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Summary

Obesity and associated metabolic diseases are characterized by an enhanced
inflammatory state that contributes to a plethora of dysfunctions in metabolically
relevant organs. Immune cells have detrimental, but also beneficial effects
resulting in tissue-specific metabolic perturbations. Disruption of immune
tolerance and homeostasis is mainly caused by an imbalance in homeostatic
and proinflammatory immune responses. Therefore, modulation of immune
cells may be pivotal in restoring the disrupted tissue homeostasis with the goal
to prevent or lower these metabolic aberrations. Herein | focused on immune-
metabolic interventions utilizing pharmacological and physiological

approaches. Specifically, we addressed how GLP-1 (glucagon like peptide-1)

receptor agonist (Quarta et al. 2017) and GLP1/Dexamethasone co-agonist on

one side and physical activity on the other side impact tissue-residing immune

cells and immune-metabolic crosstalk so as to interfere with these metabolic

perturbations with the vision to lower the incidence of metabolic insults.

GLP-1R agonists are known to have potential effects on glycemic control and
weight loss, but its actions on the adaptive immune system remains largely
unknown. We thus investigated the impact of GLP-1R agonist (Quarta et al.
2017) and GLP-1/Dexa co-agonist on immune cells in diet-induced obese mice.
Our results show that GLP-1R agonist treatment reduced high fat diet induced
B cells maturation in spleen that was absent in mice lacking GLP-1R pointing
to a possible involvement of GLP-1R signaling in the B cell maturation process.
Total T lymphocyte frequencies were also increased in circulation with GLP-1R
agonist and in spleen upon treatment with GLP-1/Dexamethasone (GLP-
1/Dexa) co-agonist. GLP-1R agonist and to a larger extent GLP-1/Dexa
conjugate lowered significantly several inflammatory markers, thus

ameliorating the systemic inflammatory state of diet-induced obesity.
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Physical inactivity - a major contributing factor to obesity was studied as
physiological intervention. The impact of voluntary wheel running on immune
cells was investigated by focusing specifically on skeletal muscle-residing
regulatory T cells. Regulatory T cells, characterized by the expression of the
transcription factor Foxp3, limit inflammation and contribute to immune
tolerance and tissue homeostasis. Upon exercise, ex-vivo Treg frequencies in
skeletal muscles were significantly increased regardless of diet. To understand
whether voluntary wheel running has a lasting effect on Treg frequencies we
removed running wheels for 4 weeks prior to study end. Treg frequencies were
increased to an even larger extend in these pre-exercised mice compared to
mice with continuous access to running wheels, highlighting a potential memory
effect of exercise on Treg maintenance post exercise. De-novo Treg induction
capacity was also enhanced in the popliteal lymphnodes of pre-exercised mice.
Increased levels of amphiregulin, ST2, EGFR and Ki67 indicated that
upregulated ex-vivo muscle-residing Tregs in pre-exercised mice may be
suppressive and proliferative. We found higher IL6 receptor levels on Tregs in
pre-exercised mice and utilizing T cell specific IL6Ra KO mice we revealed that
the exercise-induced Treg upregulation is IL6Ra signaling dependent.
However, mice with muscle specific deletion of IL-6 demonstrated that exercise
induced cytokine IL-6 derived from skeletal muscle is not required for increasing
Treg frequencies. Further phenotypic characterization of Tregs from both T cell-
specific IL6Ra and skeletal muscle IL6 KO revealed that both IL-6 and IL-6Ra
signaling are involved in the upregulation of AREG, EGFR and ST2 levels in

muscle-residing Tregs.

Taken together, these data demonstrate the involvement of immune cell
modulations in the beneficial metabolic effects of our pharmacological and
physical interventions. Moreover, the mechanistic details provide novel insights
into the exercise-induced induction of immunomodulatory cells and suggests
the potential for interventions aiming at maintaining or restoring tissue

homeostasis, thereby resisting/lowering further metabolic insults.
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Zusammenfassung

Stoffwechselerkrankungen wie Fettleibigkeit sind mit Entziindungsreaktionen
verbunden und tragen zu einer Vielzahl von Fehlfunktionen in metabolisch
relevanten Organen bei. Immunzellen kénnen eine schadliche oder nitzliche
Rolle in diesen gewebespezifischen Stoffwechselstdrungen spielen.
Beeintrachtigungen der Immuntoleranz und der Homoostase kénnen vor allem
durch ein Ungleichgewicht der homdostatischen und proinflammatorischen
Immunantwort entstehen. Eine Modulation von Immunzellen kann
entscheidend sein um die gestorte Gewebe-Homdostase wiederherzustellen
und damit diese Stoffwechselverédnderungen zu verhindern oder zu verringern.
In dieser Arbeit konzentrierte ich mich auf immunmetabolische Interventionen

unter Verwendung pharmakologischer und physiologischer Ansatze.

Mit dem Ziel Adipositas bedingte Stoffwechselstérungen zu verringern haben
wir die Effekte von GLP-1 (Glukagon ahnliches Peptid-1)-Rezeptor-Ko-
Agonisten und korperlicher Aktivitat auf gewebeansassige Immunzellen und
auf die Interaktion von Immunzellen und Metabolismus untersucht. GLP-1R-
Agonisten werden zur Blutzuckerkontrolle und Gewichtsabnahme eingesetzt.
Obwohl deren Rezeptoren auf Immunzellen vorhanden sind, ist die Wirkung
auf das adaptive Immunsystem weitgehend unbekannt. Daher haben wir
zunachst die Auswirkungen von GLP-1R-Agonisten und Co-Agonisten auf
Immunzellen bei Mausen, die eine kalorienreiche Ernahrung erhalten haben,
untersucht. Unsere Ergebnisse zeigten, dass reife B-Zellen, die bei einer
kalorienreichen Erndhrung hochreguliert waren, durch Behandlung mit GLP-
1R-Agonisten in der Milz reduziert wurden und dass Mause ohne GLP-1R ein
erhohtes Level an reifen B-Zellen aufwiesen. Beide Ergebnisse deuten auf eine
mogliche Beteiligung des GLP-1R-Signalweges am B-Zell-Reifungsprozess
hin. AuRerdem waren die Gesamtfrequenzen der T-Lymphozyten im
Blutkreislauf nach Behandlung mit dem GLP-1R-Agonisten sowie in der Milz
nach Behandlung mit dem GLP-1-Koagonisten GLP-1/Dexa erhoht. Sowohl
GLP-1R-Agonist als auch GLP-1/Dexa-Konjugat verbesserten die durch die
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Ernadhrung induzierte systemische Entzindung, indem sie mehrere
Entzindungsmarker, die bei Fettleibigkeit hochreguliert waren, signifikant

senkten. Dies trifft vor allem auf das Konjugat zu.

Da korperliche Inaktivitat einer der Hauptfaktoren fur Fettleibigkeit ist und
Skelettmuskeln ein metabolisch relevantes Organ sind, wurde als zweite
Intervention die Wirkung von korperlicher Aktivitat auf Immunzellen untersucht,
wobei der Schwerpunkt auf Skelettmuskelansassigen regulatorischen T-Zellen
lag. Regulatorische T-Zellen sind gekennzeichnet durch die Expression des
Transkriptionsfaktors Foxp3 und begrenzen Entziindungsreaktion wodurch sie
zur Immuntoleranz und Gewebehomdostase beitragen. Nach korperlicher
Aktivitat waren die ex-vivo Treg-Frequenzen in den Skelettmuskeln unter
beiden Erndhrungsbedingungen signifikant erhéht. Um zu verstehen, ob die
korperliche Aktivitat einen nachhaltigen Einfluss auf die Treg-Frequenzen hat,
haben wir die Laufréader 4 Wochen vor Studienende entfernt. Die Treg-
Frequenzen waren bei diesen Mausen (pre-exercise) noch starker erhoht als
bei Mausen mit stdndigem Zugang zu Laufradern, was einen potenziellen
Memory-Effekt von sportlicher Bewegung bei der Aufrechterhaltung der Treg-
Funktion unterstreicht. Zusatzlich war die De-Novo-Treg-Induktionskapazitat in
den Popliteal-Lymphknoten von Mausen nach pre-exercise verbessert. Die
hochregulierten ex-vivo muskelansassigen Tregs bei Mausen mit pre-exercise
wiesen erhdohte Amphiregulin, ST2, EGFR und Ki67 Werte auf, was darauf
hindeutet, dass sie suppressiv und proliferativ sind. Die Mause mit pre-exercise
zeigten auRerdem hohere Expressionswerte von IL6-Rezeptoren auf Tregs.
Unsere Studien mit korperlicher Aktivitdt in T-Zell-spezifischen IL6R KO-
Mausen belegten, dass die Treg-Hochregulierung IL6Ra-signalabhéangig ist.
Allerdings deuten Experimente mit Mausen mit muskelspezifischer Deletion
von IL-6 darauf hin, dass das durch Bewegung induzierte Zytokin IL-6 keine
Voraussetzung fur die erhéhten Treg-Frequenzen ist. Die weitere
phanotypische Charakterisierung von Tregs aus beiden KOs ergab, dass
sowohl IL-6 als auch IL-6R-Signale an der Hochregulation von AREG-, EGFR-

und ST2-Levels in muskelansassigen Tregs beteiligt sind.
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Zusammengenommen zeigen die hier prasentierten Daten eine Beteiligung des
pharmakologischen also auch des physiologischen Ansatzes an den
beobachteten Immunzellveranderungen. Dartber hinaus liefern die
mechanistischen Details neue Erkenntnisse lber die bewegungsinduzierte
Induktion von immunmodulatorischen Zellen und verdeutlichen ihr Potenzial fur
Interventionen, die darauf abzielen, die Gewebshomoostase
aufrechtzuerhalten oder wiederherzustellen um so weitere metabolische

Stérungen zu verhindern/verringern.
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1. Introduction

1.1 Obesity-associated inflammation

Obesity and type 2 diabetes represent one of today’s leading health concerns
(Yumuk et al. 2015). The prevelance of obesity has increased dramatically over
the last decades and based on the estimations by World Health Organization
(WHO), more than 1.9 billion adults are over-weight and over 650 million are
obese (WHO, Obesity and overweight fact sheet 2016). Obesity is
characterized by comorbidities such as type 2 diabetes mellitus (Wilding 2014),
Parkinson’s disease (Chen et al. 2014), certain types of cancer (Berger 2014),
Alzheimer’s disease (Naderli et al. 2009), nonalcoholic fatty liver disease
(NAFLD) (Koppe 2014), hypertension and cardiovascular diseases (Roche &
Silversides 2013, Guo & Garvey 2016, Ortega et al. 2016). An equilibrium
between energy intake and expenditure has to be maintained in order to
prevent excess body weight gain. Disruption of this energy balance leads often
to obesity and type 2 diabetes (Lustig 2006, Spiegelman & Flier 2001). The
intake of high calorie diets and lack of physical activity are the major
contributing factors (Must & Tybor 2005, Hill et al. 2012). The search for
underlying mechanisms behind the pathogenesis of metabolic diseases
revealed inflammation as a critical mediator of obesity-induced insulin
resistance (Hotamisligil et al.1993, McArdle et al. 2013). Nutrient overload also
activates inflammatory responses in metabolically relevant organs like adipose
tissue (Xu et al. 2003), skeletal muscle (Hong et al. 2009), brain (De Souza et
al. 2005), liver (Cai et al. 2005) and pancreas (Ehses et al. 2007). Chronic
inflammation leads to the development of obesity-associated metabolic
disorders, angiogenesis, cardiovascular diseases, cancer etc. (Kolb et al.
2018). Several studies highlight the role of pro-inflammatory interleukines and
cytokines such as TNFa contributing to obesity-linked insulin resistance and
type 2 diabetes (Hotamisligil et al.1993, Perry et al. 2015). Previous reports
show that body fat mass in obese subjects strongly associates with increased
levels of chronic inflammatory markers (Festa et al. 2001). Various pro-
inflammatory and anti-inflammatory signaling pathways have been described

at the interface of obesity and inflammation (Lumeng & Saltiel 2011). Therefore,



different therapeutic strategies aiming at the pathogenic processes linking
inflammation and obesity would be highly beneficial.

1.2 Immune metabolism crosstalk

Immune cells play a major role in driving obesity-associated inflammation and
can contribute to the metabolic dysfunction associated with obesity. Both
immune and metabolic regulations are highly integrated and dependent on
each other (Hotamisligil 2006). Obesity is associated with the accumulation of
immune cells in several tissues (Lumeng & Saltiel 2011). Immune cells initiate
a cascade of inflammatory events that contribute to pro-inflammatory cytokine
secretion, defective insulin signaling and glucose uptake, resulting in systemic
insulin resistance (Hotamisligil et al.1993, Xu et al. 2003). Several studies
demonstrated that obesity can alter adipose tissue function, while adipose
tissue is infiltrated by mast cells, neutrophils, dendritic cells and macrophages
which produce pro-inflammatory cytokines in mice (Weisberg et al. 2003, Han
& Levings 2013) as well as in humans (Cancello et al. 2006). These pro-
inflammatory molecules like TNFa, a known key mediator of insulin resistance,
have a direct effect on cellular metabolism (Hotamisligil et al.1994). Activation
of inflammatory pathways has been observed in different tissues (Donath &
Shoelson 2011). Murine and human skeletal muscles also show accumulation
of inflammatory macrophages in obese conditions (Fink et al. 2014). Obesity
can also induce a switch in the macrophage polarization towards an
inflammatory phenotype (Lumeng et al. 2007). In addition to the innate immune
system, adaptive immune cells are also implicated in the obesity associated
tissue inflammation. In obese populations, both innate and adaptive immunity
are compromised by several factors which include nutrient overload, oxidative
stress and hormonal imbalance (Mishra et al. 2016, Furukawa et al. 2004).
Obesity- associated inflammation is not only caused by the infiltration of effector
immune cells but also by a reduction or alteration of immunoregulatory cells
(Feurer et al. 2009, Nishimura et al. 2013). Several cellular and signaling
networks link immune and metabolic systems together (Osborn & Olefsky
2012) and many beneficial immunologic pathways are found to be dysregulated

in obesity (Brestoff & Artis 2015). Understanding how different interventions



influence the immune system could help in understanding the pathogenesis of
metabolic diseases in detail. New therapeutic interventions based on
immunomodulation could thus be advantageous in the management of insulin

resistance and its associated co-morbidities.

1.2.1 The adaptive immune system in metabolic disorders

The adaptive immune system comprises T and B lymphocytes which enable
immunological memory after the exposure and activation by a specific antigen.
T lymphocytes are thymus-derived (Janeway et al. 2001) and express the
surface antigens, CD4 (helper T cells) or CD8 (cytotoxic T cells). In a classical
view, CD4" T cells comprise mainly Thl and Th2 cells which produce pro-
inflammatory and anti-inflammatory cytokines respectively (Osborn & Olefsky
2012). CD8* T cells secrete pro-inflammatory cytokines and contribute to
macrophage recruitment and inflammation in obesity (Nishimura et al. 2009).
Another subpopulation of CD4* T cells, known as regulatory T cells (Tregs) are
the main mediators of immune suppression and dominant tolerance (Sakaguchi
et al. 1995). Previous reports show that obesity- associated insulin resistance
could be normalized with the transfer of CD4*T cells in diet-induced obese mice
(Winer et al. 2009). High-fat diet fed mice exhibited an increased total T cell
number and a reduction in regulatory T cells in the skeletal muscles which
correlated with insulin resistance (Khan et al. 2015). Diet-induced obese mice
also had reduced Treg numbers in adipose tissue and upregulating Treg
frequencies improved insulin sensitivity (Feuerer et al. 2009). In leptin deficient
ob/ob mice, the induction of regulatory T cells has been shown to alleviate

adipose tissue inflammation and insulin resistance (llan et al. 2010).

B lymphocytes are also part of the adaptive immune system. Apart from
antibody production, B lymphocytes possess additional functions of secreting
cytokines and the ability to act as an antigen presenting cell. They are
characterized by the B-lymphocyte antigen, CD19 (Tedder & Issacs 1989),
derive from bone-marrow and can either mature there or in the spleen. B cells
undergo different transitional stages to become mature B cells and differentiate

into marginal zone B cells or follicular B cells. These intermediate populations



can be identified by differential surface expression of immunoglobulins, IgM and
IgD. Immature B cells express IgM molecule on the cell surface and mature B
cells are marked by an additional appearance of IgD (LeBien & Tedder 2008,
Loder et al. 1999, Yuan & Witte 1988, Shaikh et al. 2014, Janeway et al. 2001).
Upon activation, mature B cells differentiate into short-lived plasmablasts, long-
lived plasma cells secreting antibodies or into memory B cells (Nutt et al. 2015).
Another subpopulation of B cells involved in the suppression of immune
responses and immunomodulation are regulatory B cells (Bregs) which mediate
their regulatory function mainly through the production of the anti-inflammatory
cytokines, IL-10 and TGF- (Mizoguchi & Bhan 2006, lwata et al. 2011). Apart
from conventional B cell markers, mouse Bregs express CD5 and CD1d
(Yanaba et al. 2008). B lymphocytes also promote systemic and local
inflammation in diet- induced obese mice. B cells accumulate in visceral
adipose tissue of HFD-fed mice and exacerbate inflammation. B cells enhance
the activation of T cells and promote insulin resistance through the production
of pathogenic IgG antibodies (Winer et al. 2011, Shaikh et al. 2014). B cell
developmental processes are also altered under high fat diet conditions (Winer
et al. 2014). A potential beneficial effect of B cells in obesity was demonstrated
by the IL-10 secreting Bregs. Nishimura et al. reported that Breg cell
dysfunction enhanced adipose inflammation in DIO mice and adoptive transfer
of Bregs ameliorated those effects (Nishimura et al. 2013). Diminished
frequencies of Bregs were also observed in the blood samples from obese
humans (Garcia-Hernandez et al. 2018). In every adaptive immune response,
maintaining a balance between the effector T or B cells and the regulatory cells
is critical in controlling the magnitude of immune responses and for establishing

tolerance to self and non-self antigens.

1.3 Regulatory T cell - mediators of peripheral tolerance

Recognition of self versus non-self antigens is achieved by central or peripheral
tolerance. Central tolerance happens during the T cell development in the
thymus. If an auto-reactive T cell escapes negative selection, then another

mechanism called peripheral tolerance helps to prevent their activation



(Sakaguchi et al. 1995, Thornton & Shevach 1998). Regulatory T cells (Tregs)
play a pivotal role in the maintenance of immune system homeostasis and
suppressing the effector responses. Tregs are the main mediators of peripheral
immunological tolerance (Bilate & Lafaille 2012). Tregs are produced in the
thymus or can also be induced from naive T cells in the periphery. Thymus-
derived Tregs are already functionally mature and antigen-primed before
encountering peripheral antigens (Sakaguchi et al. 2008). Tregs are
characterized by the expression of the transcription factor, Forkhead box
protein 3 (Foxp3) which is the main regulator for Treg development and function
(Fontenot, Gavin & Rudensky 2003). Tregs also possess high expression of
the IL2 receptor, CD25, essential for Treg development (Sakaguchi et al. 2007).
In mice, mutations of the Foxp3 gene results in a fatal lymphoproliferative
disorder as in scurfy mice, and in humans it leads to the immune regulation
disorder, IPEX (Brunkow et al. 2001, Bennett 2001) highlighting the importance

of Foxp3 in maintaining the normal immune homeostasis.

Tregs exert their action through several ways: They modulate antigen
presenting cell function and suppress effector cells through production of
inhibitory cytokines like IL10 and TGFB (Asseman et al. 1999, Fahlen et al.
2005). They exert direct cytotoxic effects through secretion of granzyme and
perforin (Cao et al. 2007) and can also disrupt the metabolic environment of
effector T cells (Caridade et al. 2013). As Tregs do not always need direct
contact, they can act on cells at their proximity as well, independent of an
antigen, termed as bystander suppression (Thornton & Shevach 2000, Schmidt
et al. 2012).

Naive T cells can also acquire Foxp3 expression in the periphery. This process
can be exploited to control unwanted immune responses. Previous studies
have shown that induction of Tregs from the naive T cells in-vitro is possible in
the presence of TGF-B (Chen et al. 2003, Apostolou & von Boehmer 2004), but
those Tregs were found to be functionally unstable (Floess et al 2007). Later,
other studies demonstrated that Treg induction can be best achieved using
stimulation with a strong agonistic ligand provided under sub-immunogenic
conditions (Daniel & Boehmer 2011, Kretschmer et al. 2005, Gottschalk &



Corse E Allison 2010). Foxp3*Tregs also express different homing receptors
like adhesion molecules and chemokine receptors and these control their
migration and localization to the inflamed tissues or sites and tumors (Campbell
& Koch 2011). Tregs can also expand clonally in-vivo and in-vitro due to
antigenic stimulation and can retain their suppressive function after expansion.
Different stimuli can also lead to the expansion of Tregs in-vivo and in-vitro via

certain molecules that are expressed on them (Sakaguchi et al. 2008).

1.4 Tissue-residing regulatory T cells

Apart from the lymphoid tissues, regulatory T cells are also present in different
non-lymphoid tissues in both healthy and diseased conditions (Burzyn et al.
2013). The presence of Tregs are reported in skin (Gratz et al. 2013, Rodriguez
et al. 2014), intestinal mucosa (Sefik et al. 2015, Luu et al. 2017), liver (Breous
et al. 2009), lung (Arpaia et al. 2015), adipose tissue ( Feuerer et al. 2009),
skeletal muscle (Burzyn et al. 2013, Villalta et al. 2014), brain (Stubbe et al
2013), tumors (Facciabene et al. 2011) etc. They all possess a unique
phenotype and have different functions beyond the modulation of immune
responses. Apart from the suppression of effector T cell responses, tissue
Tregs also impact other myeloid populations by inhibiting pro-inflammatory
macrophages and promoting anti-inflammatory macrophages (Burzyn et al.
2013). They are also involved in the regulation of non-immunological responses
including cardiac remodelling after myocardial infarction (Nahrendorf & Swirski
2014), skeletal muscle regeneration (Castiglioni et al. 2015), impact on glucose
intolerance and insulin resistance (Eller et al 2011), liver fibrosis ( Nunoya et al
2014) and ischemic stroke (Xia et al. 2016).

Each tissue-resident Treg population possesses unique tissue-specific
characteristics and differs in their expression markers, chemokine receptors,
effector molecules, targets and function. Adipose tissue Tregs express a tissue-
antigen specific TCR repertoire and exhibit high levels of PPAR-y, an adipose
tissue-specific transcription factor which is crucial for their development
(Cipolletta et al. 2012, Zeng et al. 2018). ST2, the receptor for interleukin-33
(IL-33) is also highly expressed in visceral adipose tissue Tregs. IL-33



signalling is shown to be essential for the development and maintenance of
VISWAT (visceral white adipose tissue) Tregs and sustaining their
transcriptional signature (Vasanthakumar et al. 2015). Recent studies from our
lab reported that different adipose depots like visWAT, sScWAT and BAT also
harbor distinct Treg frequencies (Kalin et al. 2017).

A specific population of Tregs was also identified in the skeletal muscle which
displayed a special TCR repertoire and a distinct transcriptome (Burzyn et al.
2013). Muscle specific Tregs possess unique set of genes and chemokine
receptors which contribute to their function. Several reports reveal the presence
of increased amphiregulin (AREG) levels on Tregs, especially in the
regenerating muscles (Burzyn et al. 2013). Amphiregulin is a growth factor and
a type 2 cytokine produced by several innate and adaptive immune cell types
as well as Tregs (Zaiss et al. 2006, Zaiss et al. 2015). AREG signals through
its receptor EGFR (epidermal growth factor receptor). Unlike other EGFR
ligands, AREG binds with a low affinity and instead of causing receptor
internalization, degradation and negative feedback loops, it induces a sustained
signal (Zaiss et al. 2013, Zaiss et al. 2015). AREG can act in an autocrine
manner, enhances Treg activity and is critical for the efficient suppressive
function of Tregs, tissue repair and regeneration (Zaiss et al. 2015, Dai et al.
2014). Certain muscle-specific antigens may also be involved in recruiting
Tregs to the muscle and retaining them (Burzyn et al. 2013). Muscle-specific
Tregs exhibit decreased expression of Satbl, which encodes a chromatin
organizer and increased levels of ST2, the receptor for interleukin-33 as
compared to the lymphoid organs (Burzyn et al. 2013, Kuswanto et al. 2016).
These distinct characteristics of Tregs highlight their important biological

implications within the specific local tissue environment.

Based on both immunological and non-immunological functions in distinct local
environments, tissue-residing Tregs could be used as potential therapeutic
targets in different disease conditions. Adipose tissue-resident Tregs are
considered as a key regulator in obesity-associated metabolic disorders (Chen
et al. 2013). White adipose tissue Tregs were greatly reduced in HFD fed mice
and obese animal models (Feuerer et al. 2009). Obese humans also have



decreased circulating regulatory T cells (Wagner et al. 2013). Depletion of
adipose tissue Tregs in diet-induced obese mice led to pro-inflammatory
profiles and further worsening of metabolic control (Feuerer et al. 2009),
whereas the expansion or adoptive transfer of Tregs significantly improved
insulin sensitivity in obese mice (llan, et al. 2010, Eller et al. 2011). Recent
reports from our lab show that cold exposure and adrenergic stimulation can
induce regulatory T cells in the adipose tissue and thus could be a potential
strategy for the treatment of obesity-related metabolic disorders (Kalin et al.
2017). Similarly, Treg numbers were decreased in the atherosclerotic lesions
of both mice and humans (Ait-Oufella et al. 2006, derBoer et al. 2007) and
adoptive transfer of Tregs caused a reduction in the lesion development, thus

preventing cardiovascular diseases (Ait-Oufella et al. 2006, Foks, et al. 2015).

Muscle-residing Tregs are known to contribute to tissue repair by promoting
polarization of anti-inflammatory macrophages or by acting on the satellite cells
directly or through the production of IL-10 or AREG (Zhou et al. 2015,
Castiglioni et al. 2015, Burzyn et al. 2013). In muscular dystrophy patients and
mouse models, an accumulation of regulatory T cells suppresses muscle
inflammation (Villalta et al. 2014) and facilitates skeletal muscle regeneration
by increasing satellite cells (Burzyn et al. 2013). Another study using co-culture
method shows the direct interaction of regulatory T cells and satellite cells
leading to their expansion (Castiglioni et al. 2015). In aged injured mice, the
decreased muscle regenerative capacity was shown to be associated with a
diminished Treg accumulation and defect in their recruitment, proliferation and
retention which was IL-33 dependent (Kuswanto et al. 2016). In infectious lung
injury, Tregs exhibit a major role in tissue protection which is AREG dependent
(Arpaia et al. 2015). Immunosuppressive capacity of the intrahepatic regulatory
T cells could also be promoted by AREG through EGF receptor (Dai et al.
2014). Regulatory T cell functions in the intestine were shown to be promoted
via ST2 by the release of alarmin IL-33 upon inflammation induced tissue
damage (Schiering et al. 2014). A recent study highlights the role of brain
regulatory T cells in potentiating neurological recovery during brain injury by
suppressing astrogliosis with the help of AREG (Ito et al. 2019). Collectively, all
these studies highlight the importance of several factors including IL-33/ST2



and AREG/ EGFR axis in impacting the tissue Treg accumulation, retention and
function based on the local microenvironment. As impaired Treg frequencies
and function is associated with several disease conditions, restoration of the
homeostatic balance has a great therapeutic potential. Different methods to
overcome this reduction of immunoregulatory cells could help in the restoration
of metabolic homeostasis. Several approaches could thus be employed to
target Tregs by promoting Treg cell generation, its expansion, suppressive
functions, survival and its stability (Boehmer & Daniel 2013) for the

development of novel treatment strategies.

1.5 GLP-1R agonists/co-agonists in metabolic diseases

Glucagon-like peptide-1 (GLP-1) is an incretin hormone released from gut in
response to nutrient ingestion. Peripherally, GLP-1 decreases gastric motility
(Tolessa et al.1998), stimulates insulin secretion in pancreas and improves
insulin sensitivity (McDonald et al. 2002, Holst 2007). Centrally, it induces
satiety due to its direct effects on the hypothalamic feeding centers and thus
reduces weight gain (Gutzwiller et al. 1999, Turton et al. 1996). Owing to the
rapid inactivation of GLP-1 by DPP4 (Dipeptidyl peptidase-4), several DPP4
inhibitors and modified GLP-1R agonists (incretin mimetics) with a prolonged
half-life were developed (Pratley & Gilbert 2008, Agerso et al. 2002, Drucker &
Nauck 2006). Drugs acting via GLP1R have been shown to be beneficial in
improving insulin resistance as well as inflammation associated with metabolic
disorders. Moreover, GLP-1R agonists enhance insulin secretion in a glucose-
dependent manner (Meloni et al. 2013).

Different strategies are employed in the designing of GLP-1 co-agonists in
order to enhance their pharmacological effects. One approach utilized
combining multiple peptides into a single peptide in order to target different
receptors at once to attain synergistic therapeutic effects as demostrated for a
glucagon/GLP-1 co-agonist (Day et al. 2009) and a GLP-1/GIP co-agonist
(Finan et al. 2013). Another approach employed GLP-1 as a cargo and was
designed in such a way that the GLP-1 is capable of directing and releasing the

active moiety specifically to the target tissues, thereby eliminating the unwanted



side effects. GLP-1/ estrogen (Finan et al. 2012) and GLP-1/Dexa (Quarta et
al. 2017) were designed in this manner and exhibited enhanced metabolic

effects in diet-induced obese mice as compared to their mono agonist controls.

Several studies utilizing GLP-1R agonists improved type 1 diabetes in animal
models implicating GLP-1R dependent signaling pathways in immuno-
regulatory processes (Zhang et al. 2007, Hadjiyanni et al. 2008). The GLP-1R
transcripts were identified in several immune cell populations from lymphoid
tissues and these receptors were found to be functionally active (Hadjiyanni et
al. 2010). GLP1R activation leads to cAMP production in lymphocytes and
regulates lymphocyte proliferation (Hadjiyanni et al. 2010). GLP-1 is shown to
inhibit adipose tissue macrophage infiltration and inflammation in obese mouse
model (Lee et al. 2012) and inhibited the secretion of inflammatory cytokines in
macrophages in-vitro (Guo et al. 2016). However, despite these insights, the
role of GLP1R analogs in controlling adaptive immune cells under diet induced
obese condition is not much studied. As immune system and metabolism are
highly integrated, the impact of GLP-1 agonists and co-agonists on the immune
cell level could open up new mechanistic insights into the treatment of

metabolic aberrations.

1.6 Exercise and its beneficial metabolic effects

Regular exercise has been known to have significant beneficial effects on
various diseases including obesity, diabetes and cardiovascular disease
whereas physical inactivity is a major contributing factor for the development of
the latter (Pederson 2006, Booth et al. 2012, Must & Tybor 2005, Pederson
2009). High prevalence of obesity arises from the imbalance of energy
expenditure and energy consumption (Spiegelman & Flier 2001). Life style
interventions including increased physical activity are a primary preventive
approach for metabolic diseases. It can also be employed as a treatment
strategy. Long-term exercise training is capable of inducing physiological
effects in many organs and leads to numerous molecular adaptations in the

body (Fiuza-Luces et al. 2013). This includes changes on the transcriptional
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and translational level, signaling pathways and in mitochondrial and metabolic
adaptations (Egan & Zierath 2013, Howald et al. 1985, Phillips S.M. et al. 1996).
Endurance exercise training promotes phenotypic adaptations in skeletal
muscle by shifting towards a more oxidative phenotype (Rockl et al. 2007). It
also promotes fibre type transformation, mitochondrial biogenesis,
angiogenesis and improves insulin sensitivity and metabolic flexibility (Holloszy
1976, Yan et al. 1985). Exercise training also improved metabolic profiles and
exerted anti-inflammatory effects in patients with type 2 diabetes (Kadoglou et
al. 2007). Regular physical activity increases energy expenditure and reduces
fat depots, thereby decreasing the proinflammatory and increasing the
antiinflammatory factors (Gleeson et al. 2011). Exercise conditioning also
improves regenerative response in the skeletal muscle of aged mice (Joanisse
et al. 2016). Metabolic cues like AMP- activated protein kinase (AMPK)
activated by contraction and energy deprivation plays an important role in
skeletal muscle metabolic adaptations (Long & Zierath 2008). Endurance
exercise training has also shown to upregulate fatty acid oxidation and to
reduce the triglyceride content in the skeletal muscle of obese subjects (Louche
et al. 2013). Thus integrating signals from the physiological stimuli and its co-
ordination with the metabolic adaptations involve several players and is highly

complex.

1.6.1. Immunomodulatory effects of exercise

Exercise exerts its beneficial effects through diverse mechanisms including
modulation of immune cells (Terra et al. 2012). Immunomodulatory changes
triggered by exercise depend on its intensity and duration (Schon &
Weiskirchen 2016). Exercise is known to increase the number of circulating
regulatory T cells (Clifford et al. 2017), anti-inflammatory cytokines, shifts the
macrophage polarization to anti-inflammatory and decreases the number of
circulating pro-inflammatory monocytes, thus inhibiting the inflammatory
reactions within the body (Schon & Weiskirchen 2016, Yeh et al. 2007, Shaw
et al. 2018). In the context of metabolic diseases, exercise mediates its anti-

inflammatory effects mainly via modulation of immune cells (Lancaster &
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Fabbraio 2014). In high-fat diet induced obese mice, exercise training has been
shown to reduce macrophage infiltration into adipose tissue and induces its
phenotypic switch to an anti-inflammatory profile. It also decreases
proinflammatory cytokines, enhances angiogenesis and causes down
regulation of toll-like receptors on immune cells leading to the overall reduction
of systemic inflammation. (Kawanishi et al. 2010, You et al. 2013). Another
study reports the reduction in obesity-induced osteoarthritis by voluntary wheel
running in mice (Griffin et al. 2012). A role of immune cells in exercise induced
muscle damage and repair is also known. Depending on the intensity of
exercise, mechanical stress or impact can cause the release of alarmins which
initiates a coordinated system by immune cells with an initial inflammatory
phase followed by a resolution phase and finally the tissue repair phase. A
range of different innate and adaptive immune cells participate in each phase
to facilitate repair and thus restore homeostasis (Jones & Hoyne 2017). A
recent study demonstrates that exercise enhances regulatory T cell responses
in lungs in an asthma model (Lowder et al. 2010). However, the beneficial
effects of exercise mediated viaimmune cells, especially adaptive immune cells

in the context of metabolic diseases are largely unexplored.

1.7 Exercise induced myokines

Skeletal muscle fibres produce several factors including proteins, growth
hormones and cytokines during muscle contractions or after exercise training.
These muscle-derived factors are termed myokines (Pederson et al. 2003) and
they exert autocrine, paracrine and endocrine effects (Pederson & Febbraio
2008, Pederson 2011, Schnyder & Handschin 2015). The endocrine effect of
myokines is important in mediating the whole-body effects of exercise. This
provides the basis for the crosstalk of skeletal muscle with other organs
including adipose tissue, liver, pancreas, bone, brain etc. (Pederson 2006,
Schnyder & Handschin 2015).
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1.7.1 Role of IL-6 as a myokine

IL-6 is one of the widely studied myokines induced upon exercise. Various
reports show a several fold increase in the circulating IL-6 levels upon exercise
and it varies with exercise intensity and duration (Pederson & Febbraio 2008).
A seminal work by the group of Febbraio revealed that skeletal muscle fibres
are the source of exercise-induced IL-6 (Hiscock et al. 2004). In contrast to
sepsis, exercise induced IL-6 production is not preceded with an increase in
TNFa, a pro-inflammatory cytokine (Pederson & Febbraio 2008, Steensberg et
al. 2002). It is mainly regulated by a network of signaling cascades including
Ca?*/NFAT (nuclear factor of activated T cells) pathways. Contraction induced
IL-6 further triggers the production of IL-10 and IL-1 receptor antagonist (IL-
1RA) thus setting up an anti-inflammatory mileu (Pederson & Febbraio 2008).
Upon exercise training, the increase in plasma IL-6 levels are downregulated,
whereas the skeletal muscle IL-6 receptor expression increases gradually,
thereby enhancing the sensitivity to IL-6 (Pederson & Febbraio 2008, Keller et
al. 2005).

IL-6 exerts its action locally within the muscles or peripherally in a hormone-like
fashion. It can act on several other tissues or cells and can mediate important
metabolic, anti-inflammatory and immune modulatory effects directly or
indirectly (Karstoft & Pederson 2016, Huh 2018, Pederson 2011). Furthermore,
exercise-induced IL-6 can stimulate glucagon-like peptide-1 (GLP-1) secretion,
thus improving insulin secretion and glycemia (Ellingagaard et al. 2011). In
skeletal muscle, it exerts beneficial effects on glucose homeostasis and lipid
metabolism by enhancing peripheral glucose uptake and lipid oxidation via
AMPK (Pederson & Febbraio 2008). It also increases hepatic glucose
production and lipolysis in adipose tissue (Pederson & Fischer 2007, Pederson
et al. 2001).

IL-6 also exhibits a broad effect on the cells of the immune system. IL-6 is
essential for maturation, proliferation, differentiation and maintenance of B
cells/plasma cells and several T cell subsets (Jourdan et al. 2014, Choi et al.
2013, Tvedt et al. 2007, Hunter & Jones 2015). IL-6 exerts its action via IL-6
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receptor which exists in both membrane- bound as well as soluble form
(Scheller et al. 2014). The membrane bound form is expressed by a limited
number of cell types. The pleiotropic effects of IL-6 may be attributed due to its
different signaling modes. The anti-inflammatory properties of IL-6 are
associated with classical signaling in which IL-6 exert its action through its
membrane receptor associated complex IL6Ra/gp130. In trans signaling, IL-6
binds to the soluble IL-6 receptor and the complex, further binding and
activating gp130 and this refers to many of the pro-inflammatory effects of IL-6
(Taga et al. 1989, Rose-John 2012, Scheller et al. 2011, Scheller et al. 2014).
Blocking IL-6 trans signaling is shown to prevent HFD-induced adipose tissue
macrophage recruitment (Kraakman et al. 2015). The third type of signaling
known as trans-presentation (cluster signaling) implies a mechanism in which
IL-6 binds to the IL6R on the antigen presenting cells like dendritic cells which
presents it to gpl30 on T cells (Heink et al. 2017). The effect of IL-6 as a
myokine on the immune cells is not much explored. Therefore, the possible
cross-talk between myokines and the muscle-resident immune cells upon
exercise could unravel new mechanisms underlying the beneficial effects of

exercise.
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2. Objectives

Chronic Inflammation is regarded as a nexus between obesity and the
development of associated comorbidities, promoting dysfunctions in
metabolically relevant organs. High calorie diets and physical inactivity are
among the major contributing factors in the pathogenesis of obesity. Immune
cells play detrimental or beneficial roles in these metabolic aberrations.
Inappropriate activation of immune system inducing local inflammation,
disturbance of immune tolerance and tissue homeostasis also occur during
these metabolic complications. As both immune and metabolic regulations are
highly integrated, several metabolic interventions might also involve modulation
of immune cells a not much explored issue. Furthermore, understanding the
immune metabolic interplay is crucial in gaining more insights and could open
up new dimensions in the development of novel therapeutic strategies targeting
both arms. Concerning immune-metabolic interventions, here we used a
pharmacological and a physiological approach to study the impact on immune

cells in metabolic tissues.

(1) The first objective was to study the impact of GLP-1 agonists and co-
agonists on adaptive immune cells. Drugs acting via GLP-1 receptor are proven
to be beneficial in improving insulin resistance and weight loss, but knowledge
about their immunoregulatory role, especially on the adaptive immune cells
under diet-induced obese condition is limited. The presence of functionally
active GLP-1 receptor on several immune populations also provides a
possibility for the involvement of these receptors in immune regulation.
Moreover, Dexamethasone being an immunosuppressant, the GLP-1 co-
agonist, GLP-1/Dexamethasone may exhibit a profound effect on the immune

cell level to improve the inflammatory processes associated with obesity.

(2) The second objective was to study how physical activity may affect immune
cell function. Exercise exhibits a multitude of beneficial effects through various
mechanisms, including modulation of immune cells. Immune cell function in

tissues is a key component in integrating immune metabolic crosstalk and
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guiding tissue function and homeostasis. Tissue-residing regulatory T cells,
known to mediate immune tolerance and tissue homeostasis, are at least partly
disrupted in metabolic complications. In light of this, we hypothesized that some
of the beneficial effects of exercise may be exerted via its impact on Treg
frequencies and function in a tissue-specific manner that in turn would be
beneficial in metabolic diseases. Here we mainly focused on regulatory T cells
residing in skeletal muscle as they are metabolically relevant and a directly
impacted organ upon exercise. Moreover, these results can also provide new
mechanistic insights into the immune metabolic cross talk within the local tissue

environment in order to potentially interfere with metabolic diseases.
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3. Materials and Methods
Mice

All mice were maintained group-housed with a 12-h/12-h light - dark cycle at
23°C with free access to food and water at the animal facility of Helmholtz
Zentrum Munchen, Germany, according to the Institutional Animal Committee
Guidelines. All animal experiments were approved and conducted under the
guidelines of the Institutional Animal Care and Use Committee of the Helmholtz
Center, Munich. Wild type mice used in all experiments were C57BL/6J mice
(Charles River). T cell specific ILBRaKO (IL6Ra™®) mice (Nish et al.,2014)
were kindly provided by Jens Brining (Max Plank Institute, Cologne). GLP-1
global KO mice (GLP1r ) were generated in-house (Quarta et al., 2017,
Scrocchi et al.,1996). Muscle specific ILBKO mice were generated in-house
using MLCC® mice (Myl1tmi(Cre)Sib/3  Jackson laboratories, stock #024713)
expressing Cre recombinase under the control of myosin light chain promoters
(Bothe et al., 2000) and IL6"" mice (European Mouse Mutant Archive- EMMA).

All the studies were performed in male mice.

Table 1: List of chemicals, kits and reagents

Reagent Provider |
Bovine Serum Albumin (BSA) Sigma - Aldrich

Hanks’ Balanced Salt Solution (HBSS) Sigma - Aldrich
Interleukin-2 (IL-2) recombinant human ReproTech

RPMI medium 1640 Gibco by life technologies
Sodium pyruvate solution 100mM Sigma - Aldrich

Sodium hydrogen carbonate solution (7.5%w/v) Biochrom AG

Penicillin- Streptomycin (Pen/Strep) Sigma - Aldrich

Non essential amino acids (NEAA) Merck Millipore

Foxp3 staining buffer set eBioscience

Proteome Profiler Array kit (Mouse cytokine R and D systems

array Panel A)

Collagenase type Il Sigma - Aldrich

Fc block (CD16/CD32) BD Pharmingen

Fixable Viability Dye eFlour450 eBioscience

Streptavidin PE Invitrogen

Sytox Blue Thermo Fischer Scientific
Calcium chloride Roth

Fetal Calf serum (FCS) PAA

Ethylene diamine tetra acetic acid (EDTA) VWR

Collagenase IV Life Technologies
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Dulbecco’s Modified Eagle Medium Invitrogen
(DMEM/F12)
Zombie aqua fixable viability kit Biolegend
Dulbecco’s Phosphate Buffered Saline (DPBS) Life Technologies
RBC lysis buffer Biolegend
Hydroxy ethyl- piperazine ethane sulfonic acid  VWR
solution (HEPES) 1M
Qiazol lysis reagent Qiagen
QIAshredder Qiagen
miRNeasy Microkit Qiagen
SsoFast™ Evagreen Supermix Bio-Rad
iScript™ Advanced cDNA synthesis kit Bio-Rad
RNeasy Mini kit Qiagen
QuantiTect Reverse Transcription kit Qiagen
Table 2: List of media and buffers used
Media and Buffer Composition

Hank’s Balanced Salt Solution with
supplements (HBSS*)

HBSS with 5% FCS, 10mM HEPES

Coating buffer

0.1M Sodium bicarbonate buffer, PH
8.2

Cell Culture medium (RPMI)

RPMI, 10%FCS, 1x Pen/Strep (100
U/ml Penicillin, 100 pg/ml
Streptomycin), 50nM [3-
mercaptoethanol, 1ImM Sodium
pyruvate, 1x Non-essential amino
acids

MACS-PBS DPBS supplemented with 0.5% BSA,
2 mM EDTA

PBS+BSA DPBS, supplemented with 0.5% BSA

Staining buffer 10% FBS in PBS

DMEM/F12* DMEM/F12 with10%FBS,1%Pen/Strep

Table 3: List of antibodies used

Antibody Clone Source |
CD3 AF647 17A2 Biolegend
CD45R/B220 AF647 RA3-6B2 Biolegend
Ly6G/Ly6C AF647 RB6-8C5 Biolegend
CD11b PECy7 M1/70 Biolegend
Ly-6C Pacific Blue HK1.4 Biolegend
F4/80 Pacific Blue BM8 Biolegend
IgD Pacific Blue 11-26c¢.2a Biolegend
IgM PECy7 RMM-1 Biolegend
CD3 Pacific Blue 17A2 Biolegend
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CD4 AF488 GK 1.5 Biolegend
CD115(CSF-1R) AFS98 Biolegend
AFA488

CD19 AF488 6D5 Biolegend
CD1d Pacific Blue 1B1 Biolegend

Rat IgG2a, Isotype RTK2758 Biolegend
control AF647

CD5 AF647 53-7.3 Biolegend
CD8a PECy7 53-6.7 Biolegend
CD19 FITC 6D5 Miltenyi
CD45R/B220 AF488 RA3-6B2 Biolegend
CD4 Alexa Flour 700 RM4-5 eBioScience
CD25 PerCPCy5.5 PC61 Biolegend
CD62L APC MEL-14 eBioScience
CD44 PE IM7 Biolegend
FITC Foxp3 FJK-16s eBioScience
Ki67 Brilliant violet 16A8 Biolegend

605

CD3e 145-2C11 BD Pharmingen
CD28 37.51 BD Pharmingen
CD8a Pacific Blue 53-6.7 Biolegend
CD11b Pacific Blue M1/70 BioLegend
B220 Pacific Blue RA3-6B2 BioLegend
CD14 v450 rmC5-3 BD Biosciences
CD11c Bv421 N418 Biolegend
EGFR AF647 D38B1 Cell Signalling
CD126 (IL6Ra)-PE REA620 Miltenyi Biotech
AREG - Biotinylated BAF989 R &D systems
ST2 BB700 U29-93 BD OptiBuild
Streptavidin-PE S21388 ThermoFischer

Table 4: List of primer sequences for gPCR analysis

All the primers for gPCR analysis except 18S ribosomal RNA (Qiagen) were
purchased from Sigma-Aldrich.

Target gene Forward primer (5’-3’)

Reverse primer (5°-3’)

Histone ACTGGCTACAAAAGCCG ACTTGCCTCCTGCAAAGCAC
Cptlb CGTACCAAGTAGCCAAGGCA CAGGAACGCACAGTCTCAGT
18SribosomalRNA Cat no# QT02448075

Pdk4 GATTGACATCCTGCCTGACC  CATGGAACTCCACCAAATCC
SNAT1 TTACCAACCATCGCCTTC ATGAGAATGTCGCCTGTG

Cptlb (Carnitine palmitoyl transferaselb), pdk4 (pyruvate dehydrogenase kinase 4),
SNAT1 (Sodium coupled neutral aminoacid transporter 1)
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3.1 Diet and treatment

Mice had ad libitum access to water and standard diet (SD) (Altromin, #1314,
Lage, Germany) or high fat high sugar diet (HFHS) composed of 58.0 % kcal
from fat, 25.5 % kcal from carbohydrates (including 8 % sucrose) and 16.4 %
kcal from protein (Research Diets, #D12331, New Brunswick, NJ). For the
HFHS studies, mice were maintained on the diet from the age of 8 weeks for a
minimum of 16 weeks before initiation of the pharmacological studies. Mice
were randomized into the treatment groups based on the body weights.
Compounds used in the study, GLP-1 agonist and GLP-1/Dexa (Finan et al.,
2012, Quarta et al., 2017) were injected subcutaneously for 7 days daily at a

dose of 100nmol/kg.
3.2 Proteome profiler (cytokine array)

Cytokine and chemokine levels in the plasma were evaluated using a proteome
profiler array kit (Mouse cytokine Array Panel A, R&D systems) according to
the manufacturer’s instruction. Plasma samples (300ul) were incubated for one
hour with the biotinylated detection antibody cocktail at room temperature. The
membrane was blocked with the blocking buffer supplied by the manufacturer.
The blocked membranes were then incubated with the samples overnight at
4°C. After the washings, membranes were incubated with HRP-conjugated
Streptavidin at room temperature for 30 min. Signal was acquired using
chemiluminescent detection reagents with LI-COR Odyssey and quantified

using Image Studio Lite software (LI-COR BioSciences).

3.3 Voluntary wheel running experiments

The mice were randomly divided into sedentary, exercised, pre-exercised and
continuous exercised groups at the age of 8 weeks. Mice were double-housed
and for the exercised mice, the cages were equipped with voluntary running
wheels. Exercised mice remained sedentary for the first 4 weeks and had
access to wheels for the last 4 weeks. The pre-exercised mice had access to
the wheels only during the first 4 weeks. HFHS diet was introduced to the

specific groups during the last 4 weeks. Wheel running activity was monitored
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by a computerized activity monitoring system. The number of revolutions was
recorded using the wheel manager software (Med Associates Inc., St.Albans,
USA). Body weights were monitored regularly. Running wheels of the exercised

group were locked 24 hours prior to the study termination.

3.4 Murine cell isolation

For the isolation of PBMCs (Peripheral blood mononuclear cells), blood
samples were centrifuged at 3000rpm for 10min at 4°C, supernatant was
removed and pellets were further lysed using RBC lysis buffer (BioLegend),
centrifuged at 1200rpm for 5min at 4°C and resuspended in staining buffer
(10% FBS in PBS) for further staining.

Primary single cell suspensions from spleen and lymph nodes were prepared
by gently grinding the tissue through a 70um cell strainer in HBSS™* (Sigma
Aldrich-supplemented with 5%FCS and 10mM HEPES).

Skeletal muscles were collected in HBSS* minced and digested using
collagenase Il (0.5mg/ml) and calcium chloride (0.18mg/ml) in PBS with 0.5%
BSA at 37°C on a rotator for about 20-30 minutes. Cell suspension was passed
through 70uM/100uM filter, centrifuged at 400g for 5min at 4°C. Pelleted cells
were resuspended in HBSS* and stained for flow cytometric analysis.

3.5 Cell staining and flow cytometry

All single cell suspensions were incubated with Fc blocking reagent for 10
minutes to prevent unspecific binding of antibodies and thereafter incubated
with fluorochrome- labeled antibodies for surface staining on ice in the dark for
30 minutes. For intracellular staining, cells were fixed for 30 minutes on ice
using fixation buffer followed by permeabilisation with permeabilisation buffer
from the Foxp3 staining buffer kit (eBioscience), and staining with intracellular
antibodies (Foxp3, Ki67, AREG) for 30 minutes. For the biotinylated antibody
(AREG), cells were further stained using a Streptavidin-PE conjugate
(ThermoFischer Scientific). Antibodies and clones used are given in table 3.
Following staining, cells were passed through a 40um cell strainer (NeoLab) to

remove any debris before acquisition.
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3.6 Sample acquisition and analysis

For pharmacological studies, cells were analysed using a MACSQuant VYB
(Miltenyi : Biotech, Germany). For exercise studies, cells were sorted and
acquired using a BD FACS Aria Il with FACS Diva software (Beckton
Dickinson) with optimal compensation and gain settings. Dead cells were
excluded based on forward and sideward scatter and staining with sytox blue
(Thermo Fischer) or zombie aqua (BioLegend) or fixable viability dye eflour450
(eBioscience). All data were analysed using Flowjo software version 7.6.1
(Treestar Inc,OR).

3.7 In-vitro Treg induction assay

For Treg induction, murine naive T cells (CD4*CD44"°% CD62L" CD25") from
popliteal lymph nodes were FACS sorted on BD FACS Aria Il cell sorting
system and stimulated in 96 well plates. Plates were pre-coated with 5 pg/mi
anti-CD3 and 5 pg/ml anti-CD28 in 0.1M sodium bicarbonate buffer (pH=8.2).
Sorted cells were cultured for 18hours in the pre-coated plates with RPMI
medium supplemented with 10%FCS, 1 mM sodium pyruvate, 50 mM (3-
mercaptoethanol (Amimed), 1x non-essential amino acids, 100 U/ml penicillin
and 100 pg/ml streptomycin (Sigma Aldrich) in the presence of 100 U/mi
recombinant human IL-2 (Reprotech). To mimic subimmunogenic conditions in-
vitro, cells were transferred into new uncoated wells after 18hours of
stimulation. T cells were then cultured without stimulation for additional 36hours

prior to analysis.

3.8 Gene expression analysis from tissues and cells

Total RNA from sorted CD4*T cells of popliteal lymphnodes were extracted
using Qiazol lysis reagent/miRNeasy Micro Kit according to manufacturer’s
instructions. mMRNA from snap-frozen muscle and adipose tissue was extracted
using RNeasy Mini kit (Qiagen). cDNA synthesis was performed with iScript™
Advanced cDNA synthesis Kit (Bio-Rad) for sorted T cells and Quantitect
Reverse Transcription Kit (Qiagen) for tissues according to manufacturer’s

instructions.
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Gene expression of T cells was profiled with gPCR technique using SsoFast
EvaGreen Supermix (Bio-Rad) on a CFX96 Real-Time system. Expression
levels of each gene were normalized to the house keeping genes histone and
18S. Primer sequences used for the gPCR are listed in table 4. For the tissues,
gPCR was performed with a ViiA 7 Real-time PCR system (Applied
Biosystems) using tagman probe (IL6-MmO00446190_m1, Thermofisher
Scientific). Target gene expression was normalized to the reference gene,
HPRT (HPRT-MmO01545399 ml1, Thermofisher Scientific) and calculated

relative to controls.

3.9 Genotyping

Genotyping of KO mice were performed from the ear punches by PCR followed
by gel electrophoresis. For ILBRa™® mice, following primers were used for IL6R
flox (5GK12: CCGCGGGCGATCGCCTAGG, 5IL6E3:
CCAGAGGAGCCCAAGCTCTC, 3IL6A: TAGGGCCCAGTTCCTTTAT, Sigma
Aldrich) and for CD4 cre (RO289: TGTGGCTGATGATCCGAATA, R0O290:
GCTTGCATGATCTCCGGTAT). For muscle IL6KO mice, following primer sets
were used, IL6flox primers (forward - 5-CCCACCAAGA ACGATAGTCA -3,
reverse - 5- GGTATCCTCTGTGAAGTCCTC -3’, Sigma Aldrich) and Cre
(0IMR0042: CTAGGCCACAGAATTGAAAGATCT, 0IMR0043:
GTAGGTGGAAATTCTAGCATCATCC; 0IMR1084: GCGGTCTG
GCAGTAAAAACTATC; 0IMR1085: GTGAAACAGCATTGCTGTCACTT,
Sigma Aldrich).

3.10 Statistics

All statistical analysis was performed using Graphpad prism 8. Results are
presented as the mean and standard error of the mean (SEM) or as
percentages, wherever appropriate. Comparisons of two groups were done
using unpaired student’s t test and for more than two groups, one- or two-way
ANOVA followed by Tukey’s multiple comparisons test was used. P<0.05 was
considered to be statistically significant. Statistical significance is shown as *=
p <0.05, *=p <0.01, **=p < 0.001
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4 RESULTS

Targeted modulation of the immune metabolic crosstalk to
alleviate metabolic disease and inflammation

Immune cells play a major role in the inflammatory processes associated with
obesity (Osborn & Olefsky 2012) in which immune tolerance and tissue
homeostasis are also disrupted (Han & Levings 2013). Immune-metabolic
interventions could be helpful in modulating immune cell function that are
contributing to metabolic disease and inflammation. Here we utilized a
pharmacological and an exercise approach to understand whether the immune-
metabolic cross-talk can be modulated, an area of research that is still not

clearly understood.

4.1 Role of the newly developed endocrine co-agonist GLP-
1/Dexamethasone (GLP-1/Dexa) in modulating immune cell
function

GLP-1, an incretin hormone reduces the blood glucose levels by enhancing
insulin secretion in a glucose-dependent manner. GLP-1R agonists are known
to be beneficial in improving insulin resistance as well as obesity-associated
inflammation (Lee & Jun 2016). GLP-1R agonists and their impact on immune
cells and their influence on the immune metabolic cross talk remains
incompletely understood. Previous reports showing that GLP-1 receptor (GLP-
1R) is expressed on immune cells (Hadjiyanni et al. 2010) opens up the
possibility to target systemic inflammation exclusively in GLP-1 receptor
expressing cells. In the first part of this thesis, we looked at the effects of a
newly developed GLP-1 co-agonist (GLP-1/Dexa) on peripheral immune cells
compared to GLP-1 monoagonist (Quarta, et al. 2017) specifically in peripheral

circulation and spleen.
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4.1.1 Peripheral immune cell profile changes upon HFHS exposure

HFHS exposure induces several changes in immune cell populations from
circulation as well as from tissues (Kosaraju et al. 2017, Zhao et al. 2018).
Obese subjects exhibit an increased production of circulating pro- inflammatory
cytokines (Dicker et al. 2013). The changes in the different immune cell
populations and their frequencies vary depending on the type and duration of
high-fat diet. Before addressing pharmacological effects of GLP-1/Dexa on
immune cells, we performed immune cell profiling in circulation and spleen of
diet-induced obese mice focusing mainly on total T and B lymphocytes, B
regulatory cells and on B cell maturation stages and subsets. Total T
lymphocytes were increased in PBMC and decreased in spleen upon HFHS
diet, while total B cells were not affected (Fig 1,2 a-b). Within the subset of T
lymphocytes, CD4* T cells decreased and CD8* T cells were significantly
increased in circulation under HFHS condition, but not in spleen indicating a

more inflammatory milieu in circulation (Fig 1c, 2d).
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Figure 1: Immune cell profile in PBMC upon HFHS diet

Flow cytometric detection of (a) total CD3*Tcells, (b) total CD19*Bcells, (c) CD4* and CD8a*
Tcells (d) B regulatory cells (Bregs) identified as CD19*CD5*CD1d* B cells, (e) the different B
cell maturation stages. Data represent meanzSEM (n=3).*P < 0.05, **P < 0.01, **P< 0.001
based on student’s unpaired t test (a,d) or multiple t test (c,e).

B regulatory cells (Bregs) defined as CD19*CD5*CD1d* and known to be anti-
inflammatory (Shaikh et al. 2014), were significantly decreased in both PBMC
(Fig 1d) and spleen (Fig 2c) upon HFHS diet.

In circulation we found that immature B cells (IgM*IgD- ) decreased and while
IgM-lgD* B cells increased upon HFHS diet feeding (Fig 1e). Similar to our
findings in circulation, percentages of IgM*lgD" B cells in spleen were also
reduced. Exclusively in spleens mature B cells (IgM*IgD*) increased
significantly (Fig 2e) upon HFHS diet feeding, indicating an imbalance in B cell

development.
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Figure 2: Immune cell profile in Spleen upon HFHS diet

Flow cytometric detection of (a) total CD3*Tcells, (b) total CD19*Bcells, (c) B regulatory cells
(Bregs) identified as CD19*CD5*CD1d"* B cells, (d) CD4* and CD8a* Tcells (e) the different B
cell maturation stages. Data represent mean+SEM (n=3).*P < 0.05, *P < 0.01, **P< 0.001
based on student’s unpaired t test (a,c) and multiple t-test (e).

4.1.2 Loss of GLP-1 receptor causes an increase in mature B cell levels
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GLP-1 receptors are expressed in several immune populations and are
functionally active (Hadjiyanni et al. 2010). In order to gain a greater
understanding of the role of GLP1R in immune regulation, mice with a global
deletion of GLP-1 receptor (GLP1r ) (Quarta et al. 2017) were profiled under
standard diet conditions. In KOs, a significant increase in mature B cells
(IgM*1gD*) was observed in both PBMC and spleen, whereas IgM*IgD- B cells
were reduced in spleen (Fig 3e,4e) implicating that GLP-1 R may be involved
in the B cell maturation process directly or indirectly. There were no differences
in total T and B lymphocytes between the genotypes (Fig 3,4 a-b). Bregs, CD4*
and CD8a* T cells were also unaltered in the absence of GLP-1R (Fig 3,4 c-d).
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Figure 3: Immune cell profile of PBMC in GLP1r" mice

Flow cytometric detection of (a) total CD3* T cells, (b) total CD19* B cells, (c) B regulatory cells
(Bregs) identified as CD19*CD5*CD1d* B cells, (d) CD4* and CD8a* Tcells and (e) the different
B cell maturation stages in PBMC. Data represent meant SEM (n=3).*P < 0.05 based on
student’s unpaired multiple t test.
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Figure 4: Immune cell profile of Spleen in GLP1r” mice

Flow cytometric detection of (a) total CD3* T cells, (b) total CD19* B cells, (c) B regulatory cells
(Bregs) identified as CD19+*CD5*CD1d* B cells, (d) CD4* and CD8a* T cells and (e) the different
B cell maturation stages in spleen. Data represent meant SEM (n=3).*P < 0.05 based on
student’s unpaired multiple t test.

4.1.3 GLP-1R agonist treatment decreases mature B cells in spleen and
increases T cells in circulation

To study the impact of GLP-1R agonists on immune cells, HFHS fed mice were
treated in-vivo with GLP-1R agonist (Quarta et al. 2017) and the spleen and
PBMC were profiled for immune cell populations. Total T cells were increased
in circulation (Fig 5a), whereas total B lymphocytes, helper and cytotoxic T cells
as well as Bregs were unaltered in both PBMC and spleen (Fig 5b-d,6b-d).
Among B lymphocyte subsets in spleen, mature B cells (IgM*lgD*) were

significantly decreased upon GLP-1R agonist treatment (Fig 6e).
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Figure 5: Immune cell profile in PBMC upon GLP-1R agonist treatment

Flow cytometric detection of (a) total CD3* T cells, (b) total CD19* Bcells, (c) B regulatory cells
(Bregs) identified as CD19+*CD5*CD1d* B cells, (d) CD4* and CD8a* T cells and (e) the different
B cell maturation stages. Data represent mean+SEM (n=6).*P < 0.05, **P < 0.01, ***P< 0.001
based on student’s unpaired t test.
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Figure 6: Immune cell profile in Spleen upon GLP-1R agonist treatment

Flow cytometric detection of (a) total CD3* T cells, (b) total CD19* B cells, (c) B regulatory cells
(Bregs) identified as CD19+*CD5*CD1d* B cells, (d) CD4* and CD8a* T cells and (e) the different
B cell maturation stages. Data represent mean+SEM (n=6).*P < 0.05, **P < 0.01, ***P< 0.001
based on student’s unpaired multiple t-test.
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4.1.4 GLP-1/Dexa conjugate does not alter total T and B lymphocyte
frequencies in PBMC, but increases the total T cells in spleen

GLP-1 co-agonists are designed in such a way that GLP-1 is capable of
directing and releasing the active moiety specifically to the GLP-1 target tissues
(Finan et al. 2012, Quarta et al. 2017). GLP-1/Dexa is a unimolecular
compound comprising of GLP-1 and dexamethasone and shows enhanced
metabolic effects as compared to its mono-agonist controls (Quarta et al. 2017).
Dexamethasone being an anti-inflammatory agent and due to the presence of
GLP-1R on immune cells, the conjugate could be specifically delivered to
immune cells, thereby enhancing their action. To address that, we studied the
impact of GLP-1/Dexa conjugate on the immune cell populations in HFHS fed
mice. Mice were injected with the conjugate subcutaneously for 6 days and
PBMCs and spleen were processed and stained. There were no significant
changes in total T and B lymphocytes as well as B regulatory cells in circulation,
whereas total T lymphocyte frequencies were increased in spleen (Fig 7,8 a-d).
We could also see a slight reduction in the splenic cytotoxic CD8a* T cells

(p=0.08) upon treatment (Fig 8c).
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Figure 7: Immune cell profile of PBMC upon GLP-1/Dexa treatment

Summary graph showing the flow cytometric detection of total a) CD3*Tcells b)CD19*Bcells, c)
CD4*,CD8* Tcells and d) B regulatory cells (Bregs) identified as CD19*CD5*CD1d* B cells in
PBMC. Data represent mean = SEM (n=6).
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Figure 8: Immune cell profile of Spleen upon GLP-1/Dexa treatment

Summary graph showing flow cytometric detection of total a) CD3*Tcells and b) CD19*Bcells,
c) CD4+*,CD8a* Tcells and d) B regulatory cells (Bregs) identified as CD19*CD5*CD1d* B cells
in spleen. Data represent mean + SEM (n=6). *P < 0.05, based on student’s unpaired t test.

415 GLP-1/Dexa conjugate ameliorates diet-induced systemic
inflammation

In order to get a broader perspective regarding systemic immunometabolic
effects of GLP/Dexa, plasma levels of the inflammatory markers altered during
obesity were studied. Plasma from the in-vivo GLP-1/Dexa, GLP-1 agonist,
Dexamethasone and vehicle treated 16 week HFD fed mice were analyzed
using a proteome profiler  array. Several pro-inflammatory
cytokines/chemokines were reduced upon treatment (Quarta, et al. 2017).
GLP-1/Dexa conjugate induced a prominent reduction in the chemotactic
peptides C5a and sICAM-1A which are involved in high-fat diet induced
vascular inflammation (Osaka et al. 2016, Shai et al. 2006). Chemokines like
CXCL1, CXCL10, SDF-1 and interleukin16 are all involved in the development
of insulin resistance and diabetes (Dufour et al. 2002, Kim et al. 2014a,
Meagher et al. 2010) and were found to be decreased by the treatment.
Inflammatory markers known to be upregulated in obesity including TIMP-1,
MCSF (Kralisch et al. 2007, Levine et al. 1998) and TNFalpha were also
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reduced. The mono-agonistic controls also induced comparable systemic anti-
inflammatory actions, but C5a, sICAM1 and TNFalpha were lowered to a

greater extent by the conjugate.
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Figure 9: Cytokine profile of plasma upon GLP-1/Dexa treatment

Plasma cytokines analyzed from n=3 independent experiments by cytokine antibody array in
mice treated with vehicle, GLP-1/Dexa, GLP-1 and Dexa for 6 days. #p<0.05 comparing
compound treatment versus vehicle and *p< 0.05 comparing GLP-1/Dexa versus GLP-1 or
Dexa by ANOVA, expressed as mean + SEM.

These results show that different cytokines and chemokines upregulated in
obese conditions are altered by the conjugate, thus lowering the high fat diet
induced systemic inflammation. More studies need to be done in order to
dissect out the specific immune cell populations involved and the underlying

mechanisms.

4.2 Role of physiological interventions (exercise) in
modulating local immune cell function

Since physical inactivity is a major contributing factor to metabolic disorders like
obesity (Pietilainen et al. 2008), the importance of exercise in regulating body
weight and other metabolic parameters is remarkable. Exercise exerts its

beneficial effects through various mechanisms, including modulation of immune
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cells. Immune cell function in tissues is a key component in integrating immune-
metabolic crosstalk and guiding tissue function and homeostasis (Sharma &
Rudra 2018). Focusing on a specific immune cell population at the tissue-
specific level is necessary to determine precisely the immune-metabolic
interplay in the metabolic target tissues. Regulatory T cells (Tregs), a subset of
T lymphocytes are known to mediate immune tolerance and tissue homeostasis
(Sakaguchi et al. 2008) which is at least partially disrupted in these metabolic
complications (Deng et al. 2017). So, here we addressed whether exercise can
impact Treg frequencies and functions in a tissue-specific manner which in turn
would be beneficial in metabolic disorders like obesity, specifically focusing on

skeletal muscle-residing Tregs.

4.2.1 Identification of CD4*T cells and Tregs of skeletal muscles in the
steady state

Initially, the presence of T cells and Tregs in the skeletal muscles was evaluated
in the steady state. For this, different fast and slow-twitch muscles like soleus,
EDL (Extensor Digitorium Longus), TA (Tibialis anterior) and gastrocnemius
were isolated from mice and digested in order to isolate lymphocyte
populations. CD4*T cells and regulatory T cells (CD4*Foxp3* T cells) present
in all muscles could be identified in the steady state (Fig 10a,b). Treg
frequencies differ in all muscle types, the highest being present in soleus, the
predominantly oxidative muscle which was significantly different from the other

predominantly glycolytic muscles (Fig 10c).
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Figure 10: Skeletal muscle-residing CD4" T cells and Tregs a) Representative FACS
plot showing muscle-residing CD4* T cells and b) Tregs (Foxp3*CD4* T cells) in Soleus,
Gastrocnemius, TA ( Tibialis anterior) and EDL (Extensor Digitorum Longus). ¢) Summary
graph of ex-vivo Tregs (% of CD4* T cells) in different muscles in the steady state in male 16
week od C57BI/6J mice : soleus (n = 11), gastrocnemius (n= 17), TA (n= 15), EDL (n= 8). In
soleus and EDL, each point corresponds to 2 mice pooled together. Data represent meanzt
SEM. *P < 0.05, **P < 0.01, **P< 0.001 analyzed by one-way ANOVA followed by Tukey’s
multiple comparison test.

4.2.2 Impact of exercise on muscle-residing Tregs
In order to define whether muscle-residing Tregs have any role in directing

some of the beneficial effects of exercise, mice were randomized into groups

of sedentary, exercised and pre-exercised mice on standard diet as well as on
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HFHS diet for a period of 8 weeks. To understand whether voluntary running
has also a memory effect on T cell function that is detectable also weeks after
an exercise period mice were given access to voluntary wheels for the first 4
weeks and then the wheels were removed for the last 4 weeks of the study (pre-
exercised mice). To determine exercise related effects in T cell function another
group of mice had access to running wheels for the last 4 weeks only (exercised
mice). For the HFHS diet groups, mice were exposed to HFHS during the last
4 weeks (Fig 11a). Body weights were monitored regularly for the entire study
period (Fig 11b). Visceral fat pads were weighed upon experiment termination
and fat pads were reduced in exercised mice as compared to the controls (Fig
11c). There were no significant changes in the muscle mass upon exercise (Fig
11d,e). Fat pads and muscle weights were normalized to the body weights.
Running profiles of the mice were monitored using a computerized system and
the number of revolutions were recorded on the wheel manager software and
analyzed. Average running distance in km per day per cage were calculated
(Fig 11f) and running frequency actogram shows that running occurred almost

exclusively in the dark cycle (Fig 119).

4.2.3 Exercised and pre-exercised mice show a significant increase in

muscle-residing Tregs

In order to address the effects of exercise on Treg frequencies in muscles,
voluntary wheel running was performed utilizing sedentary, exercised and pre-
exercised mice. Mice were sacrificed, skeletal muscles (soleus and
gastrocnemius) were isolated and digested in order to isolate lymphocyte
populations. Cells were stained and analyzed for Treg frequencies. Upon
standard diet, exercised and pre-exercised mice showed a significant increase
in muscle-residing Tregs as compared to the sedentary mice. A more
pronounced increase was evident in the pre-exercised group in both the

muscles (Fig 12).
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Figure 11: Impact of exercise on body weight, tissue weights and running profile
of C57BL/6J mice a) Experimental study design b) Accumulative delta body weight of
sedentary, exercised and pre-exercised mice for 8 weeks upon standard diet (n=14) c) viSWAT
mass normalized to body weight upon termination (n = 20 per group) d) Weight of soleus (n=
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8) and e) gastrocnemius (n= 4) normalized to body weight in sedentary, exercised and pre-
exercised mice upon standard diet. Data are expressed as mean = SEM *p < 0.05, **p < 0.01,
***n < 0.001, analyzed by one-way ANOVA followed by Tukey’s multiple comparison. f)
Voluntary wheel running profile of C57BL/6J mice represented as average running distance per
day in km for 2 mice (from three independent experiments). g) Running frequency actogram
showing the wheel activity mostly in the dark cycle.
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Figure 12: Impact of exercise on muscle-residing Tregs a) Representative FACS
plots showing ex-vivo CD4*Foxp3*Tregs from soleus and gastrocnemius in sedentary,
exercised and pre-exercised mice. b) Summary graph of ex-vivo CD4*Foxp3*Tregs from soleus
(n=8) and c) gastrocnemius (n= 8) in sedentary, exercised and pre-exercised mice. In Soleus,
2 mice were pooled together. All data are represented as mean + SEM *p < 0.05, **p < 0.01,
***n < 0.001, analyzed by one-way ANOVA followed by Tukey’s multiple comparison.
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4.2.4 Phenotypic characterization of muscle-residing Tregs upon exercise

Tissue-residing Tregs differ from lymphoid Tregs in their phenotype and
function. Tissue-resident Tregs possess unique characteristics in accordance
with their respective target tissue. Among these are the expression of certain
transcription factors, receptors or functional markers and they behave closely
to the immediate microenvironment integrating local cues (Burzyn et al. 2013).
Muscle-residing Tregs are reported to possess certain specific molecules like
AREG, ST2, EGFR etc. which distinguish them from their lymphoid
counterparts (Zhou et al. 2015) and in addition enhances their suppressive
capacity (Zaiss et al. 2013). Initially, we identified these markers on muscle-
residing Tregs (Fig 13). Since exercise releases a lot of myokines, these could
also signal through their receptors present on T cells resulting in a cross talk
between myokines and T cells. Hence we determined expression of AREG,
EGFR and ST2 on the muscle-residing T cells to see whether these phenotypic

characteristics change with exercise.

4.2.4.1 Treg proliferation is increased in skeletal muscles of pre-

exercised mice

In order to address whether increased Treg frequencies are due to the
increased proliferation of muscle- residing Tregs, we used Ki67 as a
proliferative marker. Treg proliferation was significantly increased in pre-
exercised mice in both soleus and gastrocnemius (Fig 14a,b) indicating that the
local muscle environment supports a specific expansion of muscle Tregs upon

exercise.

4.2.4.2 Amphiregulin expressed by the muscle Tregs increases upon
exercise

Amphiregulin (AREG), a growth factor expressed by several immune and
epithelial cells is a key factor involved in tissue repair and homeostasis,
suppressing local inflammation and restoring tissue integrity (Zaiss et al. 2015).

Muscle-specific Tregs produce more amphiregulin as compared to lymphoid
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tissues. Amphiregulin positive Tregs are reported to possess more suppressive
and regenerative function and also enhance regulatory T cell function. (Burzyn
et al. 2013, Zaiss et al. 2015). Here, we first could confirm that muscle Tregs
expresses amphiregulin (Fig 13). In order to see whether exercise had any
influence on the AREG expression in Tregs, sedentary, exercised and pre-
exercised mice skeletal muscles were stained intracellularly for amphiregulin.
In both soleus and gastrocnemius muscles, AREG*Foxp3* Tregs were found
to be significantly increased only in pre-exercised mice (Fig 14c,d). In contrast,

AREG did not increase in exercised mice compared to sedentary mice.

4.2.4.3 EGFR*Foxp3* Tregs increases in muscle upon exercise

Amphiregulin enhances regulatory T cell function through its receptor, EGFR
(epidermal growth factor receptor) (Zaiss et al. 2013). Reports show a more
immunosuppressive capacity for EGFR* Tregs in an intrahepatic environment
(Dai et al. 2014). Muscle-residing Tregs also possess EGFR (Fig 13). We found
that the EGFR* Tregs decreased in the exercised mice and increased in the
pre-exercised mice in both the muscles compared to sedentary and exercised

groups (Fig 14e,f).

4.2.4.4 Skeletal muscle ST2* Treg frequencies were enhanced in pre-

exercised mice

ST2, the receptor for cytokine IL33, is a transmembrane receptor and is strongly
upregulated in tissue Tregs as compared to the lymphoid-tissue Tregs
(Kuswanto et al. 2016, Han et al. 2015). Previous reports show the presence of
IL33* or ST2*Foxp3* Tregs in muscle-residing Tregs and their function in
impacting muscle Treg accumulation and regeneration. (Kuswanto et al. 2016).
We also show that ST2 is present on muscle-residing Tregs (Fig 13). Since
IL33 is also reported to be released upon exercise (Little et al. 2018), we
determined whether there is any difference in the ST2 expression levels on
muscle T cells. Pre-exercised mice, but not exercised mice showed an increase

in ST2*Treg frequency in gastrocnemius muscle (Fig 14g,h). ST2 expression
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in soleus muscle remained unchanged upon exercise in all groups compared

to sedentary mice (Fig 14q9).
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Figure 13: Representative FACS plots showing the presence of Ki67, AREG, ST2, IL6Ra and
EGFR on muscle-residing CD4*Foxp3*Tregs (in soleus and gastrocnemius) and the
corresponding FMO controls.
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Figure 14: Phenotypic characterization of muscle-residing Tregs upon exercise.
a) Summary graph for the ex-vivo proliferative status of Tregs (Ki67+*Foxp3*Tregs) in soleus (n
= 7) and b) in gastrocnemius (n= 8). ¢) Summary graph of ex-vivo AREG*Foxp3*Tregs from
soleus (n = 5-6) and d) gastrocnemius (n = 6) in sedentary, exercised and pre-exercised mice
e) Summary graph of EGFR*Foxp3*Tregs in soleus (n= 3) and f) gastrocnemius (n = 3-4). g)
Summary graph of ex-vivo ST2*Foxp3*Tregs in soleus (n = 4 - 5) and h) gastrocnemius (n = 6
- 8). In soleus, each point corresponds to 2 mice. Data are expressed as mean + SEM *p<0.05,
**p< 0.01, ***p< 0.001, analyzed by one-way ANOVA followed by Tukey’s multiple comparison.
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4.2.5 Impact of exercise on muscle-residing Tregs upon HFHS diet

In order to understand the effect of exercise on Tregs upon exposure to HFHS
diet, sedentary, exercised and pre-exercised mice were fed standard diet for 4
weeks followed by 4 weeks of HFHS diet as shown (Fig 11a). Exercised and
pre-exercised mice showed a significant reduction in body weight as compared
to the sedentary group. Pre-exercised mice showed a reduction in body weight
during the exercise phase; once we removed the wheels pre-exercised mice
gained weight at the same rate as sedentary mice (Fig 15a). Visceral fat mass
was reduced in the exercised mice (Fig 15b). The increase in ex-vivo Tregs we
observed in pre-exercised mice fed standard diet (Fig 12) was maintained upon
exposure to HFHS diet in soleus muscle (Fig 15c). Pre-exercised mice also
showed an increased tendency in the proliferative status and AREG* Tregs (Fig
15d,e).
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Figure 15: Ex-vivo muscle-residing Tregs upon HFHS diet
a) Accumulative delta body weight of sedentary, exercised and pre-exercised mice for 4
weeks on standard diet followed by 4 weeks of HFHS diet (n=14) *(p< 0.05), # (p<
0.01),$ (p< 0.001) compared to sedentary group. b) VisSWAT mass normalized to body
weight upon termination (n =14) c¢) Summary graph showing the ex-vivo muscle-
residing CD4* Foxp3* Tregs in soleus (n = 2-3). d) Summary graph of Treg proliferation

42



(Ki67*Foxp3*Tregs) and e) AREG*Foxp3*Tregs in soleus upon HFHS diet (n = 2 - 3).
Each data point corresponds to 2 mice. Data are expressed as mean+SEM *p<0.05,
**p< 0.01, **p< 0.001, analyzed by one -way ANOVA followed by Tukey’s multiple
comparison.

4.2.6 Pre-exercised mice exhibit a significant increase in the de novo

induction of Tregs

Apart from the thymic derived ones, Foxp3* Tregs can also develop in the
periphery from conventional CD4* T cells under different conditions known as
induced Tregs (Sakaguchi et al. 2008, Bilate & Lafaille 2012). Several
experiments show that naive T cells can acquire Foxp3 expression in-vitro more
efficiently with a strong agonistic ligand under subimmunogenic conditions
(Gottschalk et al. 2010, Daniel et al. 2010). In order to assess Treg induction
capacity upon exercise, naive CD4* Tcells (CD4*CD44'°% CD62L" CD25") from
popliteal lymph nodes, the draining lymph nodes of muscles were used since it
was really difficult to obtain adequate amounts of naive T cells from the skeletal
muscles per se for the in-vitro culture. Naive T cells from sedentary, exercised
and pre- exercised groups were sorted and seeded on 96 well plates pre-coated
with anti-CD3 and anti-CD28 followed by stimulation with IL-2 for 18 hours.
Cells were then cultured for a further 36 hours without stimulation and then
stained and analyzed for Treg frequencies. Pre-exercised mice showed a
significant increase in their de-novo induction capacity as compared to the other
groups under standard diet. Under HFHS conditions, mice exhibits a trend
towards increased Treg induction upon exercise. (Fig 16). Since about 50 % of
HFHS fed mice within the exercised groups did exhibit an increase in de-novo
induction of Tregs upon exercise, it is plausible to assume that there are

individual differences in the response to exercise.
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Figure 16 : In-vitro Treg induction assays upon SD and HFHS diet

Graphs showing CD4*CD25*Foxp3*Tregs (represented as % of control) from the in-vitro Treg
induction assays using limited TCR stimulation of naive T cells from popliteal lymphnodes upon
a) standard diet and b) HFHS diet in sedentary, exercised and pre- exercised mice (n= 5 per
group). Data are expressed as meantSEM *p<0.05, **p< 0.01, ***p< 0.001, analyzed by one-
way ANOVA followed by Tukey’s multiple comparison.

4.2.7 Gene expression analysis of the sorted CD4" T cells from popliteal
lymph nodes upon exercise

Multiple changes occur in muscles due to exercise and since we saw that Treg
induction potential of naive T cells from popliteal lymphnodes was also
increased in pre-exercised mice fed standard diet, some changes might have
occurred in the naive T cell stage itself upon exercise. Metabolic switching
happens during T cell differentiation and development (Windt and Pierce 2012).
Hence we looked at gene expression profiles of total CD4* T cells, isolated and
sorted from popliteal lymph nodes of sedentary, exercised and pre-exercised
mice. Certain genes associated with T cell metabolic pathways involved in T
cell differentiation like Cptlb, involved in fatty acid oxidation, SNAT1, an amino
acid transporter and PDK1, a major checkpoint in the glycolytic pathway
(Patsoukis et al. 2015) were analyzed. There were no significant changes upon

exercise under both dietary conditions (Fig 17).
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Figure 17: Gene expression data of CD4* T cells from popliteal lymphnodes

a) gPCR data showing the expression of Cptlb, SNAT1, PDK1 mRNA in the sorted CD4* T
cells from the popliteal lymphnodes of sedentary, exercised and pre-exercised mice on
standard diet (a-c) and HFHS diet (d-f), n=3.

4.3 Role of IL-6 as a myokine and its functions in T cell
differentiation and expansion

4.3.1. Role of IL-6 receptor signaling in muscle-residing T cells

Previous reports show that lymphocytes possess IL6 receptor (Jones 2005)
and here we confirmed the expression of IL6R on muscle-residing Tregs (Fig
13). IL6R expression on skeletal muscles has been shown to be increased
upon exercise training. (Keller et al. 2005, Pederson & Febbraio 2008). Hence,
to dissect out the relevance of IL-6R signaling in guiding exercise-mediated
changes of muscle-residing Tregs, we determined IL6R levels on T cells
residing within the muscles. In soleus IL-6R levels did not change significantly
between sedentary and both exercised groups (Fig 18a). In gastrocnemius
muscle we observed a marked increase in IL-6R expression only in pre-
exercised mice compared to sedentary and exercised mice (Fig 18b). In order

to address the effects of IL-6R and its signaling on T cells, and to dissect
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whether IL6R has an impact on Tregs, a T cell specific IL6RaKO mice was used
(Xu et al. 2016).
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Figure 18: Impact of exercise on IL6Ra* Foxp3™ muscle-residing Tregs

a) Summary graph of IL6Ra*Foxp3*Tregs from soleus (n= 4) and f) gastrocnemius (n=5 - 6) in
sedentary, exercised and pre-exercised mice. In soleus, each point corresponds to 2 mice.
Data are expressed as mean £ SEM *p < 0.05, **p < 0.01, ***p < 0.001, analyzed by one-way
ANOVA followed by Tukey’s multiple comparison.

4.3.1.1 Characterization of T cell specific ILRaKO mice

T cell specific deletion of IL6R was confirmed by genotyping (Fig 19b) using
PCR of CD4cre and IL6R floxed allelles and reconfirmed by flow cytometric
staining of IL6Ra on T cells (Fig19a).
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Figure 19 : Characterization of Tcell specific ILBRaKO mice a) FACS staining plot of
IL6Ra on CD4* T cells from inguinal lymphnodes in ILBRa™® mice and floxed control and b)
genotypic characterisation of ILBRa™©° mice

4.3.1.2 Ex-vivo muscle-residing Tregs in T cell ILBRaKO in the steady
state
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Treg frequencies of T cell specific IL6RaKOs were compared with floxed
controls in the steady state. Since we saw exercise induced differences in
IL6Ra levels on Tregs more prominent in Gastrocnemius than Soleus (Fig 18),
we further focused on Gastrocnemius muscle to determine the role of IL6
signalling using the KO mice models. We could not detect any changes in total
Treg frequencies between the genotypes (Fig 20a), whereas ST2*Foxp3*
Tregs were significantly reduced in KOs as compared to floxed controls (Fig
20b).
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Figure 20: Steady state ex-vivo muscle-residing Tregs in IL6Ra™° mice

Ex-vivo CD4*Foxp3*Tregs in gastrocnemius from IL6Ra™© (n=20) and floxed controls (n=13)
in the steady state. b) Ex-vivo ST2* Foxp3* Tregs in gastrocnemius from IL6Ra™©° (n=15) and
floxed controls (n= 18) in the steady state. Data are expressed as mean = SEM *p < 0.05, **p
< 0.01, **p < 0.001, analyzed by unpaired t test.

4.3.1.3 Muscle-residing Treg frequencies were unaltered in T cell-specific
IL6Ra KO mice upon exercise

Considering the effect of IL6 as a myokine together with our observation that
IL6Ra expression on Tregs was increased exclusively in pre-exercised mice,
we hypothesized that exercise-released IL-6 may partially be responsible for
the increased Treg frequencies. In order to address that, T cell ILBRaKOs and
its floxed controls were randomized into sedentary and pre-exercised groups
for a period of 8 weeks. As reported previously, pre-exercised mice had access
to the running wheels for the first 4 weeks and remained sedentary for the last
4 weeks. Body weights and running profiles were recorded. We did not observe
any significant changes in body weight and fat mass between sedentary and
pre-exercised IL6RaTKOs and also between sedentary and pre-exercised

floxed controls. Analysis of running profiles revealed no significant differences
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in the running distance between KOs and floxed controls. (Fig 2la-c).
Gastrocnemius muscles were digested, lymphocytes were isolated and stained
for Tregs and other phenotypic markers. As expected, pre-exercised controls
showed a significant increase in Tregs. In contrast this increase was abolished
in exercised KO mice (Fig 22) indicating that exercise induced IL-6 or the

signaling via IL6Ra may play a role in augmenting Treg frequencies.
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Figure 21: Impact of exercise on body weight, fat weight and running profile of
IL6RaA™® mice a) Accumulative delta body weight of sedentary and pre-exercised IL6Ra™°
and floxed controls for 8 weeks upon standard diet (n=4). b) viSWAT mass normalized to body
weight of sedentary and pre-exercised IL6Ra™®° and flox controls (n=6). Data are expressed as
meanz SEM *p<0.05, **p< 0.01, ***p< 0.001, analyzed by two-way ANOVA followed by Tukey’s
multiple comparison. ¢) Voluntary wheel running profile mice of IL6Ra™° and IL6Ra mice
represented as average running distance per day in km for 2 mice (from three independent
experiments).
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Figure 22: Impact of exercise on muscle-residing Tregs in IL6Ra™° mice

a) Representative FACS plots of CD4*Foxp3*Tregs in IL6Ra™C vs floxed controls upon
exercise in gastrocnemius b) Summary graph showing the ex-vivo CD4*Foxp3*Treg
frequencies in IL6Ra™©° and floxed controls of sedentary and pre-exercised mice in
gastrocnemius (n= 4 - 6). Data are expressed as mean + SEM *p < 0.05, **p < 0.01, ***p <
0.001, analyzed by by two-way ANOVA followed by Tukey’s multiple comparison.

43.1.4 Phenotypic characterisation of Tregs in T cell specific ILERaKOs
upon exercise

Treg proliferation was increased significantly in pre-exercised floxed controls,
but not in KOs (Fig 23a). We observed a significant decrease in ST2*Tregs in
gastrocnemius muscle of KO mice as compared to floxed controls in the
sedentary state. (Fig 23b). In floxed control mice we replicated the earlier
finding (see Fig 13 ¢ — f) that AREG and its receptor EGFR were significantly
higher in pre-exercised floxed controls compared to sedentary floxed controls.
In contrast we did not observe a pre-exercise effect on AREG and EGFR
expression of Tregs in KO mice (Fig 23c,d). These data indicate that IL6
receptor signaling is contributing to the increase of AREG and EGFR on Tregs

upon exercise.
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Figure 23: Phenotypic characterization of muscle-residing Tregs upon

exercise in IL6Ra™® mice a) Summary graph representing Treg proliferation
(Ki67*Foxp3*Tregs), b) ST2*Foxp3*Tregs ¢) AREG*Foxp3+*Tregs, and d) EGFR*Foxp3*Tregs
in IL6Ra™PC and floxed controls of sedentary and pre-exercised mice in gastrocnemius (n= 4 -
6). Data are expressed as meanzSEM *p<0.05, **p< 0.01, ***p< 0.001, analyzed by two-way
ANOVA followed by Tukey’s multiple comparison.

4.3.2. Impact of IL6 as a myokine on the muscle-residing Tregs

IL-6 is a well-known myokine released from muscle fibres upon exercise with
autocrine and paracrine effects (Febbraio & Pederson 2002). IL-6 affects T cells
expressing IL6R directly. Due to our observation that IL6R expression on Tregs
is increased upon exercise that is abolished in T cell specific ILBRaKOs, it is
plausible to assume that signaling via IL6R may modulate Treg function. In
order to address this hypothesis we performed our exercise experiments in

mice with a muscle-specific IL6 deletion.

4.3.2.1 Characterization of muscle specific IL6KO mice

Muscle IL6KO mice were generated by crossbreading MLCC® mice (Gothe et
al. 2000) expressing a Cre recombinase with the skeletal muscle-specific
myosin light chain promoter with IL67" mice (Quintana et al. 2013, Molinero et

al. 2017). Muscle specific deletion of IL-6 was confirmed by genotyping using
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PCR for MLCcre and IL-6 floxed allelles (Fig 24b) and mRNA IL-6 expression
levels were significantly reduced in the IL-6 KO muscles compared to other

tissues (adipose tissue was used as a positive control) (Fig 24a).
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Figure 24: Characterization of muscle specific IL6KO mice a) Graph showing IL6
MRNA levels in muscles (Quadriceps, Tibialis anterior) and adipose tissue of IL6KOs and flox
controls by gPCR (n= 8). Data represents the fold change, expressed as mean + SEM,
analyzed by unpaired t test with Welch'’s correction. b) Genotypic characterization of muscle
specific IL6 KO mice.

4.3.2.2 Muscle-specific IL6 KO mice exhibited an increased muscle Treg
frequency upon exercise

In order to determine the role of IL6 in the exercise-mediated increase of
muscle-residing Treg frequencies, muscle specific ILBKO mice and their IL6
floxed controls were randomised into sedentary and pre-exercised mice on a
standard diet for 8 weeks. Pre-exercised mice had access to the wheels for the

first 4 weeks. Body weights and the running profile were monitored. Fat mass
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was also measured upon study termination. We observed a significant
difference in body weight between sedentary IL6KO mice and sedentary fl/fl
control mice. Since the visceral fat pads were only slightly increased in KOs as
compared to their floxed controls, we assume that lean mass may be a
contributor to this body weight difference. Fat mass was slightly reduced in the
pre-exercised groups compared to the sedentary groups regardless of
genotype. Running profiles showed no significant differences in running
distance between muscle IL6KO and floxed controls (Fig 25 a-c). Floxed
controls and muscle specific IL6 KOs exhibited a similar increase in Treg
frequency in gastrocnemius muscle in pre-exercised mice of both genotypes
(Fig 26) indicating that skeletal muscle derived cytokine IL6 as such does not

have a direct influence on increased Treg frequencies attained upon exercise.
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Figure 25: Impact of exercise on body weight, fat weight and running

profile of muscle IL6KO mice a) Accumulative delta body weight of sedentary and pre-
exercised muscle IL6KOs and flox controls upon standard diet (n=6). # (p< 0.01), $ (p< 0.001)
comparing sedentary IL6KO to sedentary control; B (p< 0.01), § (p< 0.001) comparing
sedentary IL6KO to pre-exercised IL6KO. b) visWAT mass normalized to body weight of
sedentary and pre-exercised muscle IL6KO and flox controls (n=6). Data are expressed as
meanzSEM *p<0.05, **p< 0.01, ***p< 0.001, analyzed by two-way ANOVA followed by Tukey’s
multiple comparison. c) Voluntary wheel running profile mice of muscle ILEKO mice and IL6
mice represented as average running distance per day in km for 2 mice (from three independent
experiments).
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Figure 26: Impact of exercise on muscle-residing Tregs in muscle IL6KO mice a)
Representative FACS plots identifying muscle-residing CD4*Foxp3*Tregs from muscle IL6KO
and floxed controls upon exercise in gastrocnemius b) Summary graph showing the ex-vivo
CD4*Foxp3*Tregs in muscle IL6KO and floxed controls of sedentary and pre-exercised mice in
gastrocnemius (n= 4 - 6). Data are expressed as mean+SEM *p<0.05, **p< 0.01, **p< 0.001,
analyzed by two-way ANOVA followed by Tukey’s multiple comparison.

4.3.2.3 Phenotypic characterization of muscle- residing Tregs in muscle
specific IL6KOs upon exercise

Although we did not detect differences in exercise-mediated increases of T cell
frequencies between IL6KO and their floxed control mice, IL6 may still
modulate specific phenotypic characteristics of muscle-residing Tregs upon
exercise. Treg proliferation was not significantly changed in gastrocnemius of
muscle IL6KOs upon exercise (Fig 27a) compared to the increase detected in
floxed control mice, suggesting that local proliferation might not be the sole
mechanism promoting the muscle-residing Tregs. Similarly, exercise-induced
increase in ST2" Tregs was not detected in muscle IL6KO mice in contrast to
floxed control mice (Fig 27b). AREG™* Tregs and EGFR™ Tregs were also not
significantly increased upon exercise in muscle IL6KOs compared to floxed
control mice (Fig 27c,d). These data point out to the fact that IL6 as such may
not be required for the increased Tregs, but it influences the phenotypic

characteristic of the muscle-residing Tregs upon exercise.
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Figure 27: Phenotypic characterization of muscle-residing Tregs upon

exercise in muscle IL6KO mice a) Summary graph showing Treg proliferation
(Ki67*Foxp3*Tregs), b) ST2* Foxp3* Tregs and c) AREG*Foxp3* Tregs, d) EGFR*Foxp3* Tregs
in muscle IL6KO and floxed controls of sedentary and pre-exercised mice in gastrocnemius (n=
4 - 6). Data are expressed as mean+SEM *p<0.05, **p< 0.01, ***p< 0.001, analyzed by two -
way ANOVA followed by Tukey’s multiple comparison.
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5. Discussion

The present thesis reports the involvement of adaptive immune cells in
metabolic homeostasis and demonstrates that immune cells could be
modulated using different pharmacological as well as physiological
approaches. The present findings highlight the relevance of immune-metabolic
crosstalk regulated by GLP-1 co-agonists on inflammatory markers and T and
B cells in diet-induced obese mice and by exercise in skeletal muscle and its
locally residing Tregs. Moreover, it provides novel mechanistical insights into
exercise induced tissue-residing regulatory T cells which are crucial in
maintaining tissue homeostasis. These are of particular importance since
immune cell perturbations and disturbances of immune tolerance (Anderson et
al. 2016) due to infiltration of effector immune cells (Lumeng & Saltiel 2011)
and a reduction of immunoregulatory cells underlies many chronic diseases like
obesity and diabetes (Feurer et al. 2009, Khan et al. 2005).

Upon exposure to high fat high sugar diet, we saw changes in lymphocytes
pointing to an inflammatory milieu evidenced by an increase in the cytotoxic
CD8a* T cells in circulation and significantly reduced regulatory B cells in both
circulation and spleen. Mature B cells (IgM*lgD*) were increased in spleen
upon high calorie diet and is in agreement with previous studies in obese
subjects (Zhai et al. 2016, Winer et al. 2014). The decrease in immature B cells
and the increase in IgM*IgD* cells also depicts a state of imbalance in the
homeostatic control of B cell development that is regulated by a feedback
exerted by mature B cells (Shahaf et al. 2016). Apart from the bone marrow
derived B cells, the increase in the peripheral B cell compartment could also be
due to antigen-driven proliferation (Shahaf et al. 2016). Elevated surface IgD
levels and reduced surface IgM levels could also be indicative of anergic B cells
(Gutzeit et al. 2018)

Here we used mice with a global deletion of GLP-1R (GLP1r’) to decipher the

role of GLP-1R on immune regulation. A significant increase in mature B cells

was observed upon standard diet in both PBMC and spleen in GLP-1RKOs
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depicting a direct /indirect involvement of GLP-1R in the B cell maturation
process. In line with that, HFHS diet fed mice treated with GLP-1R agonist
exhibited a reduction in the IgM*IgD* mature B cells in spleen. The changes we
see within the B cell subsets could be either due to the direct involvement of
GLP1 receptor or an indirect effect owing to the overall reduction in
inflammation. However, we didn’t see any changes in the regulatory B cells
upon GLP-1R agonist treatment. Upon treatment with GLP-1R agonists, the
total T cells in circulation were increased. As per recent reports, GLP-1
treatment increases Tregs (Hadjiyanni et al. 2010) as well as INKT cells (Lynch
et al. 2016) and the total increase in T cells we saw may be due to any of these

subtypes which has to be confirmed with more specific markers.

Here we also report the anti-inflammatory effect of GLP-1/Dexa conjugate, a
unimolecular compound integrating incretin and glucocorticoid, in diet-induced
obese mice (Quarta et al. 2017). Analysis of plasma from co-agonist and mono
agonist treated HFHS fed mice compared with vehicle treated mice highlights
their effect on high-fat diet induced inflammation. The treatment caused a
prominent reduction in several chemokines and chemotactic peptides involved
in high fat diet induced inflammation. Several inflammatory markers were
lowered by both GLP-1 agonist and GLP-1/Dexa, but most prominently by the
conjugate. GLP-1/Dexa treatment also increased the total T cell frequencies in
spleen. We couldn’t see any changes in the numbers of regulatory B cells, but
its functionality has to be checked since Bregs are known to release IL-10, an
anti-inflammatory cytokine (Mizoguchi & Bhan 2006, lwata et al. 2011). Taken
together, these results suggest that both GLP-1 agonist and GLP-1/Dexa
conjugate helps in lowering obesity-associated systemic inflammation and also
impact both T and B lymphocyte populations that contributes to the production
of these cytokines. But as there are several subsets within each lymphocyte
populations having either inflammatory or anti-inflammatory effects, more

markers are needed to define each population to get a more conclusive idea.

The environment within the individual tissues differ from that of the circulation,
therefore a closer look on a metabolically relevant tissue level may give more

insights into the local regulation of immune cells and could help in
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understanding and dissecting out the individual players, thereby contributing to
the impact on adiposity, insulin sensitivity and glucose metabolism.

So with the second approach of physiological intervention like exercise, we
focused on a particular subset of T lymphocytes in a tissue-specific level so as
to more directly modulate the immune-metabolic interplay in the metabolic
target tissues. T cells, more specifically Tregs residing within the skeletal
muscle was studied since it is a metabolically relevant organ contributing to the
whole body metabolism and the most directly impacted organ upon exercise.
Here we could demonstrate that exercise causes a durable induction of skeletal
muscle residing Tregs.

Here we show that in steady state, distinct skeletal muscles harbor different
Treg frequencies, highest being observed in predominantly oxidative soleus
muscle. These are in line with the concept that the microenvironment within the
tissues can shape the local Treg characteristics and is in agreement with recent
studies showing the highest Treg frequencies in the more oxidative brown fat

as compared to other white adipose tissues (Kallin et al. 2017).

Here we used voluntary wheel running as the mode of exercise to study the
training effects on immune cells. Exercised and pre-exercised groups were
evaluated with regard to the immediate effects and the maintenance effects of
prior exercise, respectively. Prior exercise training has shown to exert different
benefits like attenuating the short term HFD induced weight gain in mice (Snook
et al. 2016) and enhancing beta-adrenergic signaling in adipose tissue of HFD
fed mice (Snook et al. 2017). Furthermore, voluntary wheel running prior to
tumor inoculation reduced the tumor growth to a greater extent than post
exercise through regulation of immune cells in a tumor model (Pederson et al.
2016). Here we demonstrate that muscle-residing Treg frequencies were
significantly enhanced upon exercise with maximum frequencies observed in
pre-exercised mice. These findings emphasize the maintenance of Tregs even
after termination of exercise and suggest a memory effect of exercise in driving

local Tregs. Exercise-mediated rise in Treg frequencies was also maintained
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under hypercaloric diet conditions. We could not notice any alteration in the ex-
vivo Treg frequencies due to HFHS diet as such, which might be due to its

shorter duration.

These increased Treg frequencies could be due to several possibilities
including the expression of certain chemotactic molecules by tissues or certain
receptors on Tregs required for the recruitment of circulating Tregs and
retaining them therein. Tissue-specific antigens can also cause either the
expansion of Tregs or the conversion of conventional T cells into induced Tregs
able to adapt to the new tissue environment (Burzyn et al. 2013). Based on the
significant increase in the proliferative marker Ki67 on Tregs in pre-exercised
mice, local expansion of muscle-residing Tregs may be one mechanism
contributing to the enhanced Treg frequencies. In line with the observed
enhanced muscle Treg frequencies, pre-exercised mice also exhibited a
significant increase in the de-novo Treg induction capacity in the popliteal
lymph nodes, indicating possible alterations in the naive T cell itself following
exercise. To get a clearer picture, Treg induction capacity of the T cells from
skeletal muscle should be analyzed.

For a mechanistical dissection of the increased Treg frequencies in pre-
exercised mice, phenotypic characteristics of Tregs needed for an adaption to
the local environment in the residing tissues were studied. Each tissue-residing
Tregs possess unique characteristics and functions and express specific
molecules that render them different from the lymphoid Tregs (Burzyn et al.
2003). Here we show that AREG, EGFR and ST2 are present on the muscle-
residing Tregs and these molecules are known to enhance the suppressive
capacity of Tregs (Zhou et al 2015, Zaiss et al. 2013, Siede et al. 2016).
Exercise elevated the AREG, EGFR and ST2*Tregs, implying that those Tregs

possess high suppressive capacity.

Amphiregulin can act in an autocrine manner and can further enhance Treg
activity (Zaiss et al. 2015). In the context of muscle residing Tregs, AREG has
shown to facililtate muscle repair processes and differentiation of muscle

satellite cells and Treg levels are also elevated and retained within the muscles
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for a longer period of time (Burzyn et al. 2013). Role of immune cells in exercise
induced muscle damage and repair is also reported. Depending on the intensity
of exercise, mechanical impact can cause the release of alarmins which trigger
a well co-ordinated cascade by different immune cells participating in the initial
inflammatory phase followed by resolution and tissue repair phase (Jones &
Hoyne 2017, Deyhle & Hyldahl 2018). Tregs are reported to participate in the
resolution and repair phase following injury and amphiregulin is a major factor
facilitating these processes (Villalta et al. 2014, Arpaia et al. 2015). A recent
study by Minutti et al. demonstrates that macrophage derived amphiregulin
induces TGF- activation on pericytes, following tissue injury and leads to re-
vascularization and wound healing (Minutti et al. 2019). Treg derived
amphiregulin contributes to the expansion and survival of tissue-resident Tregs
upon injury (Zaiss et al. 2019), but whether it acts via the same mechanism

despite its source is not known.

Exercise-induced skeletal muscle damage is thought to be necessary for long-
term muscle strengthening adaptations. It has been reported in different mice
strains that with voluntary wheel running exercise, hind limb muscle fibre
damage can occur at the onset of running followed by muscle regeneration
(Irintchev & Wernig 1987). Furthermore, another study shows that voluntary
running can induce the proliferation of satellite cells without causing muscle
hypertrophy (Kurosaka et al. 2009). Since Tregs and AREG are shown to be
elevated following muscle injury (Burzyn et al. 2013) and Tregs directly activate
satellite cells facilitating muscle regeneration (Castiglioni et al. 2015, Schiaffino
etal. 2017), the increase in AREG*Tregs we observed following exercise might
have been possibly triggered from the slight damage induced by exercise. But,
further studies need to be done in order to investigate this. Dissecting out the
mechanisms underlying the exercise-induced changes is difficult since exercise
is a highly complex process which simultaneously involves several responses
in multiple tissues and organs at the cellular and systemic level. Among several
factors released upon exercise, some of them may trigger the induction of Tregs
directly or indirectly and certain muscle-specific antigens might help in retaining
the Tregs or expanding them, which might be the case happening in the pre-

exercised mice.
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In order to identify exercise triggered factors that might have contributed to the
enhanced Tregs, we focused primarily on the well known pleiotropic myokine,
IL-6 (Febbraio &Pederson 2002, Pal et al. 2014) and its signaling on T cells.
We were able to identify the presence of IL6Ra on muscle-residing Tregs and
the IL6Ra levels were found to be significantly increased in pre-exercised mice.
This is in line with the observation that upon exercise training, the levels of IL6
receptor alpha (IL6Ra) on skeletal muscle is elevated (Keller et al. 2005,
Pederson & Febbraio 2008. From the T cell-specific ILERaKO mice employed
to study the role of IL6Ra signaling on T cells, the significant increase in the
Treg frequencies in pre-exercised floxed controls were not evident in pre-
exercised KOs. The Treg frequencies in pre-exercised KOs were rather similar
as that of the sedentary KO mice indicating that signaling via IL6Ra in T cells
contributes to the increased Treg frequencies upon exercise. Eventhough the
absence of IL6Ra on T cells blocks the classical IL-6 signaling, IL-6 trans-
signaling can still happen which is initiated by binding of IL-6 to sIL6R. But from
the result of T cell ILERaKOs, since we do not see any increase in Tregs, we
could speculate that trans-signaling does not play any role in the upregulation
of Tregs. The phenotypic changes including the upregulation of ST2, AREG
and EGFR were also absent in these mice deficient in IL6Ra signalling in T
cells indicating the contribution of IL6 receptor signaling in the upregulation of
these markers on T cells.

In order to further understand whether exercise induced IL-6 has any direct
impact on IL6R signalling in T cells causing the increased Treg frequencies in
pre-exercised mice, muscle-specific IL-6 KO mice were utilized. Pre-exercised
muscle-specific IL-6 KOs exhibited a similar increase in the Treg frequencies
as that of pre-exercised flox controls, indicating that IL-6 as such does not have
any direct impact on the increased Treg frequencies in pre-exercised mice. But
the phenotypic characterization of muscle specific IL-6 KOs upon exercise
implicates that IL-6 influences the expression of ST2, AREG and EGFR on
Tregs and its proliferation as there was no increase in these markers in pre-
exercised IL-6 KOs. Since IL-6 directly does not have any impact on IL6R

signaling in Tregs for enhancing the Treg frequencies and specifically Foxp3

60



expression, one underlying possibility is that other factors released upon
exercise may signal via their respective receptors and those receptors or their
downstream signaling molecules might activate the IL6Ra signaling in T cells.
Since studies using both KO models demonstrate the contribution of IL-6 as
well as IL6Ra signaling in increasing AREG, ST2 and EGFR, we could
speculate that these signals are somehow integrated. Several studies report
cross talk of signals between EGFR and IL6R (Colomiere et al. 2009,
Stolarczyk et al. 2016). Another report shows that IL6R induced STAT3
activation is prolonged by the binding of IL6R with EGFR (Wang et al. 2013)
which point out to the fact that IL-6 itself may not be a sole requirement for the
activation of IL-6R signaling. Furthermore, several factors can induce the
production of AREG which further activates the EGF receptor. IL-33, ligand for
ST2 receptor is also reported to be produced in skeletal muscle upon different
exercise paradigms in a recent study (Little et al. 2018). Upon exercise, we also
saw an elevation in AREG, EGFR, ST2 and IL6Ra expressing Tregs. In Th2
cells, the signaling complex between EGFR and ST2, and IL-33 induced EGFR-
mediated signaling is also reported (Minutti et al. 2017). Different studies report
the possible involvement of IL-33/ST2 axis in muscle Treg cell accumulation
and function (Kuswanto et al. 2016, Biton et al. 2016). Monticelli et al. reports
that IL-33 can induce the release of AREG from gut associated innate lymphoid
cells, highlighting the involvement of IL-33-AREG-EGFR pathway in tissue
protection (Monticelli et al. 2015). AREG is known to act through EGFR
signaling pathway, thereby enhancing the Treg suppressive function (Zaiss et
al. 2013, Zaiss et al. 2015). All these aspects point to the fact that there may
be multiple factors contributing in a co-ordinated manner to enhance the IL6Ra
signaling in Tregs even in the absence of the IL-6 cytokine itself, thereby

leading to the durable induction of skeletal muscle-residing regulatory T cells.

As exercise-induced upregulation of Foxp3 is abolished upon IL6Ra deletion in
T cells, signaling cascades downstream of IL6Ra also might play a role in the
enhancement of Foxp3. Previous reports show the direct role of STAT3 in the
maintenance of Treg phenotype and function (Pallandre et al. 2007). Foxp3 can
act as a co-transcription factor with STAT3, thereby enhancing IL10 gene

transcription in tumour-induced Tregs (Hossain et al. 2013). Regulatory T cells
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are also reported to control pathogenic Th17 responses in a STAT3 dependent
manner (Chaudhry et al. 2009). Being a downstream factor in IL6Ra signaling,
and owing to its association with Foxp3, STAT3 might be involved in exercise

induced upregulation of Tregs and is worth analyzing.

Together, we demonstrate that exercise supports a stable induction of skeletal
muscle-residing Foxp3*Tregs with high functional activity as evidenced by the
increased expression of AREG, EGFR and ST2. The significant increase we
saw in pre-exercised mice and their ability to sustain and adapt to the local
environment under standard diet and 4 weeks of HFHS diet specifically points
out to the memory effect of exercise. Exposure to a long term HFHS diet should
also be addressed in order to see whether this affects the maintenance of
Tregs. By maintaining a homeostatic environment, Tregs might also help in
withstanding the metabolic challenges thereafter and could therefore delay the
onset of metabolic diseases. Using T cell specific loss of function models, we
show that exercise induced Tregs and its phenotypic alterations require IL6R
on T cells. Our results also unravel a view into the crosstalk between the
complex signaling network integrating IL6/ILBR-AREG/EGFR/ST2 in
enhancing the muscle Tregs upon exercise. Overall, this thesis contributes to
the understanding of immune cell regulation by different interventions to
interfere with the inflammation associated with metabolic diseases.
Furthermore, it provides mechanistic insights into the induction of
immunomodulatory cells as a therapeutic intervention so as to maintain or

restore the metabolic tissue homeostasis.
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6. Conclusion & perspectives

The relevance of targeting immune modulation to improve metabolic diseases
arises due to the highly integrated and inter-dependent immune metabolic
interactions. Understanding the potential players involved and the underlying
mechanisms will help in developing therapeutic strategies to enhance or
suppress them in order to attain a homeostatic environment, thereby reducing
the inflammation. In this thesis, two distinct strategies were employed to

address the impact on adaptive immune cells.

Exposure to a high calorie diet altered the systemic immune cell profiles to an
inflammatory phenotype. Pharmacological strategies targeting GLP-1 receptor
demonstrated that GLP-1R is involved in the regulation of immune cells and in
the lowering of systemic inflammation. GLP-1R agonists impacted total T
lymphocytes as well as the B cell maturation process, by lowering the mature
B cells which were upregulated upon high calorie diet. Furthermore, studies
using mice with a deletion of GLP-1R also revealed its possible involvement in
the B cell maturation process. As several transitional stages are involved in the
B cell developmental processes, more markers are needed to be included to
clearly distinguish between the different B cell stages. GLP-1/Dexa conjugate
lowered the high calorie-diet induced systemic inflammation to a greater extent
than its monoagonist control demonstrating the combined effect of the co-
agonist. In order to identify the key players, more studies need to be done
focusing at the subset level rather than looking at the total lymphocyte
populations. Furthermore, studies on a tissue basis apart from circulation could

give more insights into the local regulation.

Data obtained from the physiological strategy like exercise demonstrates that
endurance exercise training supports a durable induction of skeletal muscle-
residing regulatory T cells which is dependent on T cell specific IL6Ra signaling
and not on muscle-derived IL-6. Predominantly oxidative muscle exhibited a
more prominent increase in Treg frequencies when compared to the glycolytic

ones. Even upon exposure to 4 weeks of HFHS diet, the Treg frequencies were

63



elevated following exercise training. The higher Treg frequencies in pre-
exercised mice demonstrates that Tregs are maintained even after termination
of exercise under both dietary conditions. However, studies under a long term
HFHS diet should be addressed to see how the induction of Tregs by prior
exercise training protects against the deleterious effects of high calorie diet.
The enhanced Treg induction capacity of the naive T cells in popliteal lymph
nodes from pre-exercised mice indicate that certain metabolic changes might
also be occurring at a naive T cell level, but has to be confirmed using the T
cells from muscle. T cells could also sense the immediate surrounding
environment thus altering the metabolic activity within the T cells shifting it to

an effector or a regulatory phenotype which is also worth addressing.

The significant increase of AREG, ST2, EGFR and Ki67 expressing Tregs in
pre-exercised mice implicates its high suppressive and proliferative capacity
and the data from the KO mice models demonstrates that the expression of
these markers are dependent on both IL-6 and Tcell IL6Ra signalling. Since IL-
6 does not have any direct impact on the increased Treg frequencies, these
results together with several other studies highlighting the signal cross-talk and
complex formation of EGFR with IL6R and ST2 (Colomiere et al. 2009, Wang
et al. 2013, Minutti et al. 2017) indicates that certain factors apart from IL-6
might also support the IL6Ra signaling in Tregs upon exercise. Further studies
in this respect, based on the deletion of either EGFR or ST2 as well as their
ligands AREG or IL33 will help in delineating the complex networks involved
with T cell IL6Ra signaling causing the increased Treg frequencies. Likewise,
the downstream signaling factors of IL6Ra signaling (specifically STATS3)
enhancing Foxp3 is also required to unravel the complete picture. Moreover,
the functionality and therapeutic potential of exercise induced Tregs as a
protective as well as a treatment strategy under diet-induced obese conditions
should be analyzed. Due to the paracrine and endocrine properties of the
myokines, the impact of exercise on Tregs residing within other metabolically
relevant tissues is also worth addressing. These mechanistic findings could
contribute to the understanding of tissue Treg maintenance and could help in

identifying the right players involved and in the development of novel
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therapeutic strategies aiming at immunomodulation with the goal to reduce the

inflammation and lower/prevent the incidence of metabolic insults.
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