Institute for Diabetes and Obesity, Helmholtz Zentrum
Minchen, performed Liquid chromatography-mass spectrometry (LC-MS/MS) sample
preparation, analysis and computational data analysis. To this end, T cells were lysed in
SDC lysis buffer containing 4 % (w/v) SDC, 100 mM Tris-HCI (pH 8.5), heated for 5 min at
99°C, and sonicated (Branson probe sonifier, output 3-4, 50 % duty cycle, 3x 30s). Then
proteins were reduced and alkylated with 10 mM tris-(2-carboxyethyl)-phosphin-hydrochlorid
(TCEP), 40 mM 2-chloroacetamide(CAA)), at 45°C for 10 min in the dark. Proteins were
digested with 1:50 (protein:enzyme) LysC and Trypsin at 37°C overnight and peptides were
acidified to a final concentration of 1% TFA. The peptide solution was cleared by
centrifugation and loaded onto activated (30 % methanol, 1% TFA) double layer
styrenedivinylbenzene-reversed phase sulfonated STAGE tips (SDB-RPS; 3M Empore). The
STAGE tips were first washed with 200 ul 0.2 % TFA, then with 200 yl 0.2% TFA and
5 % ACN. The peptides were eluted with 60 ul SDB-RPS elution buffer (80 % ACN, 5 %
NH4OH) for single shot analysis. Samples were concentrated in a SpeedVac for 40 min at

45°C and dissolved in 12 ul MS loading buffer (2 % ACN, 0.1 % TFA). For LC-MS/MS
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analysis peptides were loaded onto a 50 cm column with a 75 uM inner diameter, packed in-
house with 1.9 uM C18 ReproSil particles (Dr. Maisch GmbH) at 60°C. The peptides were
separated by reversed-phase chromatography using a binary buffer system consisting of
0.1 % formic acid (buffer A) and 80 % ACN in 0.1 % formic acid (buffer B). 0.5 ug of peptides
was separated on a 120 min gradient (5-30 % buffer B over 95 min, 30-60 % buffer B over
5 min) at a flowrate of 350 nl on an EASY-nLC 1200 system. MS data was acquired using a
data dependent top-15 method with maximum injection time of 20 ms, a scan range of 300—
1650 Th, and an AGC target of 3e6. Sequencing was performed via higher energy collisional
dissociation fragmentation with a target value of 1e5, and a window of 1.4 Th. Survey scans
were acquired at a resolution of 60 000. Resolution for HCD spectra was set to 15 000 with
maximum ion injection time of 28 ms and an underfill ratio of either 30 % Dynamic exclusion
was set to 20 s. For MS data analysis, raw mass spectrometry data was processed with
MaxQuant 1.5.1.6 using default settings. False-discovery rate (FDR) at the protein, peptide
and modification level was set to 0.01. Oxidized methionine (M) and acetylation (protein N-
term) were selected as variable modifications, and carbamidomethyl (C) as fixed
modification. Label free quantitation (LFQ) and “Match between runs” were enabled. Proteins
and peptides were identified with a target-decoy approach in revert mode, using the
Andromeda search engine integrated into the MaxQuant environment. Searches were
performed against the mouse UniProt FASTA database (September 2014) containing 51 210
entries. Quantification of peptides and proteins was performed by MaxQuant. Bioinformatics
analysis was performed with Perseus 1.5.6.2 and Microsoft Excel. Annotations were
extracted from UniProtKB, Gene Ontology (GO), and the Kyoto Encyclopedia of Genes and
Genomes (KEGG). Quantified proteins were filtered for at least three valid values among
biological replicates in at least one of the conditions. Missing values were imputed from a
normal distribution with a downshift of X and a width of Y. Significantly up-or-downregulated
proteins between the three conditions were determined by Student’s t-test (P value 0.05).
Hierarchical clustering and the volcano plot were performed in Perseus.

2.18. Immunofluorescence stainings on cytospins

Total CD4+T cells from WT, Flox ctrl. and InsR TKO mice were negatively selected using the
Dynabeads untouched CD4* mouse Kit from Invitrogen according to the manufacturer’s
instructions. Briefly, non CD4*T cells are labeled by a cocktail of biotin-conjugated
monoclonal antibodies against mouse: CD8a, CD11b, CD45R, CD49b, and Ter-119.
Magnetically labelled non-CD4+T cells are retained at the edge of the falcon and CD4*T cells
are found in the middle of the falcon. Negatively enriched CD4*T cells were either directly
used or in vitro activated in presence of 5 ug/ml anti-CD3e/ 5 ug/ml anti-CD28 (and some WT
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cells also in presence of insulin) for 4 hours. (Activated) T cells were washed with PBS and
fixated in 4 % Roti-Histofix for 10 min at RT. Immunofluorescence stainings were performed
in the lab of Dr. Benno Weigmann at the Kussmaul Campus of the University of Erlangen,
Germany. Rabbit anti-mouse pS6 and GCK antibody and donkey anti-rabbit Alexa Fluor 647
antibodies were used. The cells were analyzed by confocal microscopy.

2.19. Statistics

Results are presented as FACS plots, scatter plots including mean and standard error of the
mean (SEM), box-and-whisker plots including all data points or as pictures of
immunofluorescence stainings. Data was normalized to the assay ctrl., SD, mesLNs or
housekeeping genes (18s, Histone, 5S), where appropriate. For normally distributed data
unpaired or paired Student’s t-test were used. The Student’s t-test for unpaired values was
used to compare means between independent groups (e.g. Treg induction InsR TKO vs. Flox
ctrl. mice) and the Student’s t-test for paired values was used to compare values for the
same sample tested under different conditions (e.g. Treg induction with and without insulin).
For data that was not normally distributed a nonparametric test was applied. The Wilcoxon
signed-ranks test was used for samples from the same population (e.g. Glucose uptake of
CD4-T cells with or without insulin) and the Mann-Whitney test for samples from independent
populations (e.g. Glucose uptake of CD4*T cells from InsR TKO vs. Flox ctrl. mice). The
significance levels for Student’s t-tests, Wilcoxon signed-ranks test and Mann-Whitney test
were set as two-tailed P values of < 0.05. To test the effect of two different variables (e.g.
genotype and HFHS diet) a two-way ANOVA and subsequent Post-hoc Sidak's multiple
comparisons test were applied. Here, the significance level was determined as adjusted P
value of < 0.05. Statistical analyses were performed with the program GraphPad Prism 7 and
statistical significance is shown as *P <0.05, **P <0.01, ***P < 0.001, ****P < 0.0001 or not

significant (P > 0.05).
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3. Results

Chronic, low-grade inflammation as in obesity affects (precursor) TFH cell levels and
Foxp3*Treg levels in metabolic tissues as well as in peripheral blood. Additionally, their
differentiation from naive CD4*T cells, their function, their stability and their cell intrinsic
metabolism might be influenced by an obesogenic environment. However, how miRNAs or
metabolic signaling cues specifically trigger T cell activation vs. regulation is not yet fully
understood.

3.1. (Precursor) TFH cells in obesity

Until now most of the research concerning TFH cells focuses on autoimmune diseases
(Scherm et al., 2016; Serr et al., 2016b), however recent evidence suggests that these cells
might additionally be involved in promoting tissue and systemic inflammation. The results
below indicate a potential link between an obesogenic environment and (precursor) TFH cell

frequencies both in human and mice.

3.1.1. MiRNA92a and obesity affect TFH cell differentiation

Our group previously investigated the role of precursor TFH cells in the onset of human islet
autoimmunity and signaling pathways that regulate their differentiation. Among others, we
(Serr et al.,, 2016b) showed that the insulin-specific target T cell population in human
peripheral blood is characterized by high levels of live CD4*CD45RA" CXCR5*CCR7"°*PD1M
precursor TFH cells (identified as in Figure 1A (upper row)) during onset of human islet

autoimmunity.

This identification pattern for human precursor TFH cells was applied previously by various
other research groups (Breitfeld et al., 2000; Haynes et al.,, 2007; He et al., 2013).
Additionally, precursor TFH cells can be identified as live CD4*CD45RA CXCR5*PD1+*TFH
cells (Figure 1A (lower row)) (Serr et al., 2016b) as also shown by (Baumjohann et al.,
2013a; Kang et al., 2013; Ma & Deenick, 2017). MiRNAs of the miR-17~92 cluster were
shown to promote TFH cell differentiation and function, GC formation and antibody
responses (Baumjohann et al., 2013a; Kang et al., 2013).
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Figure 1: MiRNA92a affects human precursor TFH cell induction in vitro. (A) Representative FACS plots for
the identification of CD4+*CD45RA-CXCR5*CCR7°*PD1MT cells (upper) and CXCR5+*PD1~, CXCR5*PD1+ and
CXCR5*PD1++T cells (lower). (B) Precursor TFH cell induction using human naive CD4*T cells from healthy
individuals in the presence of memory B cells with or without a miRNA92a mimic, a miRNA92a antagomir, or
respective negative control mimics or antagomirs. Summary graphs are shown for frequencies of CCR7'*"PD1M
cells presented as percentages of CXCR5*CD45RA-CD4+T cells. Data represents the mean + SEM. *P < 0.05 (C)
mRNA abundance of predicted signaling pathways controlled by miRNA92a from CD4+T cells of precursor TFH
cell induction assays in the presence of a miRNA92a mimic quantified by RT-gPCR analyses. Results are shown
in abundance as the fold of T cells treated with negative miRNA mimic controls. Data represents the mean + SEM
from duplicate wells of four independent experiments. *P < 0.05; **P <0.01. (D) Assessment of uptake,
intracellular colocalization of FA-labeled nanoparticles, and Dy457-labeled transfection control miRNA mimic in
CD4+T cells upon stimulation with anti-CD3/anti-CD28 by confocal microscopy. Graphs as published in Serr et
al. (Serr et al., 2016b). The corresponding graphs are shown there in Figure 5A, 5C and S3.

We provided evidence that miRNA92a mediates human precursor TFH cell induction and
showed that the abundance of this miRNA in CD4*T cells positively correlates with precursor
TFH cell frequencies in peripheral blood (Serr et al., 2016b). In vitro precursor TFH cell
induction assays co-culturing naive CD4*CXCR5T cells with autologous memory CD19*B
cells in the presence of anti-CD3/CD28 for 5 days and with or without a miRNA92a mimic or
miRNA92a antagomir, confirmed a role of miRNA92a for precursor TFH cell differentiation. A

miRNA92a mimic significantly increased the frequencies of in vitro induced precursor TFH
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cells, whilst incubation with a miRNA92a antagomir reversed this effect (Figure 1B). The
miRNA92a mimic or antagomir were delivered using chitosan-coated poly (D,L-lactide-
coglycolide) (PLGA) nanoparticles (Ravi Kumar et al., 2004) and confocal microscopy proved
uptake, intracellular localization of labeled nanoparticles and delivery of fluorescently labeled
control miRNAs into CD4*T cells as shown in Figure 1D.

FACS purified CD4*T cells at day 5 of in vitro precursor TFH cell differentiation assay
showed that a miRNA92a mimic can modulate mRNA expression of its potential targets
(Figure 1C). MiRNA92a increased mRNA expression of the early TFH cell marker Ascl2 and
significantly elevated mRNA levels of the TFH cell markers ICOS, ITCH and Bcl6. On the
contrary, mRNA expression of negative regulators of T cell activation and TFH differentiation,
namely Foxo1, Pten and Kif2, were significantly reduced in these cells. (Figure 1 is
published in (Serr et al., 2016b))

These results highlight an important role for precursor TFH cells during human islet
autoimmunity and T1D. However, the function of TFH cells in metabolic diseases such as
obesity and T2D remains unclear. Thus, the influence of an obesogenic environment on
miRNA92a mediated (precursor) TFH cell differentiation and (precursor) TFH cell abundance
in murine lymphoid tissues and in metabolically active, non-lymphoid ATs was examined.

These results are shown below.
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Figure 2: BW upon different durations of a HFHS diet. (A-C) BW in gram of mice exposed to a SD (n=4/6/2
mice) vs. (A) an intermediate-term HFHS diet (n=3 mice) vs. (B) a long-term HFHS diet (n=7 mice) vs. (C) a
sustained HFHS diet (n=2 mice). Data is presented as scatter plots including all data points and mean + SEM. ns
P> 0.05, **P <0.001 as determined by unpaired t-test. (SD: black diamonds, different HFHS: dark red
diamonds).

First, non-TFH cells and precursor TFH cells were isolated from mesLNs of mice exposed to
either a SD or long-term HFHS diet. In addition to immunological analyses, metabolic
parameters such as BW were assessed. Figure 2B shows the BWs of the used mice at the
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day of sacrifice. Mice exposed to a long-term HFHS diet were significantly heavier than the
corresponding control mice (SD: 25.21 +1.557 g, long-term HFHS 37.01 +1.883 g,
***P = 0.0006).

MesLNs and not inguinal (ingLNs) were used for these experiments because of their location
close to the metabolically more active VAT. Murine precursor TFH cells were identified as
live CD4*CXCR5*PD1*T cells as shown in Figure 3 and non-TFH cells were gated as
CD4+*CXCRS5T cells.
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Figure 3: Representative FACS plots for the identification of murine live CD4*CXCR5+*(PD1") TFH cells.
Lymphocytes are first identified based on their size followed by doublet exclusion. Live CD4*T cells are
determined by a panel of exclusion markers (CD8a, CD11b, CD11c, B220, F40/80, CD14) and dead cell
exclusion marker eFlour450. TFH cells are classified as live CD4*CXCR5*(PD1M)T cells.

The influence of an obesogenic environment on T cell-intrinsic mMiIRNA92a levels was
assessed by measuring miRNA92a expression in precursor TFH cells and non-TFH cells
isolated from mesLNs via RT-gPCR (Figure 4). MiRNA92a abundance was similar in non-
TFH cells and precursor TFH cells independent of the dietary regimen (Figure 4A+B) (SD:
non-TFH cells: 11.22 + 0.816, precursor TFH cells: 9.99 £ 1.475, ns P = 0.2096 vs. long-term
HFHS: non-TFH cells: 9.02 £ 0.830, precursor TFH cells: 9.27 £ 1.885, ns P = 0.8744).
Moreover, a long-term HFHS diet did not result in changes in miRNA92a expression levels in
both non-TFH cells (Figure 4C) (SD: 9.99 +1.475, long-term HFHS: 9.27 £ 1.885, ns
P =0.6121) and precursor TFH cells (Figure 4D) (SD: 11.22 + 0.816, long-term HFHS:
9.02 £0.692, ns P =0.0627). This indicates that an obesogenic environment might not
trigger differentiation of CD4*T cells into (precursor) TFH cells, at least not via increasing the
expression of mMiRNA92a.
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Figure 4: miRNA92a expression in murine precursor TFH vs. non-TFH cells from mesLNs upon a long-
term HFHS diet. (A+B) miRNA92a expression in CD4*CXCR5* precursor TFH cells and CD4+*CXCR5non-TFH
cells upon (A) a SD or (B) a long-term HFHS diet. (C+D) Diet depended changes in miRNA92a expression in (C)
CD4+*CXCR5 non-TFH cells and (D) CD4*CXCRS5* precursor TFH cells. MiRNA92a expression as quantified by
RT-gPCR analyses and normalized to the expression of 5s. Data is presented as scatter plots including all data
points and mean + SEM. ns P > 0.05 as determined by unpaired t-test. (n=3-8 mice, CD4*CXCR5 non-TFH cells
(SD: black triangles, long-term HFHS: dark red triangles), CD4*CXCR5* precursor TFH cells (SD: black
diamonds, long-term HFHS: dark red diamonds))

To test whether a high calorie environment affects mMRNA expression of genes associated
with TFH cell differentiation independent from miRNA92a induction, RT-gPCR was
performed to measure mRNA abundance of //21, ICOS and Bcl6 in the identical non-TFH
cells and precursor TFH cells isolated from mesLNs that were previously used for miRNA
analysis. All analyzed genes showed, although mostly not significant, a tendency towards a
higher expression in precursor TFH compared to non-TFH cells (Figure 5). Upon SD, //21
and Bcl6 expression were significantly higher in CD4*CXCR5* precursor TFH cells compared
to the corresponding non-TFH cells (Figure 5A+C) (//21: 1.43 fold increase, *P = 0.0118 and
Bcl6: 1.54 fold increase, *P = 0.0267), whilst /COS levels were not changed in both T cell
subsets (Figure 5B) (ns P = 0.3926). Precursor TFH cells from mesLNs of mice exposed to
a HFHS diet showed a significantly higher expression of //27 compared to non-TFH cells
from HFHS mice (Figure 5A) (1.43 fold increase, *P =0.0155). This increase in /21
expression was similar to the increase seen in precursor TFH cells compared to non-TFH
cells from SD mice. ICOS and Bcl6 expression were not affected by the obesogenic
environment (Figure 5B+C) (/COS ns P = 0.0737, Bcl6 ns P = 0.2116).
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Figure 5: mRNA expression of genes associated with TFH cell differentiation. (A-C) mRNA expression of (A)
1121, (B) ICOS and (C) Bcl6 in CD4*CXCR5* precursor TFH cells vs. CD4*CXCR5non-TFH cells upon a SD or
long-term HFHS diet. Gene expression as quantified by RT-gPCR analyses and normalized to the mean
expression of the housekeeping genes Histone and 18S. Data is presented relative to the mRNA expression in
CD4+*CXCR51non-TFH cells upon SD. Data is shown as scatter plots including all data points and mean + SEM.
ns P > 0.05, *P <0.05 as determined by unpaired t-test. (n=3-4 mice, CD4*CXCR5" non-TFH cells (SD: black
triangles, long-term HFHS: dark red triangles), CD4*CXCR5* precursor TFH cells (SD: black diamonds, long-term
HFHS: dark red diamonds))

miRNA and mRNA expression analyses in precursor TFH cells and non-TFH cells gave no
indication that obesity impacts TFH cells differentiation and abundance. To confirm these
findings on the cellular level, next, (precursor) TFH cell frequencies were assessed in

lymphoid and non-lymphoid tissues.

To better understand the link between the initiation and progression of obesity and TFH cell
abundance, the frequencies of live CXCR5*PD" precursor TFH cells [% of live CD4*T cells]
(Figure 3) were assessed in both ingLNs and mesLNs of mice exposed to either a SD or
different durations of a HFHS diet (Figure 6).

The BWs of all used mice are shown in Figure 2. As already mentioned, exposure to a long-
term HFHS significantly increased the BW of the used mice (Figure 2B). Although not
significantly due to the small sample number, the BWs of mice exposed to an intermediate-
term HFHS diet (Figure 2A) and sustained HFHS diet (Figure 2C) were also increased (SD:
24.75 +1.901 g, intermediate-term HFHS 32.83+3.634g, ns P=0.0860 vs. SD:
29.50 + 0.500 g, sustained HFHS: 48.00 £ 6 g, ns P = 0.0920).
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Figure 6: Ex vivo (precursor) TFH cell frequencies in ingLNs and mesLNs are influenced by the
progression of obesity. (A-F) Frequencies of live CD4*CXCR5*PD1" precursor TFH cells in ingLNs and
mesLNs upon (A+B) an intermediate-term HFHS diet, (C+D) a long-term HFHS diet, (E+F) a sustained HFHS
diet. Data is shown as scatter plots including all data points and mean + SEM. ns P > 0.05, *P <0.05 as
determined by unpaired t-test. (n=2-7 mice, SD: black diamonds, intermediate-term HFHS/ long-term HFHS/
sustained HFHS: dark red diamonds)

The frequencies of precursor TFH cells in ingLNs and mesLNs showed marked variation
upon dietary challenge. Exposure to both an intermediate-term and a long-term HFHS diet
induced no changes in precursor TFH cell frequencies in ingLNs (Figure 6A+C) (SD:
2.31 + 0.459, intermediate-term HFHS: 2.36 £ 0.720, ns P = 0.9531 and SD: 1.96 + 0.434,
long-term HFHS: 1.91 + 0.374, ns P = 0.9238).
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However, precursor TFH cell levels in mesLNs did change differently upon an intermediate-
term and a long-term HFHS diet (Figure 6B+D). There was a marginal reduction in precursor
TFH cells in mesLNs upon an intermediate-term HFHS diet (Figure 6B) (SD: 4.92 + 0.291,
intermediate-term HFHS: 4.29 + 0.048, ns P = 0.0745) and significantly more precursor TFH
cells upon a long-term HFHS diet (Figure 6D) (SD: 3.04 £0.279, long-term HFHS:
3.72 £ 0.068, *P = 0.0298). Preliminary data showed that the frequencies of CXCR5*PD"
precursor TFH cells [% of live CD4*T cells] were significantly higher in both ingLNs and
mesLNs upon one year exposure to a high caloric environment (Figure 6E+F) (ingLNs: SD:
0.31 £ 0.035, sustained HFHS: 5.13 +1.000, *P =0.0404, mesLNs: SD: 2.20 +0.295,
sustained HFHS: 7.42 + 0.635, *P = 0.0175).

To analyze whether the frequencies of TFH cells are similarly or even more prominently
influenced by an obese, hyperphagic, hyperinsulinemic and hyperglycemic environment, TFH
cell levels were assessed in mesLNs of genetically obese ob/ob mice. In contrast to DIO
mice, genetically obese ob/ob mice develop severe obesity and peripheral insulin resistance
(in the under healthy conditions insulin-sensitive tissues liver, muscle and AT) due a
spontaneous, autosomal recessive, non-sense C to T mutation in codon 105 of the leptin
gene and not due to increased food consumption. This mutation not only triggers obesity
development in ob/ob mice, but also has multiple known and unknown other molecular and
cellular effects. Thus, direct comparison of results from DIO mice and ob/ob mice should be
avoided.

As expected, ob/ob mice had a significantly higher BW than their corresponding WT ctrls.
(Figure 7A) (WT ctrl.: 32.36 £0.452g vs. ob/ob: 46.51 +£0.695g, ****P <0.0001).
Frequencies of CXCR5*PD" precursor TFH cells [% of live CD4*T cells] (gated as in Figure
7B, left FACS Plot) were unchanged in WT ctrl. vs. ob/ob mice (Figure 7C) (WT ctrl.:
3.80 £ 0.529 vs. ob/ob: 4.01 £ 0.481, ns P =0.7727). Given the role of Bcl6 as marker for
more differentiated, mature, GC TFH cells (Hale et al., 2013), this maker was included for
more specific flow cytometric analysis of TFH cells. Identification of GC-like TFH cells by
gating for CD4*CXCR5*PD"TFH cells with high expression of Bcl6 (Figure 7B, right FACS
Plot) depicted significantly higher levels of these TFH cells in mesLNs of ob/ob mice (Figure
7D) (Bcl6"TFH cells [% of live CD4*CXCR5*PD1"T cells] WT ctrl.: 7.32 + 1.093 vs. ob/ob:
16.23 + 2.213, **P = 0.0023).

The data shown here provides evidence for a positive correlation between obesity
development and CD4*CXCR5*PD1"(Bcl6") (precursor) TFH cell levels in lymphoid tissues,
though, data is characterized by a great heterogeneity.
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Figure 7: (Precursor) TFH cells in mesLNs of genetically obese ob/ob mice. (A) Assessed BW in WT cirl.
and ob/ob mice at the day of sacrifice. (B) Identification of CXCR5*PD1" precursor TFH cells and
CXCR5*PD1MBcl6"TFH cells. (C+D) Frequencies of (C) precursor TFH cells and (D) TFH cells in mesLNs of WT
ctrl. vs. ob/ob mice. Data is presented as scatter plots including all data points and mean + SEM (A+C+D) or
FACS Plots (B). ns P > 0.05, **P <0.01, ****P < 0.0001 as determined by unpaired t-test. (n=9 mice/ genotype,
WT ctrl.: black circles, ob/ob: green triangles)

To answer the question whether TFH cells play an important role outside the lymphoid
organs, in non-lymphoid tissues e.g. the AT, next TFH cell frequencies in BAT, SAT and
particularly in VAT were assessed, to dissect the contribution of TFH cells to obesity-

associated inflammation.

Our group previously showed (Kalin et al., 2017) that immune cell populations within
metabolically active tissues alter during exposure to a HFHS diet. Specifically, we showed
that the frequency of anti-inflammatory Foxp3*Tregs [% of total CD4*T cells] were decreased
in BAT, SAT and VAT upon a long-term HFHS diet. Moreover, the impairments in response
to the high caloric environment were highest and significant in VAT (Figure 8A) (Figure 1N in
(Kalin et al., 2017)). Pro-inflammatory TFH cells were shown to antagonize Treg function in
multiple signaling pathways. Thus, it is highly relevant to analyze TFH cell frequency in
tissues that were shown to harbor decreasing numbers of Tregs in response to an

obesogenic environment.
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Figure 8: Frequencies of ex vivo Foxp3*Tregs and precursor TFH cells in murine ATs upon a HFHS diet.
(A) Depicted are ex vivo fat-residing CD4+*CD25+Foxp3* Tregs of 14 week old C57BL/6J animals that were on a
HFHS diet for 8 weeks. n=4 per group. Data is presented as scatter plots including all data points and
mean + SEM (***P < 0.001). Graph as published in Kélin et al. (Kalin et al., 2017). The corresponding graph is
shown in Figure 1N. (B+C) Ex vivo fat-residing precursor CXCR5*PD1MTFH cells in (B) SAT and (C) VAT of n=4
mice upon a long-term HFHS diet. (D) Ex vivo fat-residing precursor CXCR5*PD1"TFH cells from BAT, SAT and
VAT of n=1 mouse upon one year of a HFHS diet. Data is presented as scatter plots including all data points and
mean + SEM (B+C) or bar chart (D). ns P > 0.05 as determined by paired t-test (B+C). (D) The shown preliminary
data has a limited number of biological replicates, therefore, no statistics were possible. (SD: black diamonds,
HFHS: diet red diamonds)

CD4+*CXCR5*PD1" precursor TFH cells were isolated from BAT, SAT and VAT to analyze
whether their abundance is affected by an obesogenic environment. CXCR5*PD1" precursor
TFH cells [% of live CD4*T cells] showed a tendency towards a higher expression in SAT
(Figure 8B) and VAT (Figure 8C) upon a long-term HFHS diet (SAT: SD: 2.03 + 0.247, long-
term HFHS: 2.56 £0.741, ns P =0.3287 vs. VAT: SD: 3.23 £0.593, long-term HFHS:
5.06 £ 0.854, ns P = 0.1285). Preliminary data applying mice exposed to a sustained HFHS
diet of one year showed that the increase in CD4*CXCR5*PD1" precursor TFH cells might
positively correlate with the duration of the HFHS diet. Additionally, the effects of a sustained
HFHS diet might be most prominent in BAT and VAT (Figure 8D) (no statistics possible).
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3.1.2. Preliminary data: TFH cells in human obesity

In order to translate the above shown preliminary data from mice to humans and to
investigate a potential effect of an obesogenic environment on TFH cell frequencies in
human peripheral blood, a limited number of peripheral blood samples from lean, insulin-
sensitive (BMI: 23.0 + 0 kg/m?) vs. obese, insulin-sensitive (BMI: 46.2 + 0 kg/m?) vs. obese,
insulin-resistant (BMI: 50.2 + 0.97 kg/m?) patients (Figure 9A, no statistics possible due to a
low sample number) was available for analysis, resulting in the below shown preliminary

data.
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Figure 9: BMI of lean and obese individuals. (A) BMI of one lean, insulin-sensitive vs. one obese, insulin-
sensitive vs. three obese, insulin-resistant individual(s) that donated peripheral blood (B) BMI of lean, insulin-
sensitive (n=5) vs. obese, insulin-resistant (n=6) individuals that donated VAT. Data is presented as scatter plots
including all data points and mean + SEM. ****P < 0.0001 as determined by unpaired t-test. (lean, insulin-
sensitive: blue triangles, obese, insulin-sensitive: blue circles, obese, insulin-resistant: blue diamonds)

Human peripheral blood precursor TFH cells might comprise of a CXCR3*CCR6°Th1-like,
CXCR3"CCR67Th2-like and CXCR3"CCR6*Th17-like precursor TFH cell subset, all capable
to provide B cell help, though with different efficiency (Bentebibel et al., 2013; Chtanova et
al., 2004; Fazilleau et al., 2009; Locci et al., 2013; Morita et al., 2011). A representative
gating strategy for the subclassification of human peripheral blood precursor TFH cells is
shown in Figure 10A.

Precursor TFH cell levels with a Th1-like cytokine profile were highest in lean, insulin-
sensitive individuals and similarly lower in both obesity groups (Figure 10B). Th2-like
precursor TFH cells were decreasing with the appearance of obesity and were lowest in
obese, insulin-resistant individuals (Figure 10C). In contrast, precursor TFH cells with a
Th17-like cytokine profile increased from lean, insulin-sensitive to obese, insulin-sensitive to
obese, insulin-resistant individuals (Figure 10D).
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Figure 10: Preliminary data: Analysis of precursor TFH cells in peripheral blood during human obesity.
(A) Representative FACS plots for the identification of CD4*CD45RA-CXCR5* precursor TFH cells and their Th1-
like, Th2-like and Th17-like subsets. (B-D) Frequencies of the precursor TFH cell subpopulations with (B) a Th1-
like cytokine profile, (C) a Th2-like cytokine profile and (D) a Th17-like cytokine profile presented as % of
CD4+*CXCR5*TFH cells in human peripheral blood of one lean, insulin-sensitive vs. one obese, insulin-sensitive
vs. three obese, insulin-resistant individual(s). Data is presented as (A) FACS Plots or (B-D) scatter plots
including all data points and mean £ SEM. The shown preliminary data has a limited number of biological
replicates; therefore no statistics were possible. (lean, insulin-sensitive: black triangles, obese, insulin-sensitive:
blue circles, obese, insulin-resistant: blue diamonds)

To further support the initial findings indicating altered precursor TFH cell frequencies in
human peripheral blood due to an obesogenic environment, mMRNA expression analysis was
performed on total human VAT from lean, insulin-sensitive (BMI: 23.87 + 0.793 kg/m?) vs.
obese, insulin-resistant (BMI: 63.30 + 3.194 kg/m?) individuals. The BMIs of the individuals
that donated VAT are shown in Figure 9B. As expected, obese, insulin-resistant individuals
had a significantly higher BMI than lean, insulin-sensitive individuals (lean, insulin-sensitive:
23.87 + 0.793 kg/m?, obese, insulin-resistant: 63.3 + 3.194 kg/m?, ****P < 0.0001).
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Figure 11: Initial results: mRNA expression of genes associated with TFH cell differentiation in total
human VAT. mRNA expression of (A) Ascl2, (B) 1121, (C) ICOS and (D) Bcl6 in human total VAT of lean, insulin-
sensitive (n=5) vs. obese, insulin-resistant individuals (n=6). Gene expression as quantified by RT-qPCR
analyses and normalized to CD4. Data is presented as scatter plots including all data points and mean + SEM.
ns P > 0.05 as determined by unpaired t-test. (lean, insulin-sensitive: black triangles, obese, insulin-sensitive: blue
circles, obese, insulin-resistant: blue diamonds)

Initial analysis of Ascl2, 1121, ICOS and Bcl6 mRNA expression in total human VAT, showed
a tendency towards a higher abundance of Ascl2 and //21 (relative to the expression of CD4)
in the VAT of obese, insulin-resistant individuals (Figure 11A+B) (Asc/2: lean: 0.606 + 0.067,
obese: 0.817 £0.135, ns P =0.2221, //21: lean: 0.285 + 0.073, obese: 0.427 +0.118, ns
P =0.1312), whilst Bcl6 expression remained unaffected (Figure 11D) (Bcl6: lean:
1.08 £0.0108, obese: 1.14 £0.071, ns P =0.6421). On the contrary, ICOS showed a
tendency towards a lower expression in VAT of obese, insulin-resistant individuals compared
to the lean, insulin-sensitive controls (Figure 11C) (/COS: lean: 0.701 +0.075, obese:
0.567 +0.084, ns P = 0.2790).
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3.2. Insulin (receptor) signaling and its effects on de novo Treg induction

The second main focus of this thesis was to assess the contribution of metabolic signaling
cues to the function of CD4*T cells and in particular to dissect their relevance for the
induction of immunoregulatory Foxp3*Tregs. Given its pivotal role for metabolic control,
specifically the effect of the hormone insulin was investigated.

3.2.1. Insulin impairs de novo Foxp3*Treg induction

First, the role of CD4*T cell specific insulin signaling in guiding Foxp3*Treg induction and
function was investigated. To this end, Tregs were in vitro induced from sort-purified naive
CDA4+T cells applying short-term TCR stimulation provided under subimmunogenic conditions
in continuous presence of 12 and insulin. This polyclonal induction assay was previously
shown by us (Serr et al., 2016a) and others (Fontenot et al., 2003; Sauer et al., 2008) to
result in highest levels of Foxp3*Tregs. Previously, our group also identified an improved
Treg induction capacity when modifying and thereby reducing TCR signaling strength,
though maintaining all stimuli for the whole assay (referred to as low dose, continuous TCR
stimulation) (Serr et al., 2016a). Since both Treg induction with short-term TCR stimulation
and with low dose, continuous TCR stimulation were shown to result in high Treg
frequencies, here, both methods were applied for Treg induction in presence of insulin
(Figure 12C+D) and compared regarding the effect of insulin on resulting Treg frequencies.

Titration of human recombinant insulin (10, 25, 50, 75, 100 ng/ml insulin) in in vitro Treg
induction assays applying short-term TCR stimulation showed that 50 ng/ml insulin have the
most prominent effect on resulting Treg frequencies (data not shown). Treg induction with
50 ng/ml insulin significantly impaired the differentiation of naive CD4*T cells from lean
C57BL/6J mice into Foxp3*CD25"Tregs in vitro both under short-term TCR stimulation
(Figure 12B+C) (normalized to the assay ctrl.: assay ctrl. 100 +£1.124 vs. insulin
84.44 +1.306, ****P < 0.0001) and under low dose, continuous TCR stimulation (Figure
12D) (normalized to the assay ctrl.: assay ctrl. 100 +1.361 vs. insulin 72.39 £ 2.228,
****P <0.0001). In the latter, impairments in Treg induction capacity were more prominent
and accompanied by a significant increase in CD4*T cells expressing the proliferation marker
Ki67 (Ki67+*T cells [% of live CD4*T cells]: assay ctrl. 92.13 + 1.437 vs. insulin 94.13 £ 1.114,
**P = 0.0045).
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Figure 12: Insulin affects in vitro CD25"Foxp3+Treg induction, T cell proliferation, Treg stability and T cell
specific glucose uptake. (A) Identification of in vitro induced murine Tregs. (B+C) Representative FACS plots
(B) and frequencies of in vitro induced CD25"Foxp3+Tregs (n=8 mice/ 2-3 technical replicates) (C) In presence
and absence of 50 ng/ml insulin using short-term TCR stimulation. (D) Tregs frequencies using low dose,
continuous TCR stimulation (n=4 mice/ 3 technical replicates). (E) Frequencies of CD4*Ki67+T cells (at day 3 of
Treg induction, as in (D)). (F) Analysis of remaining Foxp3+*T cells after in vitro induction from naive CD4+T cells
of all LNs of Foxp3-GFP mice and re-stimulation for 30 h (hours) in presence or absence of 50 ng/ml insulin (n=8
mice pooled/ 5 or 9 technical replicates). (F) Glucose uptake measured by luminescence in FACS purified naive
CD4+T cells from all LNs and spleen of n=3 mice (2 technical replicates) upon in vitro activation with or without
250 ng/ml insulin for 4 hours at 37°C and 5 % CO2. Data is presented as box-and-whisker plots including all data
points (C-G). Data in C+D is normalized to assay ctrl. *P <0.05, **P <0.01, ****P <0.0001 as determined by
paired t-test (C-F) or Wilcoxon matched-pairs signed rank test (G). (assay ctrl.: grey dots, 50 ng/ml insulin: dark
red squares, 250 ng/ml insulin: red squares)

These insulin-mediated impairments in Treg induction, raise the question whether insulin
similarly affects Treg stability. Of note, re-stimulation of in vitro induced Foxp3*T cells from
total LNs showed that a significantly higher percentage of Tregs that were both induced and
re-stimulated in the presence of insulin lost their Foxp3 expression (Figure 12F). This
indicates a reduced stability of their Treg phenotype (Tregs [% of live CD4*T cells]: w/o
insulin 93.72 £ 0.721 vs. with insulin 90.52 + 1.676, P = 0.0089).

To more specifically integrate the findings that insulin does interfere with de novo Treg

induction into the field of immunometabolism, the next aim was to investigate metabolic

characteristics of T cells involved in the regulation of T cell activation, proliferation and Treg
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induction. Once CD4*T cells get activated, they switch their energy supply and mainly
depend on aerobic glycolysis (Almeida et al., 2016; Michalek et al., 2011; Park & Pan, 2015;
van der Windt & Pearce, 2012). Thus, in vitro activation of naive CD4*T cells by anti-
CD3e/CD28 and insulin (as in Treg induction assays) that precedes their differentiation into
Foxp3*Tregs might trigger adaptations of the CD4*T cell-intrinsic metabolism. A
luminescence-based assay showed that insulin (the concentration was adjusted to the cell
number resulting in 250 ng/ml insulin) significantly increased glucose uptake by CD4*T cells
that were previously activated for 4 hours (Figure 12G) (fold increase in glucose uptake,
assay ctrl.: 1.00 £ 0.036, insulin: 1.512 + 0.317, *P = 0.0313).

The hormone insulin was previously shown to trigger its metabolic effect (partly) by signaling
via the PIBK-Aki-mTOR pathway in metabolically active tissue such as the AT (Araki et al.,
1994; Bouzakri et al., 2006; Taniguchi et al., 2005; Thirone et al., 2006). In line with these
findings, in vitro activation and insulin stimulation of CD4*T cells resulted in an significantly
increased expression of phosphorylated ribosomal protein S6 kinase (pS6) assessed by
immunofluorescence microscopy (Figure 13A) (w/o insulin: 3.67 £0.333, with insulin:
10.33 £ 1.430, **P = 0.0071). Likewise, an significantly increased expression of Glucokinase
(GCK) was identified upon insulin activation of CD4*T cells (Figure 13B) (w/o insulin:
4.60 £ 1.208, with insulin: 13.20 + 2.223, **P = 0.0026).
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Figure 13: Insulin affects targets downstream of InsR signaling. (A-B) Representative immunofluorescence
stainings on cytospins from in vitro in presence or absence of 250 ng/ml insulin activated CD4+T cells of WT mice
stained for (A) pS6 and (B) GCK. Respective summary graphs show the number of positive CD4+*T cells/high
power field for each antibody. **P < 0.01 as determined by paired t-test. Data in the graphs is presented as box-
and-whisker plots including all data points. (assay ctrl.: grey dots, 250 ng/ml insulin: red squares)
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Next, to study the translational relevance of the findings above for human physiology, the
impact of insulin and downstream InsR signaling on human CD4*T cell activation and
differentiation was investigated. Human Tregs were gated as
CD4+CD3*CD127°CD25"Foxp3*T cells (as shown in the FACS Plots in Figure 14A) and
100 ng/ml insulin were identified as most suitable concentration for human Treg induction
experiments (data for 50 and 150 ng/ml insulin is not shown). Treg induction with 100 ng/ml
insulin significantly impaired the differentiation of naive CD4*T cells from human peripheral
blood of female individuals (Figure 14B) (normalized to the assay ctrl.: assay cirl.
100 + 1.497 vs. insulin 94.9 + 1.050, *P = 0.0366). However, this concentration of insulin was
not sufficient to reduce in vitro Treg induction starting with naive CD4*T cells from peripheral
blood of male subjects (Figure 14C) (normalized to the assay ctrl.: assay ctrl. 100 £ 1.416
vs. insulin 101 +3.347, ns P = 0.3772).
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Figure 14: The effect of insulin on human in vitro Treg induction is sex dependent. (A) Representative
FACS plots for the identification of in vitro induced human Tregs. (B+C) Frequencies of induced
CD127°"CD25"Foxp3+Tregs using naive CD4+*T cells from human peripheral blood of (B) n=3 females (3
technical replicates/each) or (C) n=3 males (3 technical replicates/each) with or without 100 ng/ml insulin. Data is
normalized to assay ctrl. and presented as box-and-whisker plots including all data points. ns P > 0.05, *P < 0.05
as determined by paired t-test. (assay ctrl.:grey dots, 100 ng/ml insulin: orange squares)

To combine insulin-mediated impairments in Treg induction with obesity-associated negative

metabolic effects and to assess whether CD4*T cells get insulin-resistant similarly to
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peripheral metabolically active tissues in ob/ob and DIO mice, in vitro Treg induction with
naive CD4*T cells from mesLNs of genetically obese ob/ob and DIO mice was performed.
Insulin similarly and significantly lowered Treg induction capacity using naive CD4*T cells
from both ob/ob mice (Figure 15) (normalized to own assay ctrl., WT ctrl.: assay ctrl.
100 £+1.499 vs. insulin 86.14 +1.384, ob/ob: assay ctrl. 100+ 1.201 vs. insulin
87.96 £ 1.192, both ****P < 0.0001) and mice that were exposed to a SD, a short-term HFHS
diet, a long-term HFHS diet or a sustained HFHS diet (Figure 17A-C). Specifically, insulin-
mediated impairments in Treg induction were comparable when using T cells from ob/ob
mice and their corresponding WT ctrls. (Figure 15). The mean BW of these mice and their

corresponding controls is shown in Figure 7A.
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Figure 15: The effect of insulin on in vitro Treg induction is maintained in genetic obesity. (A) In vitro Treg
induction with naive CD4+T cells from genetically obese ob/ob mice and respective WT ctrl. mice in the presence
or absence of 50 ng/ml insulin (n=14 mice per genotype/ 1-3 technical replicates). Data is normalized to the assay
ctrl. and presented as box-and-whisker plots including all data points. ****P < 0.0001 as determined by 2way
ANOVA and Sidak’s multiple comparison test. (assay ctrl.: grey dots, 50 ng/ml: dark red squares)

In DIO mice, a short-term HFHS diet did not markedly change their BW (Figure 16A) (SD:
22.97 + 0.805, short-term HFHS: 23.71 + 0.756, ns P = 0.7561). On the contrary, a long-term
HFHS diet (Figure 16B) and sustained HFHS (Figure 16C) significantly increased the BW of
the respective mice compared to their controls (SD: 23.70 £ 0.5070, long-term HFHS:
28.93 £1.353, *P=0.013 vs. SD: 38.07 +2.2452, sustained HFHS: 57.25 + 0.250,
**P =0.0071).
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Figure 16: BW upon different durations of a HFHS diet. (A-C) BW of mice exposed to a SD vs. (A) a short-
term HFHS diet (n=18 per group) vs. (B) a long-term HFHS diet (n=4-5 per group) vs. (C) a sustained HFHS diet
(n=2-3 per group) in gram. Data is presented as box-and-whisker plots including all data points. ns P > 0.05,
*P <0.05, **P < 0.01 as determined by unpaired t-test. (SD: grey circles, different HFHS diets: black squares)

Although insulin impaired Treg induction capacity using naive CD4*T cells from all applied
DIO models (Figure 17A-C), the extent of these impairments was dependent on the duration
of the HFHS diet.
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Figure 17: The effect of insulin on in vitro Treg induction is maintained in dietary induced obesity. (A-C) In
vitro Treg induction in presence or absence of 50 ng/ml insulin using naive CD4+T cells from WT mice exposed to
(A) a short-term HFHS diet (n=18 mice per group/ 6 mice were pooled and 4 technical replicates are shown), (B)
a long-term HFHS diet (n=4 mice per group) or (C) a sustained HFHS diet (n=2 mice per group/ 2-3 technical
replicates). (assay ctrl.: grey dots, 50 ng/ml: dark red squares (D) Net effect of insulin on in vitro Treg induction,
represented as fold change in Treg frequency relative to SD. (SD: dark red squares, short-term HFHS: dark red
diamonds, long-term HFHS: dark red triangles and sustained HFHS diet: red dots) ns P > 0.05, *P < 0.05,
**P <0.01, **P < 0.0001 as determined by paired t-test (A-C) or unpaired t-test (D).

The net effect of insulin significantly decreased from SD to short-term HFHS diet
(*P=0.0232) and from SD to long-term HFHS diet (**P = 0.0051), whilst stagnating from SD

to sustained HFHS diet (ns P =0.1271) (Figure 17D) (data is normalized to the
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corresponding assay ctrls., SD: 0.88 £ 0.024, short-term HFHS: 0.80 + 0.068, long-term
HFHS: 0.73 £ 0.039, sustained HFHS: 0.77 + 0.079).
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Figure 18: Naive CD4*T cells from VAT and popliteal LNs (popLNs) of obese mice remain insulin-sensitive
upon DIO. (A+B) In vitro Treg induction using VAT-residing naive CD4+T cells of WT mice exposed to (A) a SD or
(B) a short-term HFHS diet (n=18 mice per group/ 6 mice were pooled and 1-5 technical replicates are shown)
(C+D) In vitro Treg induction using naive T cells from popLNs of WT mice exposed to (C) a SD or (D) a short-term
HFHS diet (n=18 mice per group/ 6 mice were pooled and 3-4 technical replicates are shown). Data is normalized
to the assay ctrl. and presented as box-and-whisker plots including all data points. **P < 0.01, ***P < 0.0001 as
determined by paired t-test. (assay ctrl.: grey dots, 50 ng/ml: dark red squares)

Tregs are critical players in dampening tissue inflammation and maintaining tissue
homeostasis, especially in the metabolically relevant tissues such as the ATs and the
muscles. Therefore, it is highly relevant to investigate the effect of insulin on AT-residing
CD4+T cells and CD4+T cells from popliteal LNs (popLNs) located in the fat pad of the leg
muscle. Importantly, insulin likewise significantly impaired in vitro Treg induction using naive
CD4-T cells from VAT and popLNs (Figure 18A+C) (normalized to the own assay ctrl., VAT:
assay ctrl.: 100.00 +£4.573 vs. insulin 80.01 £4.232, **P = 0.0064; popLNs: assay ctrl.
100 £ 1.397 vs. insulin 73.76 + 1.589, ****P < 0.0001). This effect was maintained when mice
were exposed to a short-term HFHS diet (Figure 18B+D) (normalized to the own assay ctrl.,
VAT: assay ctrl. 100 £4.636 vs. insulin 78.99 + 3.773, **P = 0.0009; popLNs: assay ctrl.
100 % 1.457 vs. insulin 79.56 + 2.106, ****P < 0.0001).
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3.2.2. AT cell-specific loss of InsR expression enhances de novo Foxp3*Treg
induction

To more mechanistically dissect the role of T cell specific InsR signaling in guiding Treg
induction, proliferation and T cell-intrinsic metabolism, CD4-Cre mice were crossed with
InsR¥lox mice. Thereby obtained mice have a T cell-specific loss of the InsR (InsR TKO
mice), as identified by PCR and Gel electrophoresis (Figure 19A).
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Figure 19: Characterization of mice with a T cell specific loss of the InsR. (A) Representative gel
electrophoresis to identify the T cell specific InsR knockout via PCR (InsR TKO = Cre*flox**, Flox ctrl. = Cre
flox*+). (B) BW curves from n=6 mice per genotype and sex over 8 weeks starting from 6 weeks of age until 14
weeks of age. (C) Glucose tolerance test with n=4 mice per genotype (all females) at the age of 24 weeks. (D)
Analysis of ex vivo Treg frequencies in mesLNs of InsR TKO and Flox ctrl. mice (n=15 mice per genotype)
presented as box-and-whisker plot including all data points. ns P > 0.05 as determined by unpaired t-tests. (Flox
ctrl.: grey dots, InsR TKO: blue squares)

InsR TKO mice showed normal BW development (Figure 19B) and normal glucose
tolerance (Figure 19C) compared to the corresponding Flox ctrls. Ex vivo Foxp3*Treg
frequencies were not affected by the knockout (Figure 19D) (Flox ctrl.: 13.09 + 0.720,
InsR TKO: 12.02 £ 0.766, ns P = 0.3226).
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Figure 20: A T cell specific loss of the InsR affects in vitro Treg induction and T cell proliferation. (A)
Identification of in vitro induced Tregs from naive CD4+T cells of InsR TKO vs. Flox ctrl. mice. (B+D) Frequencies
of (B) CD25"Foxp3+Tregs and (D) CD4+*Ki67+T cells at day 3 of in vitro Treg induction (n=4 mice per genotype/ 3
technical replicates). (C) In vitro Treg induction in presence or absence of 50 ng/ml insulin using naive CD4+*T
cells from InsR TKO mice (n=6/ 2-3 technical replicates). Data is presented as box-and-whisker plots including all
data points. ns P > 0.05, ****P < 0.0001 as determined by (B+D) unpaired t-test and (C) paired t-test. (assay cirl.
or Flox ctrl.: grey dots, 50 ng/ml: dark red squares, InsR TKO: blue squares

Since stable Treg induction and InsR signaling share downstream pathways (Delgoffe et al.,
2009; Delgoffe et al., 2011; Haxhinasto et al., 2008; Morcavallo et al., 2014; Ward &
Lawrence, 2009; Zeng et al., 2013), the effect of a T cell specific loss of the InsR might
oppose incubation of T cells with insulin regarding to Treg induction, function and T cell-
intrinsic metabolism. To get further insights into CD4*T cell specific InsR signaling, naive
CD4*T cells from mesLNs of InsR TKO mice were used for in vitro Treg induction.
Remarkably, the loss of the InsR on CD4*T cells significantly increased Foxp3*Treg induction
capacity [% of CD4*T cells] compared to Flox ctrls. (Figure 20A+B) (Flox ctrl.: 26.37 + 1.219
vs. InsR TKO: 36.46 + 1.518, ****P < 0.0001). As expected, insulin did not interfere with in
vitro Treg induction [% of CD4*T cells] using naive CD4*T cells from InsR TKO mice (Figure
20C) (assay ctrl.: 23.18 £ 1.755 vs. insulin: 26.31 £ 1.567, ns P = 0.4303). The enhanced
Foxp3*Treg induction using InsR-deficient T cells was accompanied by a reduced frequency
of Ki67*T cells [% of live CD4*T cells] (Figure 20D) (Flox ctrl.: 97.3 £ 0.454 vs. InsR TKO
92.93 + 0.746, ****P < 0.0001).
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Figure 21: A T cell specific loss of the InsR affects in vitro Tregs induction and T cell proliferation using
naive CD4*T cells from VAT and popLNs. (A+C) Frequencies of CD25"Foxp3*Tregs and (B+D) CD4*Ki67+T
cells at day 3 of in vitro Treg induction using naive CD4+T cells from (A+B) VAT (n=4 mice per genotype/ 1-3
technical replicates) or (C+D) popLNs (n=4 mice per genotype/ 3-6 technical replicates). Data is presented as
box-and-whisker plots including all data points. *P < 0.05, **P <0.01 as determined by unpaired t-test. (Flox ctrl.:
grey dots, InsR TKO: blue squares)

Next, the influence of InsR deficiency on in vitro Treg induction and T cell proliferation of
CD4-T cells from metabolically more active VAT and popLNs was determined. These cells
depicted a significantly higher Treg induction capacity (Figure 21A+C) accompanied by a
decreased number of proliferating CD4*Ki67*T cells (Figure 21B+D) compared to the
respective Flox ctrls. (Foxp3*Tregs [% of CD4*T cells]: VAT: Flox ctrl.: 17.94 +1.783 vs.
InsR TKO 23.84 +1.829, *P =0.0397, popLNs: Flox ctrl.: 22.15+1.472 vs. InsR TKO
30.33 + 1.900, **P = 0.0020, Ki67*T cells [% of CD4*T cells]: VAT: Flox ctrl. 97.31 £ 0.526
vs. InsR TKO 95.00 + 0.550, *P = 0.0402, popLNs: Flox ctrl 96.02 £ 0.366 vs. InsR TKO
99.71 £ 0.550, **P = 0.0021). However, the net beneficial effect of the knockout on Treg
induction was varying. Specifically, the net effect of the InsR TKO was most prominent and
significantly higher in CD4*T cells from VAT compared to mesLNs (Figure 23A)
(*P =0.0206). There was no difference in the net increase in Treg induction capacity
between CD4*T cells from mesLNs and popLNs (Figure 23A) (ns P = 0.5233) (normalized to
the corresponding Flox ctrl., mesLNs: 1.32 +0.056, popLNs: 1.43+0.071, VAT:
1.66 £ 0.106).
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Similarly to insulin, T cell specific InsR deficiency might trigger the shown effects by-at least
partly- acting on downstream PI3K-Akt-mTOR signaling or proteins that are involved in
energy generation via glycolysis. Immunofluorescence stainings on cytospins from CD4*T
cells of InsR TKO mice showed significant lower levels of pS6 downstream of the PI3K-Akt-
mTOR signaling pathway (Figure 22A) (Flox ctrl.: 48.75 + 2.358, InsR TKO: 36.25 + 3.705,
*P = 0.0293) and significantly reduced levels of GCK compared to the corresponding Flox
ctrl. (Figure 22B) (Flox ctrl.: 93.25 + 5.121, InsR TKO: 76.25 + 3.838, *P = 0.0377).
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Figure 22: InsR deficiency and its effects on downstream signaling pathways. (A+B) Representative
immunofluorescence stainings on cytospins from CD4+T cells of Flox ctrl. and InsR TKO mice stained for (A) pS6
and (B) GCK. Respective summary graphs show the number of positive CD4+T cells/high power field for each
antibody. *P <0.05 as determined by unpaired t-test. Data in graphs is presented as box-and-whisker plots
including all data points. (Flox ctrl.: grey dots, InsR TKO: blue squares)

Additionally, activated CD4*T cells from InsR TKO mice showed significantly lower glucose
uptake compared to the Flox ctrls. (Figure 23B) (fold increase in glucose uptake, Flox ctrl.:
1.00 £ 0.044, InsR TKO 0.64 £ 0.090, **P = 0.0042).

-62 -



3. Results

A Increase in Treg induction B Glucose uptake of in vitro C Treg induction in presence
by the InsR TKO activated CD4* T cells of a PI3K inhibitor
0 = 15 (61’ 80
. g
g 18 ns § . ': W
c . ® 10 I Q
g 18 - g - Q 40 ule
P - L(z
;%_’ t {_ % % 05 :- Cm 20
12 - a - I S
(&)
10 0.0 0
= mesLNs Flox ctrl. Flox ctrl. InsR TKO
* popLNs = InsR TKO assay ctrl.
* VAT o3 PI3K inhibitor
[10 nmol/ml]
D Increase in Treg inquction E Foxp3 CNS2 methylation F Foxp3 CNS2 methylation
by a PI3K inhibitor of Tregs from ingLNs of Tregs from VAT
5 10 10
g § ° ] g y
e R T o == i'__ 5 s
g L < B -
£ 2 T 4 ? 4 -
© B 2 . s ——
o 1 - ® 2 ® 2
Flox ctrl InsR TKO Flox ctrl. InsR TKO Flox ctrl InsR TKO

Figure 23: The effect of the InsR TKO depends on the T cell environment, glucose uptake and PI3K
activation. (A) Net effect of a T cell specific InsR knockout on in vitro induced Treg frequencies comparing Treg
induction with naive CD4*T cells from mesLNs, popLNs and VAT (n=2 mice per genotype/ 2-3 replicates).
(mesLNs: blue squares, popLNs: blue diamonds, VAT: blue triangles). (B) Glucose uptake in FACS purified naive
CD4+T cells from all LNs and spleens of n=4 mice per genotype (2-3 technical replicates/each) (InsR TKO vs.
Flox ctrl. mice) upon in vitro activation for 4 hours at 37°C and 5 % measured by luminescence. (C) In vitro Treg
induction with naive CD4*T cells from mesLNs of InsR TKO and Flox ctrl. mice in presence or absence of
10 nmol/ml PI3K inhibitor. (D) Net effect of a PI3K inhibitor on Treg induction comparing InsR TKO and Flox ctrl.
mice (n=11 mice per genotype/ 2-3 technical replicates). (E+F) Foxp3 CNS2 methylation in CD25*Foxp3+Tregs
from (E) ingLNs and (F) VAT (n=3-9 mice per genotype). Data is presented as scatter plots including all data
points and mean + SEM (A+D-F) and box-and-whisker plots including all data points (B+C). ns P > 0.05,
*P <0.05, **P <0.01, ****P <0.0001 as determined by unpaired t-test (A+E+F), Mann Whitney test (B), 2way
ANOVA and Sidak's multiple comparisons test (C) or paired t-test (D). (Flox ctrl.: grey dots, InsR TKO: blue
squares, PI3K inhibitor: dark green squares)

Given the important role of the PI3K-Aki-mTOR pathway for stable and functional
Foxp3*Treg induction (Delgoffe et al., 2009; Delgoffe et al., 2011; Haxhinasto et al., 2008;
Sauer et al., 2008; Zeng et al., 2013), the next goal was to assess whether the observed
effects of the InsR knockout are exclusively caused by a lower activity of this pathway. To
this end in vitro Treg induction was performed in the presence of the PI3K inhibitor
LY294002. As naive CD4+T cells of Flox ctrl. mice, CD4*T cells of InsR TKO mice responded
to the PI3K inhibitor with significantly increased Foxp3*Treg induction levels [% of CD4*T
cells] (Figure 23C) (Flox ctrl.: assay ctrl.: 20.82 £ 0.921, PI3K inh.: 51.23 £ 1.349, InsR TKO:
assay ctrl.: 28.00 + 1.325, PI3K inh.: 56.16 + 1.349, both ****P < 0.0001). However, the net
effect of the PI3K inhibitor on Treg induction was significantly lower in the InsR TKO (Figure
23D) (fold increase, Flox ctrl.: 2.63 £ 0.088, InsR TKO: 2.19 + 0.077, ****P < 0.0001).
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Next, to analyze whether the InsR TKO affects besides T cell differentiation and function also
stability of ex vivo Foxp3*Tregs, methylation analysis of the FOXP3 CNS2 TSDR was
performed with Foxp3*Tregs isolated from ingLNs or VAT of InsR TKO mice. These Tregs
depicted no differences concerning their methylation status of the FOXP3 locus (Figure
23E+F) (ingLNs: Flox ctrl.: 5.97 £ 0.510, InsR TKO: 5.33 £ 1.167, ns P = 0.5689, VAT: Flox
ctrl.: 3.17 £ 0.358, InsR TKO: 3.86 + 0.4272, ns P = 0.2696), reflecting an unaffected Treg
stability.

As a next step, InsR TKO and Flox ctrl. mice were exposed to a long-term HFHS diet to
investigate whether CD4*T cells of these mice are affected by an obesogenic environment.
Flox ctrl. and InsR TKO mice showed likewise a significant BW gain upon dietary challenge
and the BWs of SD and long-term HFHS diet mice were comparable at the day of sacrifice
(Figure 24) (Flox ctrl.: SD: 23.41+ 0.347, long-term HFHS: 28.91 £ 0.155, **P = 0.0072 vs.
InsR TKO: SD: 23.76+ 0.346, long-term HFHS: 29.06 + 1.634, *P = 0.0213).
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Figure 24: BW of InsR TKO vs. Flox ctrl. mice upon a long-term HFHS diet. BW of mice exposed to a SD vs.
a long-term HFHS diet in gram. Data is presented as box-and-whisker plots including all data points. *P < 0.05,
**P <0.01 as determined by unpaired t-test. (SD: grey circles, different HFHS diets: black squares)

As under SD conditions (Figure 20A+B and Figure 21A), in vitro Foxp3*Treg induction [% of
CD4+T cells] was significantly higher using naive CD4*T cells from mesLNs or VAT of
InsR TKO mice exposed to a long-term HFHS diet (Figure 25A+C) (mesLNs: Flox citrl.:
20.98 + 1.404, InsR TKO: 26.91 +1.877, *P =0.0150, VAT: Flox ctrl.: 16.08 + 0.954,
InsR TKO: 21.63 + 1.494, **P = 0.0041). The representative FACS plots for identification of
Foxp3*Tregs from VAT are shown in Figure 25B.
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Figure 25: The effect of a T cell specific InsR knockout on Treg induction upon DIO. (A+C) In vitro Treg
induction using naive CD4+T cells from (A) mesLNs (n=10 mice per genotype/ 2-3 technical replicates) or (C) VAT
(n=6 mice per genotype/ 1-5 technical replicates) of InsR TKO and Flox ctrl. mice exposed to a long-term HFHS
diet. (B) Representative FACS plots for in vitro Treg induction assays with naive CD4+T cells isolated from VAT of
InsR TKO or Flox ctrl. mice. Data is presented as box-and-whisker plots including all data points (A+C). *P < 0.05,
**P < 0.01 as determined by unpaired t-test (A+C). (Flox ctrl.: grey dots, InsR TKO: blue squares)

To mechanistically dissect the underlying mechanisms that trigger Foxp3*Treg induction,
inhibit Ki67*T cell proliferation and diminish glucose uptake of CD4*T cells from InsR TKO
mice, RNA-based next-generation sequencing (RNA-Seq) analysis of total CD4*T cell from
mesLNs of InsR TKO and Flox ctrl. mice was performed.

In total, 569 genes were significantly changed as a consequence of the T cell-specific InsR
deficiency. Among them, 358 genes were significantly downregulated, whereas 211 genes
were significantly higher expressed by CD4*T cells of the InsR TKO mice. As highlighted in
the volcano plots, these differently expressed genes belong to the InsR signaling pathway
(Figure 26A), the PIBK-Akt-mTOR pathway (Figure 26C) or the Ras/MapK pathway (Figure
26D). Additionally, a Gene Set Enrichment Analysis (GSEA) enrichment score plot for 11
annotated, individual genes of the InsR signaling pathway (Pppicc, Inpp5k, Elk1, Gsk3,
Rptor, Eif4e2, Prkag2, Prkar2a, Pygb, Flot1, Ppp1r3e)is shown in (Figure 26B) and reveals
a downregulation of this pathway.

Of note, CD4T cells from InsR TKO mice showed significantly lower expression of relevant
genes of the PI3K-Akt-mTOR and the Ras/MapK pathway. These include glycogen synthase
kinase 3 beta (Gsk3b), regulatory-associated protein of mTORC1 (Raptor) Rptor, cAMP
responsive element binding protein 3 (Creb3), the G1 phase kinase cell division protein
kinase 6 (Cdk6), activating transcription factor 4 (Atf4), protein tyrosine phosphatase, non-
receptor type 11 (Ptpn11) and growth arrest and DNA damage inducible beta (Gadd4583). A
lower abundance of each of these genes supports Foxp3*Treg induction.
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Figure 26: Transcriptomic Analysis of CD4*T cells from InsR TKO vs. Flox ctrl. mice. Significantly
differentially expressed genes in the CD4+T cells of the InsR TKO compared to the Flox ctrl. mice are highlighted
in the volcano plots and belong to either (A) the InsR signaling pathway, (C) the PI3K-Akt-mTOR signaling
pathway, (D) the Ras/MapK signaling pathway or (E) the 40 most up-and downregulated genes (predicted genes
are not shown). Significant genes in the volcano plots were defined by baseMean > 50 and absolute
log2FoldChange > 1 and adjusted P value < 0.05 using DESeqg2 Differential expression analysis (Love et al.,
2014). (Upregulated genes (red dots), downregulated genes (blue dots), other (grey dots), thresholds (grey lines;
linel: log2FoldChange = -1; line2: Log2FoldChange = 1; line 3:-log10(padj) = -log10(0.05))). (B) Gene Set
Enrichment Analysis (GSEA) enrichment score plot for 11 annotated, individual genes of the InsR signaling
pathway (Pppicc, Inpp5k, Elk1, Gsk3, Rptor, Eif4e2, Prkag2, Prkar2a, Pygb, Flot1, Ppp1r3e) which are
represented by black vertical bars in the middle of the plot.
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Next, to further dissect the effect of T cell specific InsR signaling on in vitro Treg induction,
the 40 most up-and downregulated genes (Figure 26E) (predicted genes are not shown)
were identified in CD4*T cells from InsR TKO vs. Flox ctrl. mice. Specifically, Tiparp (TCDD-
inducible poly-ADP-ribose polymerase) was identified as most prominently downregulated
gene in InsR-deficient T cells. This gene is a target of the transcription factor Ahr (aryl
hydrocarbon receptor) and regulates its activity via a negative feedback loop through mono-
ADP-ribosylation (Engin et al., 2015). Additionally, CD4*T cells from InsR TKO mice
revealed, among others, reduced expression of Glycerokinase 5 (Gk5), relevant for the
synthesis of glycerophospholipids (Wieland & Suyter, 1957) and Checkpoint kinase 1
(Chek1), a dynamic positive regulator of NFATs activity in T cells (Gabriel et al., 2016; Tone
et al., 2008). These genes further support Foxp3*Treg induction capacity by contributing to a
lower intrinsic activation and proliferation status of the InsR-deficient T cells.

As a next step, the proteome composition of CD4*T cells from total LNs of InsR TKO vs. Flox
ctrl. mice was analyzed applying quantitative mass spectrometry-based proteomics
(Meissner & Mann, 2014). Here, in total 4585 proteins were significantly changed in the InsR-
deficient T cells. Among them 2320 proteins were significantly lower, and 2265 proteins were
significantly higher expressed in the InsR TKO cells. Specifically, unsupervised hierarchical
clustering conditions revealed up-regulation of several GO terms related to negative
regulators of T cell activation and immune system process such as Proteasomal ubiquitin
receptor Adrm1 and Bone marrow stromal antigen 2 (Bst2) (Figure 27). Moreover, proteins
relevant for Foxp3*Treg induction from naive CD4*T cells lacking InsR expression were also
upregulated e.g. Casitas B-lineage Lymphoma (Cbl), Stat3, Stat5a, Stat5b and Pten (Figure
27). Of note, proteomic analyses highlight metabolic manipulations of CD4*T cells from
InsR TKO mice. Specifically, expression of proteins of the ETC including Etfb, Fdxr, Sdha,
Cyc1, DId, Ndufv1, Ndufa2, Ndufa6, Ndufa8 and Ndufa10 was significantly reduced in InsR-
deficient T cells. More specifically, the downregulated proteins of the ETC are components of
the NADH dehydrogenase (Complex |: NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit (Ndufa) 2, 6, 8, 10 and NADH dehydrogenase [ubiquinone] flavoprotein
(Nudfv) 1), Succinate dehydrogenase (Complex Il: Succinate dehydrogenase complex,
subunit A (Sdha)), Cytochrome ¢ reductase (Complex Ill: Cytochrome c1 (Cyc1)) or are
electron transfer proteins (Electron transfer flavoprotein subunit beta (Etfb), Adrenodoxin
reductase (Adxr or Fdxr)) (Kyoto University, 1995). Additionally, Dihydrolipoyl
dehydrogenase (DId) is indispensable for the function of various oxidative enzyme
complexes (Odievre et al., 2005). In line with this, RNAseq revealed significant reduced
levels of Idht in InsR-deficient T cells. The gene Isocitrate dehydrogenase (/dh7) encodes an
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enzyme of the TCA cycle and its activity is important for subsequent OXPHOS (Almeida et
al., 2016; Park & Pan, 2015; van der Windt & Pearce, 2012).
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Figure 27: Proteomic Analysis of CD4*T cells from InsR TKO vs. Flox ctrl. mice. (A) Volcano plot of all
quantified proteins with at least three valid values in one condition. Selected downregulated proteins in the CD4+T
cells from InsR TKO mice are indicated in blue, selected up-regulated proteins in pink. (B) Hierarchical clustering
of label-free quantified intensities of significantly changed proteins (P < 0.05) of the indicated GOBP-annotations.

Thus, proteomic (and transcriptomic) data suggests that the T cell-specific InsR deficiency
disrupts mitochondrial ETC integrity in CD4*T cells which potentially affects OXPHOS,
subsequent mitochondrial ATP generation and the generation of ROS.
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4. Discussion

Systemic low-grade inflammation and associated defects in immune homeostasis are major
characteristics of obesity, the metabolic syndrome and its progression to T2D. A better
understanding of the cellular and systemic immune-metabolic interactions in the
development, progression, persistence and remission of obesity is pivotal for the
development of novel therapeutic strategies that specifically target immune cell populations
to limit inflammatory processes. Specifically, pro-inflammatory CD4+*CXCR5*(PD1"Bcl6")
effector TFH cells and suppressive, anti-inflammatory regulatory Foxp3+*Tregs are critical
mediators of immune activation versus immune regulation, however, the mechanisms that
link an obesogenic environment with alterations in their abundance, functionality and

immunometabolism are yet poorly understood and are in the focus of the present thesis.

41 (Precursor) TFH cells in obesity

Given their important role in the autoimmune setting (Scherm et al., 2016; Serr et al., 2016b;
Ueno, 2016), the first aim of this thesis was to dissect the contribution of (precursor) TFH
cells to obesity-associated inflammatory processes. Commonly, CD4*CXCR5*(Bcl6") T cells
that are found within the GCs are defined as “TFH cells”, whereas CD4*CXCR5*PD1"T cells
with a TFH cell profile found elsewhere are defined as precursor TFH cells (Crotty, 2014;
Deenick & Ma, 2011). So far, the role of these cells in obesity and more specifically in AT
inflammation was not investigated and there is no prove for AT-residing (precursor) TFH cells
in both health and obesity. Thus, investigation of (precursor) TFH cells in the context of
obesity-associated chronic, low-grade inflammation systemically and directly in the VAT is of
great interest. Accumulation of VAT-residing pathogenic B cells upon 4 weeks of a high-fat
diet (HFD) (corresponding to the short-term HFHS diet in this thesis) and their production of
lgG antibodies were previously identified as critical players for VAT inflammation and
especially insulin resistance (Winer et al., 2011). Thus, (precursor) TFH cells might be
equally important for VAT inflammation due to their capability to provide B cell help and to
induce antibody responses (Breitfeld et al., 2000; Johnston et al., 2009; Nurieva et al., 2008;
Schaerli et al., 2000; Yu et al., 2009). Winer et al. (Winer et al., 2011) specifically showed
that pathogenic IgG antibodies that might drive AT inflammation (Harmon et al., 2016) are
not detectable after 3-6 weeks of a HFD (corresponding to the short-term HFHS diet in this
thesis), but appear late in disease progression after 14-18 weeks of a HFD (corresponding to
the long-term HFHS diet in this thesis). Hence, (precursor) TFH cells might be equally late
contributors to the obesity pathology.

The results presented in this thesis show that an intermediate-term HFHS diet (8 weeks) was

insufficient to significantly raise the number of CD4*CXCR5*PD1" (precursor) TFH cells in
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both ingLNs and mesLNs, but resulted in highly heterogenous frequencies of these cells.
However, in line with the previously identified increased number of pathogenic VAT-residing
B cells upon long-term exposure to a high calorie environment (Winer et al., 2011), there was
a significant increase in CD4*CXCR5*PD1" precursor TFH cells in mesLNs, but not ingLNs,
of WT mice exposed to a long-term HFHS diet (18 weeks). This increase in precursor TFH
cells in mesLNs might be due to their location in close proximity to the VAT which represents
the metabolically active obesity-associated site of inflammation. However, precursor TFH cell
frequencies were rather low and contributed to only 2-5% of the live CD4*T cell
compartment. Preliminary data from mice exposed to a sustained HFHS diet (one year)
revealed most prominent effects and significantly increased CD4*CXCR5*PD1" precursor
TFH cell levels in both ingLNs and mesLNs. Precursor TFH cells were detectable in
ingLNs and mesLNs of all applied SD and HFHS diet mice, but their frequencies depicted a
high heterogeneity. This might on the one hand be attributed to the enormous intrinsic
heterogeneity of TFH cells and the difficulty to use adequate TFH cell markers, since the
identification of (precursor) TFH cell is inconsistent in literature (Crotty, 2014). On the other
hand, and from an experimental point of view, TFH cells populations showed a high
heterogeneity between biological replicates and their abundance was extremely low. This
resulted in difficulties to identify and sort purify TFH cells. However and importantly, the
findings from long-term and sustained HFHS diet experiments in this thesis are supported by
a significant increase in fuly committed, more mature, GC-like
CD4+*CXCR5*PD1"Bcl6"TFH cells in mesLNs of genetically obese ob/ob mice.

DIO and ob/ob mice show similar phenotypic characteristics and traits such as obesity and
peripheral insulin resistance. Importantly, the results in this thesis revealed a similar positive
correlation between their obese phenotype and ex vivo (precursor) TFH cell levels in
mesLNs. Nevertheless, research with these two obesity mouse models should not be
reduced to a single pathophysiologic entity and direct comparison of results from DIO and
ob/ob mice should be avoided. In DIO models, obesity development positively correlates with
the amount and composition of the digested food and DIO largely reflects the pathogenesis
of human obesity with respect to its slow progression in BW gain and the development of
insulin resistance. However, the obtained results from DIO studies must be transferred with
caution to humans. Reasons for the lack of transferability include a diminished complexity
and variety of murine HFHS diets compared to human diets (Kleinert et al., 2018).
Additionally, in humans, the intake of fat is remarkably consistent across age and BMI and
accounts for ~30 % of their daily calories (Vadiveloo et al., 2014), whereas DIO is mainly
induced by diets that contain a high fat content with 40 % to 60 % of the calories from fat
(Kleinert et al., 2018), including the here applied diet (58 % of the calories from fat and
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sucrose). On the contrary, the ob/ob polymorphism not only triggers obesity development,
but also has multiple known and unknown other molecular and cellular effects. Thus, DIO
and ob/ob mice represent suitable mouse models to study (precursor) TFH cells in both DIO
and genetic obesity.

In order to investigate a possible correlation between TFH cell levels and human obesity,
TFH cells can be assessed in human peripheral blood samples from lean vs. obese
individuals with different states of insulin sensitivity. These samples offer a valuable resource
for studying immune-metabolic signaling cues that are involved in immune activation vs.
immune tolerance in human obesity because of their easy accessibility and the positive
correlation between murine and human blood precursor TFH cell frequencies and TFH cells
in lymphoid tissues (He et al., 2013; Heit et al., 2017; Schaerli et al., 2000; Simpson et al.,
2010). Likewise, blood circulating precursor TFH cells might positively correlate with AT-
residing (precursor) TFH cells. Additionally, since human VAT-residing precursor TFH cells
might (at least partly) be recruited from the circulation to the ATs, peripheral blood leucocytes
might reflect a surrogate readout for the VAT immune cell profile (McLaughlin et al., 2014;
Pecht et al., 2014; Wouters et al., 2017). Nevertheless, gained knowledge from peripheral
blood must be considered with caution when drawing conclusions for the human AT immune
cell profile from it and the relation between blood precursor TFH cell frequencies and AT-
residing TFH cells has to be further investigated. Additionally, it is important to apply suitable
markers to detect (precursor) TFH cells directly in the VAT, since obesity-associated
changes in immune cell populations might be restricted to TFH cell subsets (Th1-like, Th2-
like and Th17-like subset) and undetectable in the “global” TFH cell pool. Specifically,
imbalances in peripheral blood precursor TFH cell subsets were previously identified in
several diseases including a skewing of TFH cell subsets towards Th2 and Th17-like TFH
cells in osteosarcoma patients (H. Xiao et al., 2014), an increase in Th2-like TFH cells in
recent onset of T1D autoimmunity (Serr et al., 2016b) and a shift towards Th17-like TFH cells
in T2D patients (Q. Wang et al., 2015).

In line with these previous studies, the results of the present thesis reveal a disbalance in
precursor TFH cell subsets upon obesity or/and insulin-resistance when comparing live
CD4*CD45RA"CXCR5*T cells with either a Thi-lke (CXCR3*CCR67), a Th2-like
(CXCR3°CCR67) or a Th17-like (CXCR3"CCR6*) profile in the peripheral blood of lean,
insulin-sensitive vs. obese, insulin-sensitive vs. obese, insulin-resistant individuals.
Specifically, the peripheral blood of obese, insulin-resistant individuals was enriched in
Th17-like precursor TFH cells, whereas Th1-like and Th2-like cells were rather decreased.
This is in line with the results from Wang et al. (Q. Wang et al., 2015) showing a significant
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increase in circulating Th17-like precursor TFH cells and a significant decrease in Th1-like
precursor TFH cells in insulin-resistant T2D patients compared to healthy controls.
Additionally, the researchers showed highest levels of Th17-like precursor TFH cells in T2D
patients with abdominal fat accumulation and overweight (BMI < 30 kg/m?) (Q. Wang et al.,
2015). This highlights that Th17-like precursor TFH cells might already be highly relevant in
the presence of overweight, potentially reflecting an early time point of obesity development
associated with only minor metabolic changes. This increase in Th17-like precursor TFH
cells seems to persist in obesity (with a BMI > 46 kg/m?) as highlighted in the present thesis.
Th17-like precursor TFH cells are efficient B cell helpers and can induce naive B cells to
differentiate into antibody producing plasma cells. More specifically, Th17-like precursor TFH
cells were shown to regulate class switching of B cells, promoting IgG and IgA responses.
(Fazilleau et al., 2009; Morita et al., 2011) Especially, IgG antibodies were previously
identified to drive AT inflammation (Harmon et al., 2016). Additionally, Th17-like precursor
TFH cells might trigger the obesity pathology by secreting pro-inflammatory 1117A (Morita et
al., 2011). This supports the here shown data suggesting that high levels of Th17-like
precursor TFH cells might particularly take part in the pathogenesis of obesity and
associated chronic inflammation. On the contrary, Th1-like precursor TFH cells were shown
to be less efficient B cell helpers by only inducing memory B cells (Bentebibel et al., 2013).
Thus, they are less effective in contributing to the humoral immune response and might
therefore be less important for obesity-associated inflammatory immune responses, reflected
by their lower abundance in obese individuals shown here. However, the mechanisms that
underlie obesity-mediated TFH cell dysregulation remain unclear and the here shown data
has to be further confirmed, especially regarding the individual and joint contribution of
obesity and insulin resistance to the precursor TFH cell subset levels in human peripheral
blood. Thereby, the important roles of the different TFH cell subsets can be further dissected.
Especially the contribution of Th2-like TFH cells to human obesity needs to be clarified, since
this cell population was shown to be slightly increased in overweight individuals (Q. Wang et
al., 2015), whilst the data of this thesis indicates a reduction in Th2-like precursor TFH cells
in obese, insulin-resistant individuals. Furthermore, the assessment of (precursor) TFH cells
directly in the inflamed VAT of lean vs. obese humans might provide further insights into the
role of (precursor) TFH cells in obesity.

Unfortunately, human VAT is hardly accessible especially in lean individuals, representing
the required control group. Additionally, the here identified precursor TFH cell levels in
human peripheral blood and murine LNs contributed to only 2-5% of live CD4*T cell
compartment and levels might be equally low in human VAT and thus hardly detectable in a

small amount of VAT biopsy. To broaden the scope of human research and to overcome the
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limitations of clinical investigation, mouse models were applied and TFH cells were assessed
directly in the ATs of lean vs. obese mice. Here, at the site of inflammation (VAT), changes in
TFH cell levels might be more consistent than in LNs and AT-residing TFH cells might either
represent blood derived precursor TFH cells or TFH cells derived from the GCs of the
lymphoid tissues. However, their origin is yet unknown and their characterization is limited to
the results shown in this thesis. AT-residing TFH cells were similarly to circulating TFH cells
named “precursor TFH cells”. In non-lymphoid structures such as the ATs, precursor TFH
cells might reside in ectopic germinal centers (GC-like, “tertiary lymphoid organ-like”
structures) (Aloisi & Pujol-Borrell, 2006). These might result from lymphoid neogenesis which
can be induced during chronic inflammatory processes and their formation is reversible
(Aloisi & Pujol-Borrell, 2006; Nosalski & Guzik, 2017; Salomonsson et al., 2003). Ectopic
GCs were previously identified in e.g. perivascular AT (Nosalski & Guzik, 2017). The data
shown here gives no information about the localization of AT-residing (precursor) TFH cells
and does not directly support the existence of ectopic GCs in the ATs (e.g. Bclé expression
was not assessed in AT-residing precursor TFH cells). However, the coexistence of
pathogenic B cell, pathogenic IgG antibodies (Winer et al., 2011) and (precursor) TFH cells
in the ATs indicates the possible occurrence of a GC reaction directly in the AT and might
thus give a hint for the existence of ectopic GCs. However, the VAT-residing pathogenic B
cells (CD19*B cells with differently expressed immunoglobins depending on the B cell
subtype) identified by Winer et al. (Winer et al., 2011) do not correspond to GC B cells, since
GC B cells were previously characterized as CD19+(CD20*)GL7*Fas*(B220*PNA*) B cells
(Johnston et al., 2009; Nurieva et al., 2008; Shinall et al., 2000; C. J. Wang et al., 2015).
Additionally, Winer et al. (Winer et al., 2011) showed a preferred localization of pathogenic B
cells to regions of “crown like structures”. Thus, precursor TFH cells might also reside in such
structures surrounding predominantly death adipocytes (Cinti et al., 2005; Coats et al., 2017;
Feuerer et al., 2009). Furthermore, precursor TFH cells could reside in milky spots (tiny
white-colored areas of lymphoid tissue) (Rangel-Moreno et al., 2009) or might be dispersed
through the AT (Kolodin et al., 2015).

In line with the data from LNs, AT-residing (precursor) TFH cell frequencies depicted a
certain heterogeneity. Although, blood contaminations were strictly avoided, they could
contribute to a small part of this heterogeneity. The identification of a yet unknown VAT-
specific TFH cell marker and the assessment of TFH cell numbers per gram AT, instead of
the here analyzed frequencies relative to the total number of CD4*T cells, might result in
more constant results. Additionally, changes in (precursor) TFH cell levels in response to a
HFHS diet and chronic, low-grade inflammation might be minor compared to the effects seen

upon acute or high-grade inflammation (Crotty, 2014; Scherm et al., 2016; Ueno, 2016) or
-73 -



4. Discussion

immunization (Baumjohann & Ansel, 2015; Takebe et al., 2018) which is applied in most
studies targeting TFH cells. Nevertheless, the preliminary data of this thesis shows that
similarly to the effects seen in mesLNs upon a long-term HFHS diet, CD4*CXCR5*PD1"
precursor TFH cells were, although not significantly, increased in murine SAT and VAT. In
VAT, this effect was even more prominent upon one year of a HFHS diet. Our group
previously showed that Treg levels are significantly decreased in murine VAT and SAT and
slightly decreased in BAT upon an intermediate-term HFHS diet (Kalin et al., 2017). This
reduction in suppressive, anti-inflammatory Tregs might make the ATs more permissive for
pro-inflammatory cells, like TFH cells, and is in line with the here shown results. Tregs and
(precursor) TFH cells have opposing roles and functions and signaling cues such as miRNAs
might be beneficial for the differentiation and function of one cell population, whilst having
negative effects on the other cell population.

miRNAs were previously highlighted to be involved in T cell differentiation and function
(Baumjohann & Ansel, 2013; Cobb et al., 2006; Cobb et al., 2005; Grishok et al., 2001; Jeker
& Bluestone, 2013; Monticelli, 2013; Serr et al., 2016b; Serr et al., 2018) and in obesity-
associated immune-metabolic processes (Deiuliis, 2016; Heneghan et al., 2011; Kloting et
al., 2009). Our group recently showed that high expression of miRNA92a, a miRNA of the
miRNA17~92 cluster, is associated with increased frequencies of peripheral blood precursor
TFH cells during onset of human islet autoimmunity (Serr et al., 2016b). MiRNAs of this
cluster were also shown to be highly relevant for promoting obesity progression (Deiuliis,
2016). Specifically, miRNA17-5p expression was shown to be decreased in omental AT of
obese (Heneghan et al., 2011) and T2D patients (Kloting et al., 2009) compared to healthy
controls. Additionally, Kloting et al. (Kloting et al., 2009) reported a negative correlation
between miRNA17-5p expression and VAT mass. Hence, miRNAs of the miRNA17~92
cluster, including miRNA92a, represent potential immune-metabolic signaling cues linking
obesity with increased TFH cell levels. As mentioned above, a long-term HFHS diet was
associated with increased (precursor) TFH cell levels representing an ideal time point for
tissue biopsies and subsequent cell sorting and gene expression analysis. Of note, there
were no observable changes in miRNA92a expression in this thesis when comparing
CD4+*CXCRS5* precursor TFH or CD4*CXCR5™ non-TFH cells from mesLNs of mice exposed
to a SD with equivalent cells of mice exposed to a long-term HFHS diet. Thus, miRNA92a
could not be confirmed as important for linking obesity-associated chronic, low-grade
inflammation with increased (precursor) TFH cell levels and other yet unidentified immune-
metabolic signaling cues (e.g. other miRNAs, cytokines, adipokines, FFA, hormones) might
be involved in the disease pathology.
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Various stages of TFH cell differentiation and maturation were characterized by the
expression of different TFH cell markers in the literature (Crotty, 2014). A long-term HFHS
diet might not only affect TFH cell quantities but might also influence the differentiation and
maturation of these cells represented in their mRNA expression profiles. Gene expression
analyses in the aforementioned precursor TFH vs. non-TFH cells from SD vs. long-term
HFHS diet mice revealed no significant effect of the obesogenic environment on the
expression of TFH cell markers. This might be attributed to the previously mentioned
heterogeneity of TFH cells and low frequencies. Additionally, the duration of the HFHS diet
was probably insufficient and differences in TFH cell markers might be clearer on the protein
level. However, the here performed gene expression analyses confirmed the TFH cell
phenotype with (significant) higher expression of //21, ICOS and Bcl6 in precursor TFH cells
compared to non-TFH cells from SD mice. /[21 and ICOS were significantly higher expressed
in precursor TFH cells compared to non-TFH cells upon a long-term HFHS diet, whereas
Bcl6 expression remained unchanged. This is surprising, since Bcl6 is the master
transcription factor and regulator of differentiation and function of TFH cells (Johnston et al.,
2009; Nurieva et al., 2009; Yu et al., 2009) and its expression is expected to be high in these
cells. Bcl6 mRBNA quantity was previously shown to be a poor indicator for Bclé protein
expression and function due to its high posttranscriptional modulation (Allman et al., 1996;
Kitano et al., 2011). Thus, Bcl6 protein expression might differ from mRNA expression and
might be potentially increased in TFH cells from long-term HFHS diet mice. Additional, gene
expression analyses of transcription factors which are important for TFH cell differentiation
and function such as Pdcd1 (encodes PD1), CCR7, Ascl2, ITCH, Foxo1, Pten and KIf2 would
help to more specifically dissect the role of (precursor) TFH cells and to determine
(precursor) TFH cell characteristics in obesity.

Furthermore, differences in the expression of miRNA92a and TFH cell markers might be
more prominent in precursor TFH vs. non-TFH cells isolated directly from the inflamed VAT
upon dietary challenge. To this aim, gene expression analyses with human total VAT
biopsies from lean vs. obese individuals with different states of insulin sensitivity were
performed. The mean BMI of lean individuals that donated VAT biopsies for the here shown
experiments was 23.2 kg/m? and was thus at the upper limit of normal weight (BMI of normal
weight: 18.5 — 25 kg/m?). On the contrary, obese donors had a mean BMI of 63.3 kg/m?
representing highly obese individuals, since obesity is defined as a BMI = 30 kg/m?. Given
the large differences in BMI between lean and obese donors, obesity-associated changes in
gene expression in total human VAT might be highly prominent but could be biased by an
immune overactivation by the extremely obese state. Additionally, obesity-associated

changes in gene expression during obesity progression could not be assessed. Above
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mentioned VAT biopsies were used for analyses of TFH cell-associated genes (Ascl2, 1121,
ICOS, Bcl6) and data was normalized to the expression of the T cell marker CD4. This
method was previously applied by the group of Diane Mathis (Feuerer et al., 2009) showing
the ration of Foxp3/CD4 expression in human AT. However, in this way generated results
cannot be equated with T cell specific variations in gene expression, but allow an
assumption. On the contrary to the gene expression analyses from murine LNs in which
obesity-associated inflammatory signaling cues did not significantly influence the expression
of TFH cell markers, VAT biopsies from obese, insulin-resistant individuals showed
increased, albeit not significant, expression of the TFH cell markers Ascl2 and /217 compared
to lean, insulin-sensitive controls. In contrast, the expression of the TFH cell markers ICOS
and Bcl6 was not affected in the present thesis. However, the here shown gene expression
analyses of TFH cell markers in total VAT might be biased due to their co-expression by
other AT-residing cells such as /21 expression by Th1 and Th17 cells (Chtanova et al., 2004;
Revu et al., 2018) or Bcl6 mRNA expression on human GC B cells (Kitano et al., 2011;
Mages et al., 2000). Furthermore, analyses must be confirmed on CD4*T cells isolated from
human VAT, where changes in gene expression might be more prominent and more specific
and extended by the use of additional TFH cell markers. Nevertheless, the increased
expression of Ascl2 and //121 in VAT of obese, insulin-resistant individuals might represent a
weak indicator for higher precursor TFH cell levels in obese VAT, which is in line with the
above discussed cellular data indicating higher precursor TFH cell levels in murine VAT upon
a long-term and a sustained HFHS diet. Additionally, this data extends the yet limited
knowledge about the contribution of immune-metabolic interactions to obesity-associated
VAT inflammation in humans which might be similar to the murine setting (Aron-Wisnewsky
et al., 2009; Deiuliis et al., 2011; Fabbrini et al., 2013; Feuerer et al., 2009; loan-Facsinay et
al., 2013; McLaughlin et al., 2014; Pereira et al., 2014; Travers et al., 2015; Wentworth et al.,
2010; Wouters et al., 2017; Wu et al., 2018; Zeyda et al., 2011).

Importantly, the data of this thesis reflects a potentially important role for pro-inflammatory
(precursor) TFH cells in both human and murine obesity which might be opposed to that of
anti-inflammatory Tregs. A better understanding of the underlying immune-metabolic
signaling cues that trigger the differentiation, proliferation and function of CD4*T cells in the
obese setting is highly important, since signaling pathways might be inversely regulated in
the cell fate of (precursor) TFH cells and Tregs.
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4.2 Insulin (receptor) signaling and its effects on de novo Treg induction

Obesity progression is associated with deficiencies in AT-residing Tregs (Deiuliis et al., 2011;
Feuerer et al., 2009; Kalin et al., 2017; Winer et al., 2009). This might be either due to an
inhibition of local de novo Treg induction resulting from obesity-associated immune activation
and pathological changes such as hyperinsulinemia, alterations in Treg homing or a
combination of both mechanisms. Albeit emerging data highlights the plasticity of AT-residing
T cells and Tregs in response to a HFHS diet, so far nothing is known about the induction of
Tregs from CD4*T cells in the presence of insulin or hyperinsulinemia. Here, an important
role of T cell-specific InsR signaling for Foxp3*Treg induction from naive CD4*T cells was
identified both in health and obesity. This is of great interest since an increase in peripheral
Tregs and specifically in VAT-residing Tregs might trigger an anti-inflammatory skew of the

adaptive immune response with beneficial effects on systemic and local inflammation.

Specifically, the data of this thesis demonstrates that exogenous insulin results in a
significant reduction of the in vitro Foxp3*Treg induction capacity when using naive
CD4-T cells from mesLNs (closely located to the metabolically active VAT), directly from the
VAT or from popLNs (located in the fat pad of the knee which is in close proximity to the
metabolically active muscles). Likewise, insulin interfered with human Foxp3*Treg induction.
Accordingly, an improved Treg induction capacity due to the absence of insulin (receptor)
signaling was proven in this thesis using naive CD4*T cells from LNs and VAT of mice with a
T cell specific InsR deficiency (InsR TKO mice).

InsR TKO mice display a powerful genetic mouse model that allows to mechanistically
dissect T cell specific insulin (receptor) signaling. Here, for the first time, T cell specific insulin
(receptor) signaling and its effects on T cell activation, differentiation, Treg induction and T
cell intrinsic immune-metabolic adaptions were assessed. Insulin stimulation did not interfere
with Foxp3+*Treg induction in absence of InsR expression. This verifies the functionality of the
InsR TKO and reflects the specificity of insulin binding to its receptor. Minor variations in Treg
induction by insulin using InsR TKO cells might be attributed to insulin binding to IGFI and
IGFII receptor with lower affinity which might alter downstream signaling pathways that affect
Treg induction (Andersen et al., 2017; De Meyts & Whittaker, 2002; Morcavallo et al., 2014).
As mentioned above, the data of this thesis shows a beneficial effect of the InsR TKO on
in vitro Treg induction. Specifically, the net effect of the InsR deficiency on Treg induction
was slightly higher when using T cells from popLNs and significantly higher when using T
cells isolated from VAT compared to mesLNs. Despite normalization to the respective
controls, this might be partly attributed to the tissue-dependent, different cell numbers used

for Treg induction assays. Importantly, VAT-residing CD4*T cells might be more sensitive to
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changes of immune-metabolic signaling cues (e.g. InsR signaling) than CD4*T cells from
metabolically less active LNs. Hence, CD4*T cells from VAT of Flox ctrl. mice might more
rapidly upregulate InsR expression upon activation than CD4*T cells from popLNs and
mesLNs of these mice. This might lead to a high difference in intrinsic T cell activation
between VAT-residing CD4*T cells from Flox ctrl. and InsR TKO mice, accompanied by the
observed highest difference in Treg induction in this thesis.

The here applied in vitro Treg induction- using short-term or limited TCR/CD28 stimulation
with a strong agonistic ligand in presence of exogenous |12 and in the absence of TGFB
provided under subimmunogenic conditions- was previously shown to result in a highly
efficient Foxp3*Treg induction with only limited proliferation (Daniel et al., 2011; Daniel et al.,
2010; Kalin et al., 2017; Sauer et al., 2008; Serr et al., 2016a; Serr et al., 2018; von Boehmer
& Daniel, 2013). A purity control of isolated naive CD4*T cells (> 98 % purity) ruled out that
the here observed changes in Treg induction were due to an expansion of pre-existing
(Foxp3*)CD25*Tregs. Additionally, proliferation of newly induced Tregs was assessed by
labelling with Ki67 which represents a cell cycle-associated nuclear protein. In the here
shown data, Treg induction efficiency in the presence of insulin or in the absence of the InsR
was inversely correlated with the amount of proliferating CD4*Ki67*T cells. This inverse
correlation of Foxp3+*Tregs and proliferating CD4*Ki67*T cells might result from different
activation levels of pathways downstream of insulin (receptor) signaling. Transcriptomic
analyses of CD4*T cells from InsR TKO mice revealed a significant downregulation of the
InsR signaling pathway and a marked reduction of the Ras/MapK and the PI3K-Akt-mTOR
signaling pathway compared to CD4*T cells from Flox ctrls. Both the Ras/MapK and the
PIBK-Akt-mTOR signaling pathway lie downstream of InsR signaling and all three pathways
were previously shown to link immune-metabolic processes in T cells (Deberardinis et al.,
2006; Fischer et al., 2017; Han et al., 2014; Li & Rudensky, 2016; Tsai et al., 2018). A lower
activity of the Ras/MapK signaling pathway was previously associated with less mitogenic
effects (Avruch, 2007) including the here observed lower proliferative capacity of T cells from
InsR TKO mice. On the contrary, abnormally high insulin levels as in hyperinsulinemia are
associated with an overstimulation of the mitogenic pathway (Gallagher & LeRoith, 2010)
and the here performed Treg induction in presence of insulin might be accompanied by
elevated levels of CD4*Ki67*T cells due to a higher activity of the Ras/MapK signaling
pathway. Importantly, the availability of insulin or the expression of the InsR on CD4T cells
regulate the signaling intensity of the insulin (receptor) pathway and the downstream
Ras/MapK and PI3K-Akt-mTOR signaling pathway, resulting in either increased Foxp3*Treg
induction or CD4*Ki67*T cell proliferation. The highly complex Foxp3*Treg induction is

additionally regulated by signaling mechanisms upstream of the aforementioned pathways
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such as the signal strength of TCR stimulation (Li & Rudensky, 2016) and more
specifically by varying anti-CD3 concentrations and the duration of the TCR stimulus (Serr et
al., 2018). In this thesis, insulin mediated impairments in Treg induction were more prominent
once Treg induction was performed with continuous low dose TCR stimulation, supporting
the notion that the immune-metabolic effect of insulin on Treg induction can be additionally
influenced by the TCR signal strength.

Previous studies have highlighted the importance of proteins that limit PISK-Akt-mTOR
signaling (e.g. Pten) for Treg induction (Battaglia et al., 2005; Delgoffe et al., 2009; Delgoffe
et al., 2011; Haxhinasto et al., 2008; Sauer et al., 2008). Sauer et al. (Sauer et al., 2008)
specifically showed that in vitro Treg induction is increased in the presence of a PI3K
inhibitor (LY294002), an Akt inhibitor (Akti-1/2) or a mTOR inhibitor (Rapamycin). These
compounds were shown to limit the activity of the PISK-Akt-mTOR pathway and to result in
high levels of Foxp3*Tregs (Sauer et al., 2008). This is in line with the here shown enhanced
Treg induction using InsR-deficient T cells and the reduced gene expression of components
of the PIBK-Akt-mTOR signaling pathway in InsR TKO cells identified by RNAseq. The lower
activity of the PI3K-Akt-mTOR pathway was confirmed by immunofluorescence stainings on
cytospins from in vitro activated CD4*T cells reflecting less abundance of pS6, a direct target
of the mTOR-regulated p70 S6 kinase S6K1 (Saxton & Sabatini, 2017). On the contrary,
insulin increased pS6 levels which is associated with a sustained activation of the PI3K-Akt-
mTOR pathway (Saxton & Sabatini, 2017) and the here observed lower Treg induction
capacity in the presence of insulin. Partial inhibition of the PI3K-Akt-mTOR pathway by
applying a PI3K inhibitor (LY294002) similarly increased Treg induction using naive
CD4*T cells from InsR TKO and Flox ctrl. mice, however, the net increase was
significantly lower in the InsR TKO cells. Thus, T cells from these mice might be less
responsive to attenuations of PI3K-Akt-mTOR signaling, potentially due to their already
intrinsically lower activity of this pathway. Furthermore, the additional increase of the already
high Treg induction capacity by the PI3K inhibitor using InsR TKO cells suggests that other
signaling cascades than solely the PI3K-Akt-mTOR pathway downstream of the InsR are

involved in the lower intrinsic activation of these cells.

A combination of transcriptomic and proteomic data in this thesis uncovered a lower
intrinsic activation state of CD4*T cells from InsR TKO mice as key beneficial driver for
Foxp3*Treg induction. Chek1, CCR4, Gk5 and Tiparp were among the 40 most significant
downregulated genes in the InsR TKO cells. Chek1 was previously identified as dynamic
positive regulator of NFAT activity in Jurkat cells (Gabriel et al., 2016) and NFAT proteins are
crucial for maintenance of the Treg cell identity by binding to different parts of the Foxp3
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locus, inducing Foxp3 expression (Gabriel et al., 2016; Tone et al., 2008). C-C chemokine
receptor type 4 (CCR4), the high affinity receptor for Ccl17 and Ccl22, was shown to be not
expressed on resting (naive and memory) T cells. However, its expression immediately
increases upon T cell activation and was shown to be highest and most functional in finally
differentiated Th2 cells. (Morimoto et al., 2005) Gk5 synthesizes the generation of
glycerophospholipids (Wieland & Suyter, 1957) which are basic components of plasma
membranes and their synthesis is increased upon T cell activation and proliferation due an
increasing membrane surface (Almeida et al., 2016; Park & Pan, 2015; van der Windt &
Pearce, 2012). Tiparp is a target of the transcription factor Ahr and regulates its activity via a
negative feedback loop. Ahr was shown to respond to endogenous kynurenine, resulting
from the oxidation of the essential amino acid tryptophan, with the generation of Tregs whilst
inhibiting Th1-, Th2- and Th17-differentition and T cell proliferation. (Engin et al., 2015; Zhou,
2016) Thus, low levels of Tiparp gene expression in CD4*T cells from InsR TKO mice might
point towards a higher intrinsic Ahr activity and associated benefits for Treg induction. (Engin
et al., 2015; Zhou, 2016). In addition to the reduced levels of Tiparp, decreased gene
expression of Gsk3b, Atf4 and GADD458 in T cells were previously associated with benefits
for Treg induction and Foxp3 expression and these genes were additionally downregulated in
InsR-deficient T cells. Specifically, low levels of Gsk3b were previously identified as
beneficial for T cell differentiation into Foxp3+*Tregs potentially via regulation of B-catenin
(Ding et al., 2008; Neal & Clipstone, 2001). Likewise, Atf4 deletion in CD4*T cells resulted in
increased Foxp3 MRNA levels when CD4*T cells were cultured under Tregs conditions
(Yang et al., 2018). Furthermore, Gadd458B-/- mice showed a greater number of Tregs in their
spleens and IFNy and 1117 production of T cells isolated from these mice was significantly
reduced (Luo et al., 2011). The low intrinsic activation status of InsR-deficient T cells is
supported by the proteomic analysis in this thesis. Specifically, protein expression of both
negative regulators of T cell activation and the immune system process (Adrm1 and Bst2)
and proteins that are relevant for Foxp3*Treg induction (Cbl, Stat3, Stat5a, Stat5b and Pten)
were significantly increased in CD4*T cells from InsR TKO mice. Specifically, Cbl-b was
shown to control in vitro and in vivo Treg development by tuning TCR signaling strength
(Qiao et al., 2013) and Cbl-b deficiency in T cells was shown to result in defective Foxp3
induction (Harada et al., 2010). Additionally, lI2-mediated activation of Stat5a and Stat5b
(Burchill et al., 2007; Yao et al., 2007) and an active Stat3 signaling were identified as critical
for Treg differentiation, Foxp3 expression and Treg function (Chaudhry et al., 2009;
Pallandre et al., 2007). Furthermore, Pten counteracts the activity of the PI3K-Akt-mTOR
pathway with beneficial effects on Treg induction (Sauer et al., 2008). This reflects an
additional layer of a lower intrinsic activation status of the InsR TKO cells and highlights that
T cells are skewed towards a Th2/Treg phenotype in absence of InsR signaling.
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As shortly mentioned in the beginning of the discussion and in line with the murine data, the
human data of this thesis highlights that naive CD4*T cells isolated from human
peripheral blood of healthy, lean females react to insulin with a significant decrease in
Treg induction capacity. Importantly, human T cell specific insulin sensitivity appears to be
influenced by the gender. Naive CD4*T cells isolated from peripheral blood of males did not
respond with decreased Treg levels to equal amounts of insulin than used for Treg induction
from females, but maintained their Treg induction capacity. This is in line with a previously
identified sexual dimorphism in insulin sensitivity with female rodents and women reflecting
greater insulin sensitivity in AT, liver and muscle compared to male counterparts (Estrany et
al., 2013; Garcia-Carrizo et al., 2017; Hoeg et al., 2011; Magkos et al., 2010; Masharani et
al., 2009). Additionally, GWAS showed that gender differences are rather the norm than the
exception in the susceptibility to obesity and T2D and the disease development (Parks et al.,
2015). However, the murine experiments in this thesis showed no observable inter-gender
difference in the insulin sensitivity of murine T cells and insulin-mediated impairments in Treg
induction where not affected by the gender (pooled data from both sexes is shown in this
thesis).

In addition to the gender and more importantly, obesity might affect Treg induction and T cell
specific insulin sensitivity. However, although isolated from an inflammatory setting, T cells
from obese mice maintained their differentiation potential into Tregs which was already
previously assessed by us (Kalin et al., 2017). Additionally and of great relevance, in the
present thesis obesity did not interfere with T cell-specific insulin-sensitivity. Specifically,
insulin-mediated impairments in Treg induction were maintained upon a short-term HFHS
diet (2 weeks) and gradually increased with obesity progression using mesLNs of mice
exposed to a short-term, a long-term (18 weeks) and a sustained HFHS diet, resembling the
pathogenesis of human obesity progression (Kleinert et al., 2018). Data from genetically
obese ob/ob mice highlights similar insulin-induced impairments in Treg induction capacity
compared to the corresponding lean controls. These maintained insulin-mediated
impairments in Treg induction and their gradual intensification with obesity progression might
be attributed to a higher intrinsic activation and associated accelerated InsR upregulation by
in vitro activated naive CD4*'T cells from obese mice triggered by obesity-associated
pathological processes. A positive correlation of the T cell specific InsR expression with
obesity (progression) could be one potential explanation for the increasing or higher
responsiveness of T cells to insulin in obese mice. Unfortunately, T cell specific InsR
expression could not be assessed in the present work due to the unavailability of a FACS-
proved specific InsR antibody. It remains open, whether CD4*T cells isolated from VAT or
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popLNs show similar or even increased insulin responsiveness upon exposure to a long-term

or sustained HFHS diet or when isolated from ob/ob mice.

Considering the entire murine body, the duration of DIO was previously shown to
progressively increase hyperinsulinemia, accompanied by a worsening of whole-body insulin
resistance. Already one week of a HFHS diet was identified to slightly increase insulin levels
and decrease insulin sensitivity. After a long-term HFHS diet, obesity is normally manifested
and among others characterized by peripheral insulin resistance and hyperinsulinemia.
(Speakman et al., 2007; Winzell & Ahren, 2004) In line with this, genetically obese ob/ob
mice are insulin-resistant in the peripheral insulin-sensitive tissues and metabolic alterations
were previously shown to be already completely present starting from week 6 of age (Soli et
al., 1975). Importantly, the here used naive CD4*T cells are mainly derived from body
compartments that are relevant for the body’s metabolic control (VAT and muscle) or closely
located to metabolically active tissues (mesLNs, popLNs) and were therefore suspected to
be affected by obesity-associated insulin resistance. Thus, although the here used DIO and
ob/ob mice are insulin-resistant in the peripheral, normally insulin-sensitive tissues
(AT, muscle and liver), CD4*T cells isolated from their LNs (and VAT) remain insulin-
sensitive as indicated by decreased Treg induction capacities in the presence of insulin in
this thesis. Thus, obesity-associated pathological processes might not diminish T cell specific
insulin (receptor) signaling. In ob/ob mice, whole-body leptin deficiency might lead to T cell-
intrinsic pathological changes apart from T cell-specific insulin resistance. The hormone
leptin was previously shown to activate PI3K-Akt-mTOR signaling associated with decreased
Treg levels and diminished Treg function (likuni et al., 2008; Procaccini et al., 2010; Taleb et
al., 2007). Thus, leptin deficiency in ob/ob mice might be associated with a low activity of this
pathway and might positively contribute to the here assessed Treg induction capacity starting
from naive CD4+T cells. Since ob/ob mice more resemble the state of leptin deficiency than
obesity (Zhang et al., 1994), studies with these mice provide only a limited understanding of
mechanisms and effects of obesity on immune cell function. Additionally, results from ob/ob
mice are hardly transferable to murine DIO and the human obesity setting, since both DIO
mice and obese humans are characterized by elevated leptin levels contributing to systemic
low-grade inflammation (likuni et al., 2008), whereas leptin-deficient ob/ob mice are
associated with an increased risk for infections due to reduced cell-mediated immune
responses (Taleb et al., 2007; Zhang et al., 1994). However, it was previously shown that the
expression of the InsR in ob/ob mice is not regulated by genetics, but rather by obesity itself,
at least in the liver (Soli et al., 1975). Hence, InsR expression and signaling in CD4*T cells
from ob/ob mice might also be regulated by obesity, making this mouse model more valuable

for the here presented research. Thus, both DIO and ob/ob mice represent powerful models
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to study the effect of obesity and insulin on Treg induction and the adaptive immune

response.

Further experiments might help to confirm the here shown data and to especially verify
maintained insulin sensitivity of CD4*T cells isolated from metabolically relevant body
compartments of obese mice and humans. Specifically, Treg induction assays with naive
CD4*T cells from peripheral blood or even VAT of obese humans that are either insulin-
sensitive or insulin-resistant in the peripheral tissues would help to verify gained knowledge
from the murine setting in the human system. To prove maintained T cell specific insulin
sensitivity in obese mice and humans independently from Treg induction, these cells could
be stimulated with exogenous insulin and subsequent quantitative assessment of the InsR
levels by Western Plot would provide information about the insulin sensitivity of these cells.
Furthermore, Treg induction experiments with T cells from peripheral blood of males and
higher levels of insulin need to be conducted to get better insights into the sex-dependent
insulin sensitivity of T cells isolated from human peripheral blood.

Recently, Tsai et al. (Tsai et al., 2018) highlighted that murine InsR-deficient CD4*T cells are
more prone to differentiate into anti-inflammatory Th2 cells than their corresponding controls
under the respective polarizing conditions in vitro. This strengthens the here shown data,
revealing an increased differentiation of InsR-deficient naive CD4*T cells into anti-
inflammatory Tregs. Accordingly, Tsai et al. (Tsai et al., 2018) highlighted in an adoptive
transfer model of colitis in vivo that the transfer of InsR-deficient CD4+*CD25 CD45RB" T cells
into RAG1-deficient hosts results in a diminished disease severity compared to the transfer
of WT ctrl. cells. This was reflected by a significant reduction in pro-inflammatory CD4+T cells
in the mesLNs. (Tsai et al., 2018) Thus, T cell specific InsR deficiency might counteract
CD4*T cell-mediated inflammation in vivo, highlighting an anti-inflammatory effect of the T
cell specific InsR deficiency with potential similar beneficial effects in the obesity setting.
Indeed, exposure of InsR TKO mice to a long-term HFHS diet maintained increased in
vitro Treg induction capacity using naive CD4*T cells from mesLNs and VAT of these
mice. This reflects that the beneficial effect of the InsR deficiency on Treg induction is not
disturbed by pathological processes of an obesogenic environment. For further research it is
of great interest to investigate the in vivo effect of the InsR TKO, especially under obese
conditions. To this end, initially ex vivo Treg frequencies in different body compartments and
particularly in VAT and muscle of InsR TKO mice need to be assessed and confirmed under
SD and HFHS diet conditions.
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From an immune-metabolic perspective insulin (receptor) signaling might be-additionally to T
cell differentiation- highly important for the function and cell-intrinsic metabolism of CD4*T
cell and Foxp3*Tregs. Like (activated) CD4*T cells, their Foxp3*Treg subpopulation might be
sensitive to insulin. Specifically, insulin (receptor) signaling might be highly important for in
vitro activation and differentiation of isolated CD4*T cell into Foxp3+*Tregs, indicated by the
previously shown increased expression of the InsR upon T cell activation (Han et al., 2014;
Helderman & Strom, 1978; Tsai et al., 2018; Viardot et al., 2007) and the insulin mediated
impairments in in vitro Treg induction shown in this thesis. /n vitro Treg induction starting
from isolated naive CD4*T cells and re-stimulation of the resulting in vitro differentiated
Foxp3*Tregs, both in presence of insulin, resulted in impaired Treg levels as highlighted in
the present thesis. This reflects that insulin reduces the stability of Foxp3*Treg phenotype
in re-stimulation assays. However, in vitro induced Foxp3*Tregs might similarly to ex vivo
Tregs show a low or no expression of the InsR. Thus, the observed defects in Treg stability
in the re-stimulation assays of this thesis might be more attributed to insulin-mediated
impairments in Treg induction than to the effect of insulin on differentiated Foxp3*Tregs.

Activation of murine CD4*T cells affects their metabolism which in turn influences their
differentiation and function (Almeida et al., 2016; Park & Pan, 2015; van der Windt & Pearce,
2012). As mentioned above, murine and human CD4*T cell activation was previously shown
to be accompanied by an upregulation of the InsR (Han et al., 2014; Helderman & Strom,
1978; Tsai et al., 2018; Viardot et al., 2007). Thus, insulin might be equally important for
facilitated glucose uptake by CD4*T cells than it is for e.g. glucose uptake by adipocytes.
Inducible silencing of whole-body InsR signaling in rats was previously identified to impair
glucose uptake and glycolysis in activated CD4*T cells via downregulation of compounds of
the PISK-Akt-mTOR and Ras/MapK pathway (Fischer et al., 2017). Here, glucose uptake
was assessed in T cells upon in vitro activation for 4 hours under identical conditions than in
Treg induction assays. This represents a time point in which the cells have not yet
proliferated and thereby confounding effects of proliferation are eliminated, enabling
adequate investigation of changes in the metabolism of activated T cells (Almeida et al.,
2016; Park & Pan, 2015; van der Windt & Pearce, 2012). Accordingly, the data of this thesis
shows that InsR deficiency in murine CD4*T cells impairs cellular glucose uptake, whilst
activation of WT CD4*T cells in presence of insulin led to the opposite effect. This is in line
with previous findings from Tsai et al. (Tsai et al., 2018) and results were confirmed and
extended regarding their relevance for Treg induction in the present thesis. Additionally,
immunofluorescence stainings showed higher levels of GCK expression on in vitro activated
CD4*T cells in presence of insulin, whilst GCK expression was reduced in InsR deficient T

cells compared to the respective controls. GCK is a hexokinase that phosphorylates glucose
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to glucose-6-phosphat in the first step of glycolysis. Hence, the expression of this enzyme by
T cells indicates their glycolytic activity. This is in line with previous studies showing that the
glycolytic flux in CD4*T is triggered by an increased expression of glycolytic enzymes (Hsu et
al., 2018; Peng et al., 2016; Tsai et al., 2018; Wang et al., 2011) such as Hexokinase Il (HKkll)
(Tsai et al., 2018; Wang et al., 2011), Phosphofructokinase (Pfk) (Hsu et al., 2018; Tsai et
al., 2018) and Lactate dehydrogenase alpha (Ldha) (Peng et al., 2016; Tsai et al., 2018). The
results of this thesis highlight that the T cell specific glucose metabolism is regulated by the
InsR and GCK, however, the expression of GLUTs, variations in passive glucose uptake and
alterations in the expression of other glycolytic enzymes etc. contribute with great probability
also to the observed effects.

From an immune-metabolic perspective, a combination of transcriptomic and proteomic
analyses in this thesis provides further insights into the metabolic manipulation of CD4*T
cells through their InsR deficiency. RNAseq revealed significant reduced levels of Idh1 in
InsR-deficient T cells. The gene Isocitrate dehydrogenase (/dh1) encodes an enzyme of the
TCA cycle which was previously shown to be highly active in naive T cells since they mainly
depend on OXPHOS for energy generation (Almeida et al., 2016; Park & Pan, 2015; van der
Windt & Pearce, 2012). Additionally, proteins of the ETC (Etfb, Fdxr, Sdha, Cyc1, Dld,
Ndufv1, Ndufa2, Ndufa6, Ndufa8 and Ndufa10) were significantly downregulated in CD4*T
cells from InsR TKO mice and these proteins are presented throughout the ETC, reflecting a
potential impaired ETC function in these cells. Furthermore, Dihydrolipoyl dehydrogenase
(Dld) is indispensable for the function of various oxidative enzyme complexes. (Odievre et
al., 2005) Thus, reduced levels of Dld might result in a lower activity of the TCA cycle and
hence less electrons that are bound to the coenzymes NADH and FADH: and transferred to
the ETC. This might contribute to a decreased proton gradient across the inner mitochondrial
membrane and an associated impaired ETC activity. A reduced expression of proteins of the
ETC was previously associated with an impaired ETC function, a loss of mitochondrial
electron density, a reduced mitochondrial ATP generation, lower levels of ROS, an increased
energy generation by anaerobic glycolysis, a decreased energy generation by OXPHOS and
an overall T cell specific mitochondrial dysfunction in mice with a T cell specific Tfam-
deficiency (Baixauli et al., 2015). Especially, ROS production by mitochondrial complex IlI
was identified to be indispensable for the activation of NFATs and subsequent T cell
activation and effector T cell differentiation (Sena et al., 2013). Thus, the here observed
reduced levels of Cyc1 might result in a lower activity of complex Il accompanied by reduced
levels of ROS and potential impairments in T cell activation. Importantly, impairments in the
ETC might finally result in a lower activity of the ATP synthase resulting in both a decreased

release of ATP into the extracellular space and a reduced Ca?* influx into the cell due to a
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lower abundance of ATP-activated Ca?-channels. Low intracellular Ca?* levels were
previously associated with impaired T cell activation. (Almeida et al., 2016; Chang et al.,
2013; Ledderose et al., 2014) Importantly, the here observed downregulation of ETC-
associated proteins and Ildh1 gene expression in InsR-deficient T cells represents an
additional feature of their low intrinsic activation status. The here analyzed CD4*T cells from
InsR TKO mice mainly consist of naive T cells which depend on OXPHOS to meet their
energy need. Thus, less OXPHOS in these cells might either indicate an overall lower
metabolic activity of these cells or enhanced energy generation independently from
OXPHOS.

To further mechanistically dissect how InsR signaling guides de novo Treg induction, the
transcriptomic and proteomic data in this thesis needs to be validated and addressed in
future studies by e.g. Seahorse analyses, in vitro Treg induction assays with compounds that
specifically target these genes and proteins or gene expression analyses in different CD4*T
cell populations.

4.3 Conclusions and outlook
In summary, the data of this thesis extent our current knowledge of immune-metabolic
interactions that are involved in immune activation vs. immune tolerance in murine and
human obesity. More specifically, this thesis provides first evidence for the involvement of
pro-inflammatory (precursor) TFH cell in the obesity pathology and links the disease with
increased (precursor) TFH cell levels or at least alterations in their frequencies in the
periphery and in the inflamed VAT of both humans and mice. Additionally, supraphysiological
amounts of insulin were shown to impair in vitro induction of anti-inflammatory, suppressive
Foxp3*Tregs using naive CD4*T cells from lean humans and lean and obese mice, reflecting
T cell specific insulin sensitivity. Surprisingly, besides their insulin resistance in the
peripheral, metabolically active, normally insulin resistant tissues (AT, liver and muscle), DIO
and ob/ob mice remain insulin-sensitive at the T cell level, reflected by the sustained
negative effect of insulin on Treg induction. On the contrary, InsR deficiency in T cells was
associated with a lower intrinsic activation status and a pro-tolerogenic signaling network that

supports Foxp3+*Treg induction with potential beneficial effects on the obesity setting.

In conclusion, the results of this thesis highlight the complexity of obesity focusing on
immune-metabolic interactions and especially obesity-associated metabolic signaling cues
that are involved in the pathophysiology of the disease. Specifically, the here shown data
provides an improved understanding of insulin (receptor) signaling affecting in vitro

Foxp3*Treg induction. Thereby gained knowledge is highly valuable to better understand
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disease settings in which Treg induction is beneficial (e.g. obesity) or in which Tregs are
undesirable (e.g. cancer). Last but not least, a better understanding of CD4*T cell activation
and differentiation as well as an extended knowledge about immune-metabolic
characteristics and functions of CD4*T cells and especially anti-inflammatory, suppressive
Tregs and pro-inflammatory TFH cells might contribute to the understanding of the obesity
pathology and may help to develop future treatment approaches which could specifically
target these cells at the site of inflammation.
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7. Attachments

7. Attachment: Overview of the used Material

Table 1: Used Material

Catalog No. or

Source Primer Sequence
Isolation of human naive CD4"T cells
BD Vacutainer Tubes BD #368480
BD Vacutainer Safety-Lock blood donation
system BD #367282
#AM/17144003/00000
Ficoll Paque Plus Th. Geyer 1
CD4 Microbeads human Miltenyi Biotec #130-045-101
CD19 Microbeads human Miltenyi Biotec #130-050-301
LS-columns Miltenyi Biotec #130-042-401
Antibodies and Fc-Block (human samples)
Fc-Block BioLegend #422302
CD45RA FITC (Clone: HI100) BioLegend #304106
CD25 (Il-2Ra) APC (Clone: 2A3) BD #340907
CD3 PerCPCy5.5 (Clone: HIT3a) BioLegend #300328
CD45R0O APC-Cy7 (Clone: UCHLT) BD Pharmingen #561137
CD4 AmCyan (Clone: RPA-T4) BD Horizon #560768
CD127 (Il-7Ra) PE-Cy7 (Clone: A019D5) | BioLegend #351320
CXCRS5 (CD185) APC (Clone: J252D4) BioLegend #356907
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PD1 (CD279) PerCP-Cy5.5 (Clone:

EH12.1) BD Pharmingen #561273
CCR7 Pe-Cy7 (Clone: G043H7) BioLegend #353226
CCR®6 (CD196) PE-Cy7 (Clone: GO34E3) BioLegend #353418
CXCRS3 (CD183) PerCP-Cy5.5

(Clone: G025H7) BioLegend #323714
CD8a DAPI (Clone: RPA-T8) BioLegend #301006
CD11b DAPI (Clone: ICRF44) BioLegend #301315
CD14 DAPI (Clone: HCD14) BioLegend #325616
CD19 DAPI (Clone: HIB19) BioLegend #302224
Foxp3 PE (Clone: 236A/E7) eBioscience #12-4777-42
Ki-67 Qdot (Clone: 16A8) BioLegend #652413
Purified CD3 (Clone: UCHT1) BioLegend #300432
Purified CD28 (Clone:CD28.2) BioLegend #302923
Purified CD3 (Clone: Okt3) BioLegend #317304
Isolation of murine naive CD4*T cells

70 um cell strainers Fisher Scientific #FALC352350

Streptavidin Microbeads Miltenyi #130-048-101
Collagenase type Il Sigma-Aldrich #C6885-5G
200um neolLab-Siebgewebe NeolLab #41413

LS-Columns

Miltenyi Biotec

#130-042-401
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Dynabeads untouched CD4+ mouse Invitrogen #11415D
Antibodies and Fc-Block (murine samples)

Fc-Block (Clone: 2.4G2) BD Pharmingen #553142
CD25 PerCP-Cy5.5 (Clone: PC61) Biolegend #102030
CD4 Biotin (Clone: GK1.5) Biolegend #100404
CD44 PE (Clone: IM7) Biolegend #122014
CD4 Alexa Fluor 700 (Clone: RM4-5) eBioscience #56-0042
CXCR5 (CD185) PerCP-Cy5.5 (Clone:

L138D7) BioLegend #L138D7
PD1 APC-Cy7 (Clone: 29F.1A12) eBioscience #47-9985-80
CD8a Pacific Blue (Clone: 53-6.7) Biolegend #100725
CD11b Pacific Blue (Clone: M1/70) Biolegend #101224
CD11c Brilliant Violett 421 (Clone: N418) Biolegend #117330
B220 Pacific Blue (Clone: RA3-6B2) Biolegend #103227
F4/80 Pacific Blue (Clone: BM8) Biolegend #123124
CD14 V450 (Clone: rmC5-3) BD Bioscience #560639
Bcl6 Alexa Fluor 647 (Clone: K112-91) BD Pharmingen #561525
Foxp3 FITC (Clone: FJK-16s) eBioscience #11-5773-82
Ki67 APC (Clone: 16A8) Biolegend #652406
CD3e (Clone: 145-2C11) BD Pharmingen #553057;

v
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CD28 (Clone: 37.51) BD Pharmingen #553294
Intracellular staining
Foxp3 Staining Buffer Set eBioscience #00-5523-00
Death cell exclusion markers
Thermo Fisher
sytox red Scientific #534859
Thermo Fisher
sytox blue Scientific #534857
Fixable viability dye eFlour450 eBioscience #65-0863-18
in vitro TFH induction assays
miRCURY LNA™ microRNA Mimic, hsa-
miR-92a-3p, 5 nmol Exigon #472171-001
MiRCURY LNA™ microRNA inhibitor, hsa-
miR-92a-3p, 5 nmol Exigon #4100969-001
in vitro Treg induction assays
human recombinant 12 PeproTech #200-02
human recombinant insulin Sigma-Aldrich #19278
PI3K inhibitor (LY294002) Peprotech #1543664
96-well suspension culture plate with U-
Bottom Greiner Bio-One #650185
Buffers and Media
HBSS*
Hanks' Balanced Salt Solution Sigma-Aldrich #H6648
Fetal Calf Serum (FCS) (5%) PAA #A15-151
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HEPES (10 mM) Biochrom AG #L1613
PBS+0,5% BSA
DPBS Life Technologies #14190-094
(Dulbecco's Phosphate-Buffered Saline)
BSA Sigma-Aldrich #A790650G
MACS-PBS
DPBS Life Technologies #14190-094
(Dulbecco's Phosphate-Buffered Saline)
BSA Sigma-Aldrich #A790650G
Ethylenediaminetetraacetic acid VWR #45001-122
X-VIVO media (human)
X-VIVO Media Lonza #BE04-418Q
Human Serum Biochrom #501049.2-0.1
Penicillin and streptavidin Sigma-Aldrich #P4333
sodium pyruvate Sigma-Aldrich #58636
non-essential amino acids Biochrom #K0293
GlutaMAX™ Supplement Life Technologies #35050-038
RPMI Medium + Supplements (murin)

Thermo Fisher
RPMI media Scientific #61870036
FCS (Fetal Calf Serum) “GOLD” Biowest #51810-500
b-mercaptoethanol Biozol Diagnostica #5-69F00-E

Vi
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non-essential amino acids Biochrom #K0293
sodium pyruvate Sigma-Aldrich #58636
Penicillin and streptavidin Sigma-Aldrich #P4333
Mice

B6.Cg-Foxp3™2Te (Foxp3-GFP) Jackson Laboratory | #006772
B6.SJL-PtprcaPerce/Boyd (WT) Jackson Laboratory | #002014
B6.Cg-Lep®/J (ob/ob) Jackson Laboratory | #000632
B6.129S4(FVB)-Insrm€n/J (IngRlox/flox) Jackson Laboratory | #006955
Tg(Cd4-cre)1Cwi/Bflud (CD4Cre) Jackson Laboratory | #017336

Genotyping via PCR

GAT GTG CAC CCC

oKAHNO3 Sigma ATG TCT G-3

TCT ATC AAC CGT
oKAHNO04 Sigma GCC TAG AG

CTG AAT AGC TGA
oKAHNO5 Sigma GAC CAC AG

GCT TGC ATG ATC
RO290 Sigma TCC GGT AT

TGT CCA AGA TGG
OB 1151 Sigma ACC AGA CTC

ACT GGT CTG AGG
OB 1152 Sigma CAG GGA GCA
Proteinase K Thermo Fisher #10181030
Tagq DNA Polymerase VWR International #01-1040

VI



https://www.jax.org/strain/006955
https://www.jax.org/strain/017336
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Midori Green Biozym #617004
New England

Gel Loading Dye, Blue Biolabs #B7021 S
New England

DNA-Leiter: DNA Ladder 100 bp Biolabs #N3231 L

Murine diet

Standard diet Altromin #1314

high-fat, high-sugar (HFHS) diet Research Diets #D12331

GTT

D(+)-Glucose Carl Roth #HNO06.1
Roche Diabetes

Glucometer Accu-Chek Aviva Care #06114986
Roche Diabetes

ACCU CHEK Aviva Teststreifen Care #6114963

Disposable needles Neopoint #L10103

Glucose uptake Assay

Glucose Uptake-Glo™ Assay Promega #J1341
96-well microplates for luminescence
detection Greiner #655073
RT-gPCR
Hard- Shell PCR Plates, 96- well Bio-Rad #HSP9655
Seals for PCR Plates Bio-Rad #MSB 1001
RNA isolation

Qiagen #217084

miRNeasy Micro Kit (50)
VI
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mRNA analysis

iScript Advanced cDNA Synthesis Kit Biorad #172-5038
SsoFast EvaGreen Supermix 5x 5ml Bio-Rad #172-5204
mRNA Primers
Murine/Human Ascl2 Bio-Rad #10025636
QuantiTect Primer Assay murine/human
Bclé Qiagen #QT00079233
QuantiTect Primer Assay human ITCH Qiagen #QT00077812
QuantiTect Primer Assay human Foxo1 Qiagen #QT00044247
QuantiTect Primer Assay murine/human
Pten Qiagen #QT01115135
QuantiTect Primer Assay human Kilf2 Qiagen #QT00204729
fwd.: GCA CGA CCC
. self-designed, TAA CGG TGA AT;
Murine ICOS Eurofins rev.: GAA AAC TGG
CCAACGTGCTT
fwd.: GCA CGA CCC
self-designed, TAA CGG TGA AT;
Human ICOS Eurofins rev.: GAA AAC TGG
CCAACGTGCTT

Murine/Human 1121

self-designed,

fwd.: CTC CCA AGG
TCA AGA TCG CC;

Eurofins rev.: TGG CAG AAA
TTC AGG GAC CA
QuantiTect Primer Assay murine/human
18S Qiagen #QT00199367
fwd: ACT GGC TAC
. . self-designed, AAA AGC CG;
Murine/Human Histone Eurofins rev:CTT GCC TCC
TGC AAAGCAC
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miRNA analysis

Universal cDNA Synthesis Kit Il Exigon #203301

ExXiLENT SYBR® Green master mix Exigon #203403

miRNA Primers

mmu-miR-92a-3p LNA™ PCR primer set,

UniRT Exigon #205947

5S rRNA (hsa,mmu) PCR primer set,

UniRT Exigon #203906

Foxp3 CNS2 Methylation Analysis

EZ DNA Methylation-Direct Kit Zymo Research #D5021

SensiFAST HRM Kit Bioline #5001484
fwd: TTGGGT TTT
GTT GTT ATAATT
TGA ATT TGG
biotinylated rev: ACC

Primers used together with SensiFAST TAC CTAATACTC

HRM Kit Sigma ACC AAACATC

PyroMark Gold Q24 Reagents Qiagen #970802

Specific sequencing primer used together AAT TTG AATTTG

with PyroMark Gold Q24 Reagents Sigma GTTAGATTTTT

TMB Substrate Reagent Set BD #555214

RNAseq

SMARTer ultra low input RNA Kit for

Sequencing-v4 Clontech/Takara #634890

Agilent High Sensitivity DNA Kit Agilent #5067-4626

lllumina Nextera XT DNA library

preparation kit [llumina #FC-131-1096
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HiSeq® Rapid SBS Kit v2

llumina

#FC-402-4022

HiSeq® Rapid SR Cluster Kit v2

llumina

#GD-402-4002

Index Primers:

Nextera N501

self designed, AG
Prof. M.Pfaffl, TU
Minchen

AATGATACGGCGAC
CACCGAGATCTACA
CTAGATCGCTCGTC
GGCAGCGTC

Index Primers:

Nextera N502

self designed, AG
Prof. M.Pfaffl, TU
Minchen

AATGATACGGCGAC
CACCGAGATCTACA
CCTCTCTATTCGTC
GGCAGCGTC

Index Primers:

Nextera N503

self designed, AG
Prof. M.Pfaffl, TU
Munchen

AATGATACGGCGAC
CACCGAGATCTACA
CTATCCTCTTCGTC
GGCAGCGTC

Index Primers:

Nextera N504

self designed, AG
Prof. M.Pfaffl, TU
Munchen

AATGATACGGCGAC
CACCGAGATCTACA
CAGAGTAGATCGTC
GGCAGCGTC

Index Primers:

Nextera N505

self designed, AG
Prof. M.Pfaffl, TU
Munchen

AATGATACGGCGAC
CACCGAGATCTACA
CGTAAGGAGTCGTC
GGCAGCGTC

Index Primers:

Nextera N506

self designed, AG
Prof. M.Pfaffl, TU
Munchen

AATGATACGGCGAC
CACCGAGATCTACA
CACTGCATATCGTC
GGCAGCGTC

Index Primers:

Nextera N507

self designed, AG
Prof. M.Pfaffl, TU
Munchen

AATGATACGGCGAC
CACCGAGATCTACA
CAAGGAGTATCGTC
GGCAGCGTC

Index Primers:

Nextera N508

self designed, AG
Prof. M.Pfaffl, TU
Minchen

AATGATACGGCGAC
CACCGAGATCTACA
CCTAAGCCTTCGTC
GGCAGCGTC

Index Primers:

Nextera N701

self designed, AG
Prof. M.Pfaffl, TU
Minchen

Xl

CAAGCAGAAGACG
GCATACGAGATTCG
CCTTAGTCTCGTGG
GCTCGG
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Index Primers:

Nextera N702

self designed, AG
Prof. M.Pfaffl, TU
Minchen

CAAGCAGAAGACG
GCATACGAGATCTA
GTACGGTCTCGTGG
GCTCGG

Index Primers:

Nextera N703

self designed, AG
Prof. M.Pfaffl, TU
Munchen

CAAGCAGAAGACG
GCATACGAGATTTC
TGCCTGTCTCGTGG
GCTCGG

Index Primers:

Nextera N704

self designed, AG
Prof. M.Pfaffl, TU
Munchen

CAAGCAGAAGACG
GCATACGAGATGCT
CAGGAGTCTCGTG
GGCTCGG

Index Primers:

Nextera N705

self designed, AG
Prof. M.Pfaffl, TU
Munchen

CAAGCAGAAGACG
GCATACGAGATAGG
AGTCCGTCTCGTGG
GCTCGG

Index Primers:

Nextera N706

self designed, AG
Prof. M.Pfaffl, TU
Munchen

CAAGCAGAAGACG
GCATACGAGATCAT
GCCTAGTCTCGTGG
GCTCGG

Index Primers:

Nextera N707

self designed, AG
Prof. M.Pfaffl, TU
Munchen

CAAGCAGAAGACG
GCATACGAGATGTA
GAGAGGTCTCGTG
GGCTCGG

Index Primers:

Nextera N708

self designed, AG
Prof. M.Pfaffl, TU
Minchen

CAAGCAGAAGACG
GCATACGAGATCCT
CTCTGGTCTCGTGG
GCTCGG

Index Primers:

Nextera N709

self designed, AG
Prof. M.Pfaffl, TU
Munchen

CAAGCAGAAGACG
GCATACGAGATAGC
GTAGCGTCTCGTGG
GCTCGG

Index Primers:

Nextera N710

self designed, AG
Prof. M.Pfaffl, TU
Minchen

CAAGCAGAAGACG
GCATACGAGATCAG
CCTCGGTCTCGTGG
GCTCGG

Index Primers:

Nextera N711

self designed, AG
Prof. M.Pfaffl, TU
Minchen

Xl

CAAGCAGAAGACG
GCATACGAGATTGC
CTCTTGTCTCGTGG
GCTCGG
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Index Primers: Nextera N712 '\P/Iruorf].ctllle.lsfaffl, TU TCTACGTCTCGTGG
GCTCGG

LC-MS/MS (Proteomics)

Consumables compare: chapter 2.17

Immunofluorescence

Roti-Histofix 4 % Carl Roth #P087.5

Phospho-S6 Ribosomal Protein Cell Signaling

(Ser235/236) antibody Technology #2211

Glucokinase (GCK) antibody Abcam #ab88056

anti-rabbit Alexa Fluor 647 antibody Dianova #711-605-152

Instruments

FACS Aria lll BD n.a.

Thermal Cycler, pegStar 2X Peqlab n.a.

Real-Time PCR System, CFX96 Touch Bio-Rad n.a.

Glomax Multi Detection System. Promega n.a.

Pyro-Sequencer PyroMark Q24 Qiagen n.a.

lllumina HiSeq 2500 lllumina n.a.

Agilent Bioanalyzer 2100 Agilent n.a.

Sonifier Branson n.a.
Thermo Fisher

EASY-nLC™ 1200 System Scientific n-a.

X1I
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Q Exactive HF

Thermo Fisher
Scientific

n.a.

Software

FACSDiva software (version 6.1.3)

Beckton Dickinson

n.a.

FlowdJo (version 10)

TreeStar, OR

https://www.flowjo.co
m/solutions/flowjo/do
wnloads/

https://www.graphpad.
com/scientific-
GraphPad Prism (version 7) GraphPad software/prism/
CFX Manager 3.1 Bio-Rad n.a.
PyroMark Q24 2.0.6 Qiagen n.a.
Gene5 Data Analysis BioTek n.a.
Expert 2100 Agilent n.a.
HiSeq Control Software 2.2.70 [llumina n.a.
Real-Time Analysis (RTA) 1.18.66 [llumina n.a.
CASAVA BCL2FASTQ Conversion
Software v2.20 lllumina n.a.

MaxQuant version 1.5.1.6

developed by the
Computational

Perseus version 1.5.6.2

Systems
Biochemistry under
Prof. J.Cox, Max
Planck Gesellschaft,
Mulnchen

XV
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