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PREFACE

The present thesis is submitted to the Technicalddsity of Copenhagen to obtain tihilisophiee
Doctor, Ph.D. degree. The studies have been performethanperiod from 2011 to 2014 at the
Department of Molecular Pharmacology, Zealand Phaw/iS, Glostrup, Denmark; Department of
National Veterinary Institute, Technical University Denmark; Copenhagen, Denmark; Bioneer A/S,
Hgrsholm, Denmark; and Department of EndocrinolagyHvidovre Hospital, Copenhagen, Denmark
under supervision of my external supervisors Vigesklent, MD, Adam Steensberg, and Senior scientist

Ph.D., Jesper Mosolff Mathiesen, and internal stiper Professor, Peter M.H. Heegaard.

The thesis contains amtroduction which gives an overview of the subjects presertethe thesis,
followed by theBackgroundsection consisting of a review of the literatusdevant for the work
presented in the three manuscripts in additioméottvo small experimental studies. Next, Regionale
Aim and Hypothesisare presented. ThResultsection covers two experimental studies, including
discussion of the obtained results and providdsoat summary of the results stated in the manuscrip
The Discussionsection discusses and evaluates our findings latioe to our hypotheses and to the
literature, andConclusion and Perspectivdsiefly summarizes the main results and their iogtlons
and future perspectives. Thethodssection consists of details and information on tiethods and

materials applied in the experimenitalitro andin vivowork and in the clinical studies.
The following manuscripts are included in the thesi
Manuscript 1 — submitted to Journal of Clinical Immunology

Effects of Roux-en-Y gastric bypass on fasting postprandial levels of inflammatory markers in abes

subjects with normal glucose tolerance or typeabelies
Manuscript 2 — in preparation for submission

Effect of Roux-en Y gastric bypass on circulatingvariant NKT cells, regulatory T-cells and

inflammatory markers in obese subjects
Manuscript 3 — submitted to Scandinavian Journal oimmunology

Effect of 12-week treatment with glucagon-like pdetl receptor agonist liraglutide on circulating

invariant NKT cells, regulatory T-cells and inflaratory markers in obese subjects with type 2 diabete
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ENGLISH SUMMARY

Obesity-associated type 2 diabetes (T2D) is chanzed by a state of chronic, low-grade inflammatio
with an excessive secretion of pro-inflammatory raeats, such as IL-6, TNE; and leptin from the
adipose tissue and decrease in the anti-inflammatdipokine adiponectin. T2D is accompanied with a
set of metabolic abnormalities comprising the mefiabsyndrome, such as hypertension, dyslipidemia,
and insulin resistance. Although the exact causethé onset of clinical disease remain largelynavin,
emerging evidence seems to suggest that obesiigd@adinflammation, especially in the adipose tissue
is involved in the metabolic dysregulation and #fiere plays an important role in the pathogenesikie

deteriorating disease.

Bariatric surgery, including the Roux-en Y gastiypass (RYGB), is one of the most effective treaiise
for severe obesity. In addition to weight loss, tR¥GB procedure is associated with immediate
improvement in glycemic control and insulin seaeti The exact mechanisms for the immediate and
long-term positive effect of RYGB on glucose meten and obesity related co-morbidities remain
unclear. Changes in inflammatory cellular and malicmediators have been found following RYGB,

suggesting one potential mechanism by which bariatirgery re-establishes insulin sensitivity.

RYGB also enhances circulating levels of certaistrgéentestinal-derived hormones, particularly the
postprandial secretion of glucagon-like peptideGLR-1). A growing body of literature reports anti-
inflammatory and other immunological effects of GL#h animals and in humans suggesting that GLP-1
acts beyond purely glucoregulatory mechanisms. €Raggerated postprandial GLP-1 secretion
following RYGB may thus be involved in the benedicimetabolic effects both directly via the claskica

glucoregulatory pathways and indirectly via anflammatory and immune-regulatory mechanisms.

The findings of a direct GLP-1-mediated effect ymphocyte subpopulatioms vitro andin vivo and the
few but interesting case reports on clinical imgnoents in psoriasis patients treated with GLP-gp&x

agonists have supported immune-regulatory actibL -1.

The main aim of this thesis was to explore potématii-inflammatory and immunoregulatory effects of
GLP-1 on immune system parameters to increase ¢icdanistic understanding of the effects observed in

the clinic and to provide new aspect on the inggrfletween metabolism, obesity and inflammation.

Thein vitro work and animal study, and the three manuscriptstitating this thesis describe different
approaches in studying GLP-1 effects on immuneesygparameters. IStudy I, the functionality of
human expanded Tregs in the presence of GLP-1 wasieedin vitro. Study Il investigated anti-

inflammatory effect of GLP-1n vivoin the PMA-induced ear inflammation model. Thregnan studies

5



were conducted that generated the three manusdriptie thesis; two RYGB studiesstudy I,
Manuscript | and Study IV, Manuscript 1l ) and one study in obese T2D subjects commencing

liraglutide therapy $tudy V, Manuscript Il ), to evaluate immunological changes either aftegery (1
week, 3 months, and 1 year) or after 12 weeks @®@-Gltherapy.



DANISH SUMMARY (DANSK RESUME)

Fedme-associeret type 2 diabetes (T2D) er karakteti ved en tilstand af lav kronisk inflammatioadm
overdreven sekretion af pro-inflammatoriske med&tosa som IL-6, TNF-og leptin fra fedtveevet og
en reduktion i anti-inflammatorisk adipokine adipotin. Med T2D folger et sset metaboliske
abnormaliteter, bestaende af det metaboliske symdsa som forhgjet blodtryk, dyslipidimi og insulin
resistens. Selvom de eksakte arsager til pabeggenlelf klinisk sygdom er stort set uvisse, tydez ny
beviser pa at fedme-induceret inflammation, spediefedtveevet, er involveret i den metaboliske

dysregulering og derfor spiller en vigtig rolleatpgenesen af denne forveerrede sygdom.

Fedme kirurgi, herunder Roux-en Y gastrisk byp&®¢GB), er en af de mest effektive behandlinger af
sveer overveegt. Ud over veegttab er RYGB procedussocegeret med gjeblikkelig forbedring i
glykeemisk kontrol og insulin sekretion. Den eksakiekanisme bag den gjeblikkelige og langsigtede
positive effekt af RYGB pa glukose metabolisme ednfie relaterede co-morbiditet forbliver uklar. Efte
RYGB er der fundet aendringer i inflammatoriske wedre og molekyleere mediatorer, hvilket indikerer

én potentiel mekanisme med hvilken bariatric kirggimetablerer insulin sensitivitet.

RYGB gger ogsa cirkulerende niveauer af visse naawehormoner, iseer postprandial sekretion af
glucagon-like peptide-1 (GLP-1). En voksende meerafditeratur rapporterer om anti-inflammatoriske
og andre immunologiske effekter af GLP-1 i dyr agennesker, hvilket tyder pa at GLP-1 virker udrove
glucoregulatoriske mekanismer. Den ggede postpabn@LP-1 sekretion, som opstar efter RYGB, er
derfor muligvis involveret i de gavnlige metabobiskffekter, bade direkte via den glucoregulatoriske

pathway og indirekte via anti-inflammatoriske ognimmregulatoriske mekanismer.

Fund af direkte GLP-1-medieret effekt pa lymfocybgopulationeiin vitro og in vivo og de fa, men
interessante case reports om kliniske forbedrimgesoriasis patienter behandlet med GLP-1 receptor

agonister, understgtter GLP-1s immunregulatoriskedhinger.

Hovedformdlet med denne afhandling var at undersgggentielle anti-inflammatoriske og
immunregulatoriske effekter af GLP-1 pa parametetateret til immunsystemet, for at @ge den
mekanistiske forstaelse for de effekter der er ntaset klinisk og for at tilfare et nyt aspekt @spillet

mellem metabolisme, fedme og inflammation.

In vitro studiet, et dyreforsgg og de tre manuskripter,utigiarer denne afhandling beskriver forskellige
vinkler pa at studere GLP-1s effekter pa immunsyste | Studie | blev funktionaliteten af humane
ekspanderede Tregs, under tilstedeveerelse af Glddlperetin vitro. | Studie Il blev de anti-

inflammatoriske effekter af GLP-h vivo undersggt i en PMA-induceret gre-inflammations ehodre
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humane studier blev gennemfgrt, og danner grundfagede tre manuskripter i denne afhandling; to
RYGB studier(Studie Ill, Manuskript | og Studie 1V, Manuskript IlI') og et studie i overveegtige T2D
patienter tilskrevet liraglutid behandlingstgdie V, Manuskript 11l ) for samlet set at evaluere
immunologiske aendringer efter operation (1 uge, 3heder, og 1 ar) eller efter 12 ugers GLP-1

behandling.



ABBREVIATIONS

AMPK 5'-Adenosine Monophosphate-activated Protein Kinase
ANOVA Analysis of Variance

AP Activator Protein

APC Antigen Presenting Cell

aPKC Atypical Protein Kinase C

BALB/c
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BMI Body Mass Index
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IFN
IkBat
IKK
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IP3
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Inhibitor of nuclear transcription factor NF-kB
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Interleukin
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linterferon Regulatory Factor
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Jun N-terminal Kinase

Keratinocyte Chemoattractant

Lipopolysaccharide

Type 1 Macrophages

Type 2 Macrophages

Monocyte Chemoattractant Protein
Minimum Essential Medium
Macrophage Inflammatory Protein
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Meso Scale Discovery

Mammalian Target of Rapamycin
Non-Alcoholic Fatty Liver Disease
Non-Essential Amino Acids
Nuclear Factor Kappa Beta
Normal Glucose Tolerant
Natural Killer T-Cell

Non-Obese Diabetic

Natural regulatory T-cells
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Plasminogen Activator Inhibitor
Peripheral Blood Mononuclear Cell
Phosphate Buffered Saline
Phosphatidylinositol 3-kinase
Protein Kinase A

Protein Kinase C

Phorbol 12-Myristate 13-Acetate

10



PPR
PYY
RANTES

ROS
RPMI
RYGB

SAA
SEM
Shc
SPF
SVF

T1D
T2D
TCR
Teff
TGF
Thl
Th17
Th2
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TNF
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Peptide YY
Regulated on Activation Normal T cell Expressed and Secreted

Reactive Oxygen Species
Roswell Park Memorial Institute
Roux-en Y Gastric Bypass

Serum Amyloid A

Standard Error of the MEAN
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Specific Pathogen-Free

Stromal Vascular Fraction

Type 1 Diabetes Mellitus
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T-Cell Receptor

Effector T-lymphocytes
Transforming Growth Factor
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T-Helper Cell Type 17
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Toll-like Receptor
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Responder T-cells
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INTRODUCTION

Type 2 Diabetes (T2D) and obesity are associatéu avstate of chronic low-grade inflammation, which
is involved in metabolic dysregulation both in aalmand in humans (Hotamisligil, 2006; Gregor and
Hotamisligil, 2011). The adipose tissue of obeskviduals is characterized by an altered productibn
secretory compounds, including free fatty acidsA§)F cytokines and chemokines (e.g.IL-6, TFand
IL-8), and adipokines (leptin and adiponectin)ldnimatory responses in the adipose tissue areategul
by an altered composition of immune cells characgdrby depletion of cells with anti-inflammatorgca
immunoregulatory phenotype (e.g. alternatively ved8d macrophages and CD4+ Th2 cells) and
accumulation of pro-inflammatory immune cells (ectassically activated macrophages and Thl cells)
(Kwon and Pessin, 2013). The inflamed adipose gissipelieved to be the prime organ in dissemigatin
systemic low-grade inflammation, which affects age of tissues and organs. Chronic activation ef th
immune system may eventually contribute to the {tmrgn complications of obesity, such as insulin

resistance, T2D, fatty liver disease, and cardiowias disease (Osborn and Olefsky, 2012).

Bariatric surgery, including the Roux-en Y gastigpass (RYGB) procedure, is one of the most effecti
treatments for severe obesity. In addition to weigks, the Roux-en Y gastric bypass (RYGB) procedu
is associated with immediate improvement in glyeeoontrol and insulin secretion (Buchwald et al.,
2009). The exact mechanisms for the immediate and-ferm positive effect of RYGB on glucose
metabolism and obesity related co-morbidities remaiclear. Changes in inflammatory cellular and
molecular mediators have been found following RY(®varbrick et al., 2008; Miller et al., 2011),
suggesting one potential mechanism by which bariatirgery re-establishes insulin sensitivity. RYGB
also enhances circulating levels of certain gastestinally derived hormones, particularly the
postprandial secretion of glucagon-like peptideGLRF-1) Xmadsbad 2014X. GLP-1 is an incretin
hormone secreted in response to nutrients by Is-detlfated in the intestine and among other affects,
GLP-1 increases glucose-dependent insulin secretmmhinhibits glucagon release from the pancreas,

delays gastric emptying and decreases food intdé&ks{, 2007).

Native GLP-1 is rapidly degraded by the enzyme pliplyl peptidase-4 (DPP-4), resulting in a halélif

of only 1-2 min, which limits its therapeutic uskfess (Baggio and Drucker, 2007; Vilsboll and Holst
2004). This has led to the development of DPP-#taas GLP-1 analogues with a longer half-life and
DPP-4 inhibitors which slows down the breakdowrenflogenous secreted GLP-1 by inhibition of the
DPP-4 enzyme. GLP-1 receptor agonists, which aretsirally related to GLP-1, make it possible to
pharmacologically increase the plasma GLP-1 leiwel fo ten-fold (Ahren, 2007; Baggio and Drucker,
2007; Deacon and Ahren, 2011; Madsbad et al., 2088 groups of compounds are approved for
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treatment of type 2 diabetes, and at present the-Gkeceptor agonist liraglutide (Novo Nordisk) has

entered into registration in Europe and in the t\&reatment of obesity.

A growing body of literature reports anti-inflamrogt and other immunological effects of GLP-1 in
animals (Hadjiyanni et al.,, 2008; Dozier et al. 020 Arakawa et al., 2010; Kodera et al., 2011;
Hadjiyanni et al., 2010; Lee et al., 2012; Lee let 2012; Noyan-Ashraf et al., 2013) and in humans
(Hogan et al., 2011; Chaudhuri et al., 2012; Hogaral., 2014; Wu et al., 2011; Marx et al., 2010;
Ishibashi et al., 2011; Hattori et al., 2010; Skiiret al., 2012; Chen et al., 2012; Faurschou et2éi11;

Wu et al., 2011; Pugazhenthi et al., 2010) sugggdtiat GLP-1 acts beyond purely glucoregulatory
mechanisms, thum vitro work has shown that incubation with the GLP-1 agaks, liraglutide or
exendin-4, reduced TNé&-induced oxidative stress and inflammation in ehdtal cells (Shiraki et al.,
2012) and inhibited LPS-induced inflammatory resgmmin cardiomyoblasts (Chen et al., 2012), in
adipose tissue macrophages (Lee et al., 2012; Hegah, 2014), and in human peripheral mononuclear
cells (PBMCs) (Hogan et al., 2014). Data from meramd human studies have demonstrated GLP-1
receptors (GLP-1R) on several lymphocyte subpojiatand have suggested that GLP-1R activation
may regulate proliferation and maintenance of T-selbsets, including regulatory T-cells (Tregs)
(Hadjiyanni et al., 2008; Hadjiyanni et al., 20Hd)d invariant natural killer T-cells (iNKTs) (Hogaat

al., 2011). GLP-1 seems to both increase the firegguand improve the function of these cells in nige
diagnosed diabetic NOD mice (Xue et al., 2008) iarmbese diabetic subjects (Hogan et al., 2011).

Finally, clinical case studies of GLP-1 therapyhndiraglutide or exendin-4 in psoriasis patientvéha
shown animmediate and unexpected reduction in the emergerad size of psoriatic plaques
independent of changes in glucoregulation and weags (Hogan et al., 2011; Faurschou et al., 2011;
Ahern et al., 2013; Buysschaert et al., 2012). iBs@ris a common autoimmune-mediated inflammatory
skin disorder involving cells from the adaptive andate immune system ((Sweeney et al., 2011; Kagen
et al., 2006) and an enhanced production of inflatony cytokines which can be detected locally and i
circulation (Davidovici et al., 2010). In two castidies reported by the O’Shea group, the impronmeme
of clinical symptoms in obese T2D psoriasis pasiemis associated with @iges imumber and function

of iINKTs within 6 and 10 weeks, respectively, atemmencing liraglutide therapy (Hogan et al., 2011
Ahern et al., 2013). Expression of the GLP-1R oKTN and modulation of functionality (Hogan et al.,
2011) suggest a mechanistic link for how GLP-1 miighprove disease activity by specific immune-
regulatory action on this innate immune subpopaohatintriguingly, gastric bypass seems to also awpr
psoriasis symptoms (Higa-Sansone et al., 2004; |lefoss al., 2011; Faurschou et al., 2011) as well a

causing increases in the number of iNKT cells (Ltyetal., 2012).
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The approximately 10-fold increases in postpran@ialP-1 secretion following gastric bypass procedure
may be involved in the beneficial metabolic effetisth directly via the classical glucoregulatory
pathways and indirectly via anti-inflammatory amthiune-regulatory mechanisms. Thus gastric bypass
patients offer an interesting look into the possibffects of increased GLP-1 levels on the immune
system and its links to the observed increasesialiim sensitivity. A further elucidation of the eéar and
molecular mechanisms involved in potential GLP-ldrated anti-inflammatory effects may provide new
aspect on the interplay between metabolism, obesitg inflammation. Ultimately, GLP-1-based
therapeutics may offer an opportunity for not otdygeting glucose metabolism but also the immune

system in the treatment of diabetes and/or othesioprelated diseases.
BACKGROUND

Obesity and type 2 diabetes

Obesity, defined as a body mass index (BMBO0 kg/nf, has for many years been associated with the
lifestyle of the Western societies. However, moeeently, developing countries undergoing rapid
changes in lifestyle with reduced physical activdtyd nutrition transition to a western diet areéasing

the prevalence of obesity to nearly 500 million pleoworldwide. It is well established that obesgy
accompanied with a set of metabolic abnormalitiesnrising the metabolic syndrome, such as
hypertension, dyslipidemia, insulin resistance. Whaccurring together, they confer significantly
elevated risk for developing diseases related ttalbwodic dysfunction, such as cardiovascular disease

(CVD), stroke, fatty liver disease, and diabetedlitus.

Diabetes is a common chronic endocrine disorderacierized by failure to produce or respond tolinsu
and consequently hyperglycemia. Chronic hyperglyaenauses generation of advanced glycation
products that are implicated in secondary compbaoat such as heart disease, eye diseases including
retinopaty and cataract, kidney failure and neutop@Negre-Salvayre et al., 2009). Similar to obgsi
diabetes is a worldwide epidemic affecting apprately 350 million people and WHO projects that
diabetes will be the"7leading cause of death in 2030. Accordingly, diabds a global health care
problem and a serious, chronic, and non-curabkadisthat causes irreversible and detrimentalteffec

a wide range of tissues and organs. Understandingtb prevent and treat diabetes is therefore highl

important.

The two forms of diabetes with the highest incideace Type 1 diabetes mellitus (T1D) and T2D, with
T2D being responsible for over 90% of the diseaswglence (Malecki and Klupa, 2005). T1D is an

autoimmune disease comprising a permanent destnuofiinsulin-producing beta-cells of the pancreas
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triggered by environmental factors in geneticallgdisposed individuals (Atkinson and Eisenbarth,
2001). T1D patients produce little or no insulirRDN results from a decreased sensitivity to insofin
insulin-responsive cells decreasing their abilityrtetabolize glucose. This, in turn also leadstioife of
pancreatic beta-cells to respond to the increademgands for insulin caused by insulin resistance in
tissues. T2D is due primarily to lifestyle fact@sd genetics (Ali, 2013), but as in T1D, T2D alss h
some elements of immune-mediated beta-cell degirucaused by a chronically enhanced production of
inflammatory mediators (Donath et al., 2003; Odedaand Chawla, 2012). The incidence of type 2
diabetes is increasing and is closely associated thie amount of obesity and body composition,
especially abdominal obesity. Type 2 diabetes abdsity is considered as a “twin epidemic”.
Implementation of novel anti-inflammatory therapewipproaches could be relevant in both T1D and
T2D.

Insulin action and signaling

The major role of insulin signaling is to increagacose uptake in fat and muscle and inhibit glecos
production. When insulin binds to the insulin reicepon insulin-responsive cells (i.e. adipocytes,
myocytes, hepatocytes, skeletal muscles and b#8-teinduces a conformational change resulting i
autophosphorylation of the transmembrane subunitBeoinsulin receptor, which is a tyrosine kinase.
Activation of the insulin receptor subsequentlyreases kinase activity against intracellular satbss;
such as the Shc adaptor proteins and the insudapter substrates (Eller et al., 2011). The IRSgins
serve as docking proteins for the phosphatidyliob8i-kinase (PI3K). Simplified, this lead to acttion

of several downstream effector molecules, of whityipical protein kinase C (aPKC) and Akt (otherwise
known as protein kinase B) mediates a humber ofibwdic actions including translocation of GLUT-4
vesicles from the intracellular pool to the plasmambrane to allow uptake of glucose into the cell
(Figure 1). Moreover, Akt activates glycogen syrdisepromoting glucose storage as glycogen. Akt also
leads to mMTOR-mediated activation of protein sysith€Saltiel and Kahn, 2001; Johnson et al., 2012).

18



Insulin

v vy v | Insulin-responsive Adipocyte

£
[
i
.,
.
%
s e ¢ e
M. o e -3 | /
b W - Akt | ¢ Intracellular
~ = \ - ¥ .
A \(" Y, / GLUT4 translocation
#
Insulin-responsive genes ¥ f !J..-'-.___-'

Figure 1. Insulin signaling in the insulin-resporsiadipocyte. Figure adapted from (Johnson e2@l.2).

Obesity-induced inflammation

Over-eating causes a repetitive or chronic metalséite of stress that in turn triggers host inftation

and activates the immune system. The abundanceodfdnd resulting obesity pandemic has therefore
challenged the classical perception of the immustesn as a defense mechanism for host protection
against infection and other acute insults (Nijhetisal., 2009). While acute inflammation is a neaggs
naturally occurring immune response to damage;calileed, protective response following trauma or
infection, chronic inflammation occurs when thelanimatory agent persists for longer periods of time
(Libby, 2007). This chronic activation of the imneuaystem may negatively impact metabolic pathways
contribution to the development of obesity-asseciatomplications representative of the metabolic
syndrome (Hotamisligil, 2006; Osborn and Olefsky1 2).

Inflammation in the adipose tissue

The adipose tissue is no longer perceived merely depot of energy storage, but as an endocriranorg

comprising both adipocytes and non-fat cells, sashendothelial cells, fibroblasts, macrophagest mas
cells, neutrophils and other cells from the stromas$cular fraction (SVF). These cells produce and
release diverse signaling molecules locally ana iatrculation depending on the metabolic status
(Halberg et al., 2008).

The innate immune cells in the SVF express pattecognition receptors (PPRs)—the most well-known

being toll-like receptors (TLRs)—or danger recomgmitreceptors (DRRs) that are activated upon the
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encounter with various exogenous or endogenousghitarignals” i.e. foreign pathogens or cellular
stress-related components. Activation through theseptors induces inflammatory responses, such as
recruitment of more immune cells into the adipdssue, induction of apoptosis and phagocytosis, and

activation of pro-inflammatory signaling pathwayarteway, Jr. and Medzhitov, 2002).

Adipocytes increase their triglyceride storage c#pathrough hypertrophy and/or hyperplasia when
nutrients are in excess. The hypertrophy induce®rak cell-intrinsic and extrinsic stress signaling

pathways which collectively act to promote inflamima and insulin resistance (Veilleux et al., 2011)

The initial triggers of adipose tissue inflammatiane most likely a combination of the classical
inflammatory responses and metabolically-relatestudbances causing dysregulation of the adipose
tissue and deterioration of glucose metabolism (Kaom et al.,, 2014). Some of these triggering

processes are listed in the following and depiateeigure I:

* Hypoxia which causes neovascularization, endoplasmiiculum and oxidative stress with

enhanced production of reactive oxygen species jROS
» Adipocyte cell rupture and death leading to thenfation of crown-like structures

» Activation of intracellular stress- and inflammaticelated kinases and signaling pathways (e.g.
Jun N-terminal kinase JNK, inhibitor of nuclearttaxB kinase (IKK3), and NFkB)

» Enhancement of pro-inflammatory cytokine/chemolgeeretion (e.g. ILfi, TNF-u, IL-6, IL-8,

and leptin) causing recruitment of more immunescell

e Accumulation of pro-inflammatory M1 macrophagesagsically activated) and effector T-
lymphocytes (Teff), such as CDg-cells and CD24 T-cells, and depletion of M2 macrophages

(alternatively activated), Th2 cells and Tregs
» Decrease of anti-inflammatory mediators (e.g. atgetin and IL-1ra) and

» Dysregulation in free fatty acids (FFAs) fluxestwén overflow of FFA acting as ligands for the
TLRs thus activating innate immune pathways furtd@ntributing to the systemic propagation of

inflammation

These various processes trigger and perpetuass sgeponses that eventually promote obesity-irtluce

chronic inflammation and impairment of insulin acti
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Figure Il. Inflammatory responses in the obeseestaused by chronic nutrients in excess. Ther@ra@uction of

pro-inflammatory mediators, up-regulation of inflan@tory gene expression, recruitment of additionakbcytes,

cellular stress, all of which reinforce the inflamtory environment leading to impairment of insugignaling and

action in the adipose tissue. Abbreviations notlarpd in the text: IRF=interferon regulatory fagto
MR=mineralcorticoid receptor, Ccl2,5,8=the chemesMCP-1/2 and RANTES. Figure adapted flodegaard &

Chawla, Science 2013 (Odegaard and Chawla, 2013).

The systemic inflammatory state

The altered secretory profile of the adipose tistaveards production of pro-inflammatory cytokines
likely contributes to the low-level systemic inflamation characteristic of obesity and T2D and other
metabolic syndrome-associated pathologies. Positiegrelations between BMI and systemic
inflammatory mediators, such as IL-6, C-reactivet@in (CRP), and PAI-1 support that many of the
circulating inflammatory mediators could originadeectly from the adipose tissue (Weisberg et al.,
2003; Xu et al., 2003; Hauner, 2005; Lee and L8&4» It may therefore be speculated that the agipo
tissue is a prime organ for augmenting and susigisystemic inflammation with immune cells from the
SVF and adipose-derived secretory factors as irmpodrivers in the cross-talk between adipose dissu
inflammation and other metabolic important tissiresuding the liver, skeletal muscle, pancreasijrbra
and the vascular wall (Trayhurn et al., 2011). Egample, IL-6 secreted in the skeletal muscle may
stimulate lipolysis in adipose tissue (Pedersen f@obraio, 2008) and improve insulin secretion by
stimulating pancreatia-cells to secrete GLP-1 (Ellingsgaard et al., 20%#4)ile adipocyte-derived IL-6
may induce muscle insulin resistance (Kim et a0Q4). Moreover, IL-6 induces hepatic acute-phase
reactants such as CRP, serum amyloid A (SAA) aptblgéobin (Heinrich et al., 1990) also implicated i
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deterioration of insulin signaling and developmehinsulin resistance (Scheja et al., 2008; Festl.e
2002).

Besides the impact of the obesity-induced change=liular and molecular inflammatory mediators on
deterioration of whole-body homeostasis, the notriexcess may have direct systemic consequences.
When the storage capacity of the adipose tissuexi®eded, the spillover of secretory factors into
circulation has important detrimental effects omgnargans, ultimately promoting accumulation ofdip
metabolites in liver (leading to nonalcoholic fdityer disease (NAFLD)) and skeletal muscles, impgi
insulin signaling in these tissues causing hegagatral) and whole-body (peripheral) insulin remise
(Guilherme et al., 2008).

Inflammation and insulin resistance

At the cellular level, the molecular mechanismhe tlevelopment of insulin resistance is impairnmnt
disruption of the insulin signaling cascade in litstesponsive cells, such as myocytes, hepato@rds
adipocytes (Shulman, 2000a; Lee and Lee, 2014)t Btoslies have focused on the intracellular IRS
proteins. The before mentioned obesity-inducedvatitin of cell-intrinsic and extrinsic stress-siting
pathways interferes directly or indirectly with utim signaling through serine phosphorylation
(inactivation) of the IRS-1/2 proteins, leading dbrogation of the association between IRS and the
insulin receptor. Stress-related kinases, such Nis and IKKB, which are affected by several
mechanisms, are essential mediators in this processldition to augmentation of the inflammatory
response within the metabolic tissue through tlaetivation of genes involved in inflammation and
insulin resistance (Figure Ill). Activation of iaflnmatory pathways and the successive disruption of
insulin action have been observed in various insidsponsive tissues. In pancreatic beta-cellssénee
and also other cytokine-activated pathways caudkilare stress and ultimately contribute to the

development of diabetes by causing beta-cell aggp{®onath, 2013).
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responses to insulin resistance. Abbreviations engitlained in the text: APl=activator protein 1. Ui from
Odegaard & Chawla, Science 2013 (Odegaard and I@had43).

Emerging evidence suggests that obesity-inducddnmmhation, primarily originating in the adipose
tissue, is an important player or even key causmsflin resistance (Osborn and Olefsky, 2012).The
infiltrating macrophages become pro-inflammatory Macrophages (classically activated) and effector
T-lymphocytes, such as CD8T-cells and CD# T-cells accumulates in the adipose tissue, while
macrophages of the M2 phenotype (alternativelyatgd), Th2 cells and Tregs are depleted.

Several pro-inflammatory mediators which are enbdria obesity have been shown to directly impair
insulin action and strong correlations betweendbgree of infiltrating adipose tissue macrophagesl (
other pro-inflammatory immune cells from the SVFElansulin resistance has been reported (Koppaka et
al., 2013).

The first evidence of this link was establishedhifte finding that increased levels of TNRvas found

in the adipose tissue and circulation of rodentsfaimans and pharmacological neutralization of TNF-
improved insulin-stimulated glucose uptake in obede (Hotamisligil et al., 1993; Hotamisligil ef,a
1995).The recent TINSAL-T2D study using salsalat@ro-drug of salicylate, also known as aspiris), a
a broad-specificity anti-inflammatory strategy sémget inflammation in T2D patients, reduced cirtata
leukocytes and lymphocytes and increased adipengctddition to an improvement of glycemic control
(Goldfine et al., 2013; Goldfine et al., 2010). ridal trial studying the effect of blocking ILB1by
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anakinra (recombinant human IL-1 receptor antadgpnis beta-cell function was recently carried aut i
subjects with impaired glucose tolerance. Treatrfmmd weeks improved insulin secretion compared to
placebo. These result supported the concept okinigdnflammatory mediators as part of improving

insulin secretion (van Poppel et al., 2014).

Considering the evidence of inflammation as an ingd common factor in the pathogenesis of obesity-
induced comorbidities, could suggest that targetifigmmation may be a viable therapeutic stratiegy

treatment of these disorders.

Inflammatory markers in obesity and type 2 diabetes

Important mediators in both the innate and adapthraune response are cytokines, of which a balanced
expression of pro- and anti-inflammatory signaliisgessential to sustain whole body homeostasis.
Cytokines are not only produced by immune cellshsas dendritic cells (DCs), macrophages, and
lymphocytes, but also non-immune cells such aslfilasts, adipocytes, endothelial and epithelidscel
They can signal in an autocrine, paracrine or erndeenanner on multiple cell types through inte@act

with specific receptors.

During infection or inflammation in the tissuese tboordinated migration, activation and recruitmaint
immune cells, such as macrophages, T-cells and &8{$ results in a sequential production of cytekin
that facilitate the proliferation, differentiatiomnd activation of other immune cells. Each subtgpe
immune cells can be defined by its cytokine profil@ive CD4 T-cells, also known as T helper cells,
can be subdivided into: Type 1 T helper (Thl) paidg IFN<y, Type 2 T helper (Th2) producing IL-4,
(and IL-5 and IL-13), and regulatory T cells (Trggand Type 17 T helper cells (Th17) producing .-1
(and TGFB), and IL-17 (and IL-21 and IL-22), respectivelyh(Zet al., 2010) (Figure 1V).
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Figure 1V: Differentiation of naive CD4T cells. Upon activation by APCs, naive CDB-cells differentiate into

different subpopulations, such as Thl, Th2, Thi® &reg cells influenced by the local inflammatanjlieu
(Maniati et al., 2010).

Cytokines interact in a complex network to exeditteffects. They have pleiotropic, overlappingg/an
counter regulatory actions, facilitating enhancenhmwrsuppression of other cytokines and immunescell
T-cells for example secrete cytokines important tfair own differentiation, but IL-12 released from
macrophages also contributes in this process. Cselye IFNy - a major Thl and macrophage-
activating cytokine, and IL-4, a classical Th2 é&yte, can polarize macrophages into M1 and M2
phenotypes, respectively (Lumeng et al., 2007)g3uppress Th1l responses and macrophage activation
by secreting IL-10 and TGE- Upon stimulation, macrophages release a largey at cytokines, the
most prototypical being IL-1, IL-6, and TN&#n addition to chemokines, such as MCP-1 and th&

contribute to the recruitment of other immune cells

In the following section, the most important adipakerived cytokines in the context of this thesid the
corresponding manuscripts will be described witfo@us on the role they play in relation to obesity-

induced inflammation and their systemic effectsy@tabolism.

IL-1B, TNF-a, and IL-6

IL-18 is considered a classical pro-inflammatory cytekitaying a fundamental role in the inflammatory
cascade and with well-documented detrimental effemt beta-cell function (Maedler et al., 2002;
Dinarello, 2009). The contribution of ILB1to obesity-induced inflammation and peripheralulims

resistance has only recently gained interest (Bahinetzler and Donath, 2013). Obesity does notaappe

to influence circulating IL-f levels compared to lean controls, however islafastor when elevated in
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conjunction with enhanced circulating IL-6 (Sprangeal., 2003). Studies in adipocyte cell lineggast
that IL-18 inhibits insulin action by reducing tyrosine phbepylation of IRS1 and inhibition of
translocation of GLUT-4 to the plasma membraneddag al., 2007). The most direct clinical evidence
for the involvement of IL-f in insulin resistance has been obtained by blackie IL-13 receptor with
IL-1 receptor antagonist (IL-1ra), which has beepli#d as therapeutic in T2D preclinical and clahic
trials with subsequent improvement of insulin sgore glycaemia, and systemic inflammation (van
Poppel et al., 2014; Larsen et al., 2007a; Larsah,e2007b).

TNF-u is a prototypical inflammatory cytokine with impanrt functions in activation and controlling the
adaptive immune system. The role of THMH promoting insulin resistance has been suggdstedcur
through serine phosphorylation of IRS1 (Hotamisligi al., 1996). Experiments in obese mice with a
targeted null mutation in the gene encoding TdNEnd the two receptors for TNF-have shown
promising results on insulin resistance (Uysal bt #997), while studies in humans have been
disappointing (Ofei et al., 1996). Circulating TNFare increased in obese and/or obese diabeticcssibje
(Zahorska-Markiewicz et al., 2000; Spranger et2103) (Popko et al., 2010), although studies lzse

shown no difference from lean controls (Carey t24104).

IL-6 is generally described as a pleiotropic cytokingutating innate immunity and the acute-phase
response. IL-6 is produced mainly by immune cells inder conditions of obesity the source of IL-6

comprises adipocytes and the recruited immune celleke SVF, predominantly macrophages (Fried et
al., 1998; Weisberg et al., 2003). In addition,6llis produced by skeletal muscles during exercise
(Steensberg et al., 2000).

IL-6 functions in a tissue-specific and physiolaicontext-dependent manner, and may play both a
harmful and a protective role in the developmeninstilin resistance (Kim et al., 2004; Pedersen and
Febbraio, 2007; Mauer et al., 2014). The obsermatiaf increased circulating IL-6 in patients wiliet
metabolic syndrome (Weiss et al., 2004; Bastaal.e2000)and murine clamp experiments showing that
infusion of IL-6 results in reduced insulin-stimide glucose uptake into skeletal muscles (Kim et al
2004) and spontaneous insulin resistance (Honb,&1099) has led to the prevailing dogma of ILs6aa
pro-inflammatory cytokine linked to the developmentinsulin resistance and T2D. On the other hand,
clamp experiments in healthy humans have shown ittiasion of IL-6 increased insulin-stimulated
glucose disposal and uptake, possibly by increasindT4 translocation to the plasma membrane (Carey
et al., 2006; Carey et al., 2004). A recent stuelyorted that IL-6-signaling in murine myeloid cells
augmented the responsiveness of macrophages toaaid? state induced by IL-4 (Mauer et al., 2014).

Finally, Ellingsgaarcet al recently demonstrated that enhancing circulaling, either through high fat
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diet (HFD) or exercise increased production andegien of GLP-1 leading to improved beta cell insul

secretion and glucose tolerance (Ellingsgaard €261.1).

IL-8 is a chemokine secreted by immune cells, but i pteduced and released from human adipocytes
(Bruun et al., 2001). IL-8 plays a role in a numbérinflammatory processes, such as atherosclerotic
processes (Moreau et al., 1999; Boekholdt et @04 Circulating levels of IL-8 are enhanced iresiby
(Bruun et al., 2003; Tateya et al., 2010), in Tl &2D patients compared to lean healthy subjects
(Zozulinska et al., 1999) and to obese subjectls matrmal glucose tolerance (Straczkowski et al0320
Hardy et al., 2011)ln vitro experiments have shown that IL-8 impairs adipodgiailin signaling by
inhibiting phosphorylation of the Akt kinase (Kobast al., 2009).

IL-10 and TGF-p

IL-10is a classical anti-inflammatory and immune-modaiatytokine that can be produced by different

cell types in humans, including monocytes, macrgpbaand lymphocytes, especially Tregs (Moore et
al., 1993). Enhanced circulating concentrationsllef0 have been found in obese human subjects
(Esposito et al., 2003) and in the adipose tisSugg-Aubry et al., 2005) compared to lean subjects.
However, reduced levels of IL-10 in patients withtabolic syndrome has also been found (Straczkowski
et al., 2005). Overexpression of IL-10 in diet-indd obese (DIO) mice induced an increase in M2

macrophages in the adipose tissue (Fujisaka 2C419).

TGF-+$ is a pleiotropic immunoregulatory cytokine invalven maintaining immune homeostasis under
steady-state conditions and with responses depgndin the cellular and environmental context
characterized by the presence of various immurie aetl cytokines (Li et al., 2006). In the preseote
IL-6, TGFf3 promotes an immune response by inducing diffeaéioti of pro-inflammatory Th17 cells
(Bertola et al., 2012), while the ability to supgsean immune responses occurs by a Pahediated
generation of Tregs (Wan and Flavell, 2007a; Wad Blavell, 2007b). The roles of TGFin the
pathogenesis of T2D are conflicting. Circulating H{& has been found to correlate with increased
adiposity and increased risk of developing T2D ¢éeret al., 2009; Yadav et al., 2011; Alessi et al.
2000). In contrasfTGFBlexpression in skeletal muscles of obese T2D stshfeave shown to correlate
inversely with HbAlc and fasting plasma glucosel tirerefore suggest that TGHs linked to improved

glucose metabolism (Fink et al., 2013).

Adiponectin and leptin

Adiponectinwas originally identified as a protein exclusivelgcreted by the adipocyte (Scherer et al.,

1995), i.e. a prototypic adipokine. Newer studiagehestablished that also non-fat cells can sethete
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protein (Fain, 2006). Systemic adiponectin conegiuns are high in lean individuals (Fain, 2006)t b
during obesity, adiponectin concentrations are ebsed (Turer et al., 2011).Beneficial properties of
adiponectin have been linked to different condgioof the metabolic syndrome including insulin
resistance, T2D, and CVD (Weyer et al., 2001; $tefh al., 2002; Lim et al., 2014). Circulating
adiponectins are among the most potent predictomsalin sensitivity in obese individuals (Li et,a
2009; Kloting et al., 2010).

Adiponectin regulates lipid and glucose metabolisnd holds insulin-sensitizing, anti-apoptotic, and
anti-inflammatory properties (Turer and Schererl20 In the context of an inflammation-induced
impairment of insulin sensitivity, adiponectin hasbown beneficial effects by promoting a shift of
adipose-resident macrophages into the M2 phenaypereduce the production of IL-6, TN#-and
ROS from adipocytes and immune cells in the SVFagh et al., 2010; Wolf et al., 2004; Dietze-
Schroeder et al., 2005), increase FFA oxidatiorupyregulating AMPK, and inhibit INK and N&
activation (Wolf et al., 2004; Ohashi et al., 20E8|co et al., 2009; Kumada et al., 2004).

Leptinis secreted by adipocytes with a primary physiaabrole as appetite regulator acting upon the
hypothalamus to restrain food intake and increasergy expenditure (Pelleymounter et al., 1995).
Circulation leptin concentrations are positivelyrretated to fat mass, but enhanced levels in obese
subjects are not suppressive of food intake pasdilé to leptin resistance (Jung and Kim, 201 3ptine
deficiency is associated with increased obesity iasdlin resistance and exogenous administration of

leptin into leptin-deficient mice restores metabalysfunction and induces weight loss.

The actions of leptin are primarily related to theetabolism; however, studies have indicated an
immunological role of leptin in the Thl immune reape by stimulating the production of pro-
inflammatory cytokines, such as IL-6, and suppressinti-inflammatory cytokines, such as IL-4 inteta

of immune dysfunction (Bullo et al., 2003; Brennamd Mantzoros, 2006). Studies in adipose tissue-
infiltrating Tregs have suggested a direct effddeptin on suppressing proliferation of Tregs (Btase

et al., 2001; De, V et al., 2007), although congrgy on this matter exist (Feuerer et al., 2009).

Immune cells in obesity and type 2 diabetes

Cells of the immune system are classically divided the innate (e.g. macrophages, neutrophilst mas
cells, NK cells) and the adaptive (B- and T-lympjtes) arm of the immune system. Innate immune

responses are characterized by a rapid sensingaation of immune cell functions following acttion
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of their PRRs, while the adaptive immune responsgelves a tightly regulated response to self- amakn

self-antigens and development of immunological mgnidaneway, Jr. and Medzhitov, 2002).

For many years, macrophages have gained attensommportant key players in adipose tissue
inflammation and insulin resistance (Weisberg et2403; Lee, 2013). In recent years attentiondiss
involved T-cells, as these can modify macrophadeaton, and there is therefore currently a grayin
interest in the role of T-cell in obesity-relatedipose tissue inflammation and insulin resistance
(Kintscher et al., 2008; Nishimura et al., 2009n¢éfiet al., 2009; Zeyda et al., 2011).

Regulatory T-cells

Natural CD4 Tregs develop in the thymus and play a crucia ol maintaining peripheral tolerance,

inhibiting autoimmunity, and restraining chronicflammatory diseases (Sakaguchi et al., 2008).
Circulating Tregs represent 1 — 10% of thymic aadgheral CD24 T-cells. The most important subsets

of Tregs are the naturally occurring thymus-derived4 CD25Foxp3 Tregs, referred to as nTregs
(Sakaguchi et al., 1995) and the induced Tregs (klwwn as adaptive Tregs) that develop in the
periphery from conventional T-cells in the preseot@GFf (Sakaguchi et al., 1995; Curotto de Lafaille
and Lafaille, 2009).

Tregs functional characteristics are their abiidysuppress activation marker expression, proli@maas
well as pro-inflammatory responses in a wide vgrigt immune cells from both the innate and the
adaptive immune system. They require specific T-ceteptor (TCR)-mediated activation and the
presence of IL-2 to elicit specific suppressiveivdtgt on their target cells (de la Rosa et al., 200
Fontenot et al., 2005)). T-effector cell (Teff) pogssion by Tregs can occur directly, i.e. in theeace

of antigen presenting cells (APCs), involving a timation of cell-cell contact-dependent mechanisms
(e.g. CD40-CD40L) and production of immune-regulatoytokines such as IL-10 (and T@GFand IL-

35) (von Boehmer H., 2005; Sakaguchi et al., 20QBigure V). In addition to a direct effect on Teff
cells, Tregs modulates the function of APCs inlmigitthe differentiation of naive T-cells into Tedlls
(Tadokoro et al., 2006).
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Figure V. Tregs are dependent on Teff-derived Ife?2 mediating suppressive function. Tregs produce t
immunosuppressive cytokine I1L-10 and mediates sggion of Teff cells and downregulation of pro-amfimatory

cytokines and Teff proliferation. Figure from Kotaet al. (Kornete et al., 2013).

While Tregs have been intensively investigated wihpect to autoimmunity and tolerance in T1D
(Kornete et al., 2013), the role of Tregs in diedticed obesity (DIO) and in obesity-induced insulin
resistance have only recently been reported (Wehexd., 2009; llan et al., 2010; Feuerer et alQ20
Deiuliis et al., 2011; Eller et al., 2011). Datarfr experimental studies in DIO mice and obese hsroan
the potential role of Tregs in adipose tissue mfigation and insulin resistance are conflicting. M/hi
some studies report reduction of Tregs residingdipose tissue (Feuerer et al., 2009; Deiuliislet a
2011), other studies have reported enhanced piopsf Tregs in the adipose tissue (Zeyda ef@ll]l;
Winer et al., 2009). Differences in the appliedlgtigal methods for detection and enumeration afger
might be a possible explanation for the inconsigten Indeed, adoptive transfer of Tregs in an ahim
model has been shown to improve insulin resistamckinhibit the abundance of cytotoxic CDBcells

in the obese adipose tissue (Eller et al., 201ap &nd co-workers reported that injectiag vivo
expanded Tregs intob/ob mice protected against weight gain and alleviatedatolic abnormalities
(llan et al., 2010).

Studies on whether and how human obesity affectsilating Treg cells are limited. Reduced numbers
and impaired function of circulating Tregs haverbebserved in patients with acute coronary syndrome
(de Boer et al.,, 2007), and cutaneous immune-mexdligakin diseases, such as psoriasis and atopic
dermatitis, are also associated with down-regulatd circulating Treg cells (Quaglino et al., 2013;
Kagen et al., 2006). Recent studies in obese gstjawve reported decreased number of circulatiegsr
compared to lean controls, with a negative con@tato markers of adiposity (body weight, BMI and

leptin), systemic inflammation, and glucose intateze (Yun et al., 2010; Wagner et al., 2013).

30



Invariant Natural Killer T-cells

Natural Killer T-cells (NKTs) are a subset of T-lghocytes that, as the name imply, co-express n&arker
for both NK and T-cell lineages. Like conventiongicells, NKTs express a TCR that, unlike
conventional T-cells, reacts with a limited repeeaf lipid or glycolipid antigens presented innoext
with the MHC-class I-like glycoprotein CD1d. CD1sl éxpressed on APCs including macrophages, B-
cells and non-hematopoietic cells such as hepascghd adipocytes (Porcelli, 1995). There are two
different subsets of NKTs; NKT type | and NKT type of which the type | NKT cells, also known as
iINKTs is the most widely studied of the two typdisis characterized by an invariant T&€Rhain
consisting of 1418 gene segments in mice and24.:18 in humans (Bendelac et al., 2007).

A major function of activated iNKTs is to exert immmoregulatory control by transactivating other
immune cells, such as macrophages and DCs. iNK& acivated either by the synthetic marine sponge-
derived glycolipid, a-galactosylceramideafGalCer) (Kawano et al.,, 1997) or with endogenous o
bacterial derived lipid ligands (Facciotti et &012). Upon activation, the iNKTs respond rapidly b
secreting various cytokines. These include IL-24]UL-5, IL-6, IL-10, IL-13, IL-17, IL-21, TNFe,
IFN-J, and granulocyte monocyte-colony stimulating fac{GM-CSF), and chemokines such as
RANTES and MIP-& that regulate immune responses (Coquet et al8)2dhe activation of iINKTs
involves two pathways: i) directly through engagetnaf the TCR with glycolipid binding to the CD1d
complex (Figure Vla),or ii) indirectly by exposur@ various cytokines, such as IL-2 and IL-18 orl2-
and interferons, through activated APCs and thestitotive expression of cytokine receptors by the
INKT (Figure VIb) (Van et al., 2011). Depending ¢ime strength of the TCR signal or the mode of
activation (directly or indirectly), the responsayrbe more or less Thl (e.g. IklNer Th2 (e.g. IL-4 and
IL-13) influenced. Differences in cytokine prodwstican also be ascribed to the distinct CDACD4
iINKT subtypes, with CD4iNKTs inducing Thl cytokine secretion, while th®4€ subtype results in a
mixture of Thl and Th2 cytokines (Watarai et all12; Brennan et al., 2013). Lastly, there seenizeto

organ- or tissue-dependent variations in the resgoof INKT activation (Ji et al., 2012a).
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Figure Vla-b. Direct and indirect iNKT cell activan. Figure from Varet al, 2011 (Van et al., 2011).

After INKT maturation in the thymus, a substantiimber of cells remain in the thymus, while the
remaining iINKTs migrate to peripheral tissues, ame represented in blood, spleen, liver, and bone
marrow and as recently discovered in adipose tiflsyrech et al., 2012). Evaluation of iINKTs in human
blood is complicated because of: i) their low fregey ranging from 0.01 — 1% and the largest indiaid
genetic based differences in frequency among thigheral T-lymphocytes (Bendelac et al., 2007) and
i) the lack of standardized reagents specificiliKT identification (Godfrey et al., 2010). The adse
tissue of lean rodents and humans contains largers of iINKTs, while the numbers are reduced in
obese adipose tissue (Schipper et al., 2012; Lytchl., 2012; Lynch et al., 2009; Ji et al., 2012b)
Similar observations have been made of circulaifMigTs in obese patients compared to lean, healthy
individuals, and interestingly their numbers ina@dollowing weight loss interventions either thgbu

surgery or diet (Lynch et al., 2012).

Modulation of INKT number and function in mice, et bya-GalCer injections or adoptive transfer of
INKTs, induced an increase in iINKT-mediated seoretof IL-4 and IL-10 and decrease in IFN-
coupled with a polarization of M1 macrophages iatdgi-inflammatory M2 macrophages. In addition,
weight loss, normalization of glucose homeostaangl an increase in insulin sensitivity was observed
(Hams et al., 2013; Ji et al., 2012a; Ji et al,22) Lynch et al., 2012).

The role of iINKTs in obesity-induced inflammatiomdainsulin resistance in humans is, however,

controversial. While some studies suggest a baakfiole of INKTs in metabolic diseases (Ji et al.,
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2012a; Ji et al., 2012b; Lynch et al., 2012; Schipgt al., 2012; Wu and Van, 2013; Wu et al., 2012;
Hams et al., 2013), others have not found INKTsbéo protective of obesity-induced inflammation
(Mantell et al., 2011; Wu et al., 2012). Some afsth disconcordant observations could, howeverube d
to different analyses using tetramers or strictiyti-aCR and anti-CD56 or analyzing different

subpopulations

Reduced numbers and impaired function of circuptiNKTs have been found in other immune-
mediated and auto-immune diseases (van der Vliat.eR001), such as rheumatoid arthritis and T1D
(Hammond and Kronenberg, 2003; Novak and Lehuefhl2Gnd recently in obese diabetic psoriasis
patients (Ahern et al., 2013; Hogan et al., 2011).

Roux-en-Y gastric bypass

Weight loss surgery (bariatric surgery), which utds a range of procedures that alter food transit
through the gastrointestinal (Gl) tract, has protebe a much more effective treatment for obetbign
non-surgical interventions. The procedure is recemsied for patients with severe obesity (BMHKO
kg/n? or in patients with co-morbidities BMI >= 35 kg/ingSjostrom, 2013). Roux-en-Y gastric bypass
(RYGB) (FigureVIl) is the most common bariatric ogtion and accounts for > 95% of the operations in
Denmark, followed by vertical sleeve gastrectomgstgc banding, and the less common biliopancreatic
diversion (Buchwald and Oien, 2013).

RYGBP

Small gastric pouch
; - Majority of stomach .
Jejunum 4 bypassed Figure VII. In the RYGB procedure, a

| : small gastric pouch is created and
——— Rouxlimb
- anastomosed with the mid-jejunum.

Duodenum —— ooy - ) As a result, nutrients bypass the major
bypassed d
( part of the stomach, the duodenum and
— Proximal jejunum the upper part of the jejunum and enter
bypassed

y - . the distal small intestine much faster.
—— Jejunojejunal anastomosis
; Figure adapted from (Manning and

Common channel Batterham, 2014).
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Effects of Roux-en Y gastric bypass on metabolism

Walter Pories announced in 1995 that bariatric enyrgvas a potential “cure” to diabetes (Porieslet a
1995). Since then, several studies have shown sjailt- and long-term beneficial metabolic effedts o

RYGB in obese diabetic and non-diabetic humansidich:

» sustained weight loss for at least 15 years in npadients (20-30% of total body weight)
(Sjostrom et al., 2012)

* an early (2-6 days) weight-independent improvenaérglycemic control and insulin sensitivity
(le Roux et al., 2007) (Wickremesekera et al., 2005

* a reduction in obesity-related co-morbidities sashhypertension and cardiovascular diseases
(Adams et al., 2007; Sjostrom et al., 2012) andssion of T2D (Adams et al., 2012)

The exact mechanisms for the immediate and long-tpositive effect of RYGB on metabolic
homeostasis remain unclear. The anatomical changd® gastrointestinal system after RYGB allow
nutrients to bypass the proximal part of the simédistine and reach the distal small intestine nfaster,
where high density of gut hormone-secreting entatoerine L-cells, source of GLP-1, oxyntomodulin,
and peptide YY (PYY), are located. The altered ditanf nutrients through the gastrointestinal tract
causes secretory changes in these hormones. Thssevations have led to the hindgut (or lower gut)
hypothesis (Pories et al., 1995) to explain therowpment of glucose tolerance and insulin resigtanc
after RYGB. Fasting levels of GLP-1 remain unchahdellowing RYGB, but postprandial GLP-1
secretion increases several fold (Umeda et al1;204dlken et al., 2011; Jorgensen et al., 2012pdy as

2 days after surgery (le Roux et al., 2007). Th@gP-1 appears to be the key hormone in the
ameliorating effect of RYGB on type 2 diabetes. Thprovement in type 2 diabetes within the firsysla
after surgery before any weight loss has lead ¢éohypothesis that perioperative caloric restricti®n
responsible, primarily by increasing insulin sewgy in the liver, maybe by a reduction in liveatf
content (Madsbad et al., 2014).

There is considerable interest in the physiologicechanisms by which RYGB resolves the co-
morbidities of obesity, including diabetes. Clardiion of these mechanisms may lead to the devedopm

of new drugs for the treatment of T2D and otherstigeelated morbidities.

Effects of Roux-en Y gastric bypass on inflammatorynediators

A growing interest in a relationship between olyesitiuced chronic inflammation and metabolic co-

morbidities including insulin resistance, has preedpstudies on immunological changes after batiatri
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surgery. Indeed, changes in adipose-derived cyskand immune cell populations could represent an
alternative explanation to the post-operative inaproent of glycemic control. Weight reduction reisigjt
from bariatric surgery or nutritional interventiasignificantly improves the systemic and adipossutis
inflammatory states associated with obesity (Fowesyet al., 2008).The majority of obesity-related
cytokines and their variations in relation to weighduction are, however, far from established and
additional studies are needed to determine whetbduced adipose-tissue inflammation following

bariatric surgery is responsible for reduced syst@nflammation and improved insulin sensitivity.

Research to date has focused on common circulptimgnflammatory cytokines, such as CRP, IL-6 and

leptin, while changes in anti-inflammatory cytokirgre more scarcely reported (Table 1)

Adipose-derived Pro (P) /anti (A)- <6 months =1 year

cytokines Inflammatory

IL-6 P [, !
TNF-a. P — i Lo
CRP P ! !
MCP-1 P o 1o

IL-8 P No data -
Leptin P ! 0
Adiponectin A -1 1

IL-1ra A -1 !

IL-10 A = No data

Table I. Changes in circulating adipose-derivedanti-inflammatory mediators up to 6 months andearyor more
after RYGB. More than one arrow means that datecandlicting; - = no change, = decreased; = increased.
(Vendrell et al., 2004; Swarbrick et al., 2006; lahal., 2007; Swarbrick et al., 2008; Trakhtenbatial., 2009;
Miller et al., 2011; Brethauer et al., 2011; Dalneasl., 2011; Alvehus et al., 2012; lllan-Gomealet2012; Viana
et al., 2013).

The majority of inflammatory cytokines are decrehsee year or more following RYGB (Table 1). In
contrast, adiponectin is so far the only anti-imftaatory cytokine that has been reported to be asee
after surgery, despite inconsistency in when tloeeimse in adiponectin concentrations following RYGB

is observed. Some studies have found increasediporgectin appearing between one and three months
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after surgery (Lin et al., 2007; Brethauer et20.11), while others report lack of increase untib tyears
after RYGB (Trakhtenbroit et al., 2009), which ngyggest that either a certain amount of weight, lass
period of weight stabilization or improvement oétmetabolic instability is required before changes
plasma adiponectin are manifested. Neverthelesgases in adiponectin often reflects surgery-iaduc
weight loss (Faraj et al., 2003; Butner et al.,®04nd improvement of insulin resistance (Faraglet
2003; Swarbrick et al., 2006; Lin et al., 2007;Beier et al., 2011). Data on the other anti-inffeatory
cytokines, such as IL-10 and IL-1ra following RY@GiBe few and inconclusive to date (Brethauer et al.,
2011; Donath et al., 2013).

Leptin is a frequently measured adipokine in bedaurgery follow-up studies , and the reduction i
concentrations has been found as early as 1-2 vedtehsRYGB (Rubino et al., 2004; Korner et al.020
Isbell et al., 2010; Falken et al., 2011; Jorgenseml., 2012). Long-term RYGB studies show that
changes in leptin correlate with the degree of ielgss after surgery implicating that leptin issiable
marker of fat mass (Korner et al.,, 2009), howevtke, early changes in leptin before weight loss is
obtained, suggest that other surgery-related factoraddition to loss of fat mass, as for example
reduction in energy expenditure and activation efiroendocrine responses, are involved in regulating
leptin (Ahima et al., 1996; Landt et al., 2001).

The effects of bariatric surgery on IL-6 concerntras are conflicting, with some studies reporting
decrease in IL-6 within six months after surgergi@drell et al., 2004), while others have not be#a to
detect any changes (Brethauer et al., 2011; Laghal., 2002; Vazquez et al., 2005; Miller et 2011).
Reductions in IL-6 concentrations is more consistere year after RYGB (Swarbrick et al., 2008; \dan
et al., 2013) or other types of bariatric surgemycedures (Kopp et al., 2003; Illan-Gomez et @12
Kopp et al., 2005) reporting one-year follow-upsia@ges in IL-6 have been found to correlate with
improvements in BMI (Swarbrick et al., 2008), fagtiplasma insulin, and HOMA (lllan-Gomez et al.,
2012).

The incretin glucagon-like peptide-1 (GLP-1)

Incretins are gut-derived hormones with the prinfanction of promoting postprandial insulin seaveti

of which GLP-1is a prototypical example. This peptidesigithesized in response to incoming nutrients
and secreted by enteroendocrine L-cells, preserthenileum and colon (Eissele et al., 1992). The
expression and release causes i) insulin release lheta-cells in the pancreas, ii) reduction oftrgas
emptying and induction of satiety, and iii) inhibit of glucagon release from thecells in the pancreas
(Asmar and Holst, 2010). GLP-1 and gastric inhilyitpolypeptide (GIP), another incretin hormone, are

responsible for the incretin effect, i.e. a greakegree of insulin secretion in response to orah tto an
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isoglycaemic intravenous glucose infusion. In patievith T2D, the incretin effect is reduced oisome
cases absent (Nauck et al., 1986). Administerireymhcological levels of GLP-1 or a GLP-1 receptor
agonist in this patient group have shown to restioeeinsulin secretory function (Vilsboll et alQ@7),
and this peptide hormone is an attractive and egpliherapeutic approach in managing T2D.

Furthermore, treatment with a GLP-1 receptor aganikices a weight loss of about 2-4 kg.

Secretion and regulation of GLP-1

GLP-1 is produced via posttranslational processihgroglucagon in the L-cells. Recent studies have
revealed that other gut endocrine cell types atbegength of the intestinal tract, such as K-cafid I-
cells, co-express GLP-1 and other peptide hormosiesh as GIP, PYY, and cholecystokinin (CCK)
(Habib et al., 2012). The proglucagon precurs@ise present im-cells, and is processed to glucagons,
but these cells are also capable of producing andesng bioactive GLP-1 (Nie et al., 2000; Thyseén
al., 2006). Ellingsgaard and co-workers recentlyoreed increased GLP-1 production in rodent and
human a-cells mediated by elevated IL-6 concentrationshegitvia exercise or exogenous IL-6

administration (Ellingsgaard et al., 2011).

Ingestion of glucose, short-chain fatty acids, amino acids stimulate vesicular GLP-1 release ftioen
L-cells into circulation by direct receptor intetians (Diakogiannaki et al., 2012). The majority of
secreted bioactive GLP-1 (7-36) is degraded bylxR®-4 enzyme cleaving alanine in position 2 in the
N-terminal of bioactive GLP-1 to give inactive GURP9-36amide)(Figure VIII) (Nauck et al., 2003;
Drucker and Nauck, 2006). Only about 10-15 % efshcreted GLP-1 reaches the peripheral vessels in

the active form.

Site of protealytic inactivation (DDP-|V)

Figure VIII. Amino acid sequence and other strumturharacteristics of GLP-1. Red arrow show the si
proteolytic cleavage by DPP-4(1V). Figure adaptedr (Nauck et al., 2003).
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Due to DPP-4 cleavage, the plasma half-life ofdht@LP-1 is only 1-2 minutes (Deacon et al., 1995)
limiting the use of native GLP-1 in the clinic, aag earlier mentioned pharmacological inhibition of
DPP-4, to increase levels of bioactive endogenaduB-G or administration of DPP-4 resistant GLP-1R

agonists with prolonged half-life are successfalplied in the treatment of T2D.

Actions of GLP-1 receptor agonists

Pharmacological levels of GLP-1 have a diverseyaofabiological actions mediated either via direct
target cell receptor interaction or via activatmficentral GLP-1Rs. Th&LP-1R is a G-protein-coupled
receptor (GPCR) with eelatively large extracellular N-terminal domain>f50 amino acids, containing
three conserved disulfide bonds for structural ibtgband a cleavable signal peptide for plasma
membrane translocation. The N-terminal receptoralons responsible for the high affinity binding of
endogenous peptide hormone ligands. The GLP-1 tecsjgnals primarily through & proteins to i)
activate adenylate cyclases, ii) elevate celldsels of cAMP, and iii) activation of PKA leading t
downstream phosphorylation of cellular targets eeldase of calcium from intracellular stores vi8 IP
receptors on the endoplasmic reticulum (Holst, 20GLP-1Rs are expressed in various organs and
tissues, including pancreatic islets, brain, kidnegart, gastrointestinal tract (Holst, 2007; Perlal.,
2007), and as recently found, on various murine lfamdan immune cell populations (Hadjiyanni et al.,
2010; Marx et al., 2010; Hogan et al., 2011).

The mechanisms of actions, including pancreatit extrapancreatic effects of GLP-1R agonists are

summarized in Figure IX.
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Figure IX. Direct pharmacological actions of GLP-aBonists.The diverse biological actions of GLP-1R agonists

covering pancreatic and extrapancreatic actiomgirEifrom (Campbell and Drucker, 2013).

The primary indication for GLP-1R agonist treatminto improve glycemic control in diabetic patignt
via increased glucose-dependent insulin releaseirdnbition of glucagon secretion, but additionally
GLP-1R activation causes a range of other effesisje of which are beyond the glucose-lowering
effects.

The pancreatic islefswhere GLP-1R activation in animal studies incesgscell proliferation and
inhibits apoptosis leading to increaggdell mass and functionality in terms of insulim$ynthesis and
secretion. Moreover, glucagon release fromdieells is inhibited (Buteau et al., 2004; Druck2006;

Asmar and Holst, 2010).

The brain where GLP-1R-signaling increases satiety in b(&ianoski et al., 2011) leading to reduced
food intake. In animal studies have in additionaage of neuroprotective properties been reported as

protection against Alzheimer disease and apopldabri (Hunter and Holscher, 2012).
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The heart where GLP-1R agonists have shown cardio-protectigtions, such as improved cardiac
function and decreased inflammation (Noyan-Ashtadle 2013). Both animal and human studies have
indicated that treatment with GLP-1 or a GLP-1 pmoe agonist reduces infarct size after an acute

myocardial infarction (Drucker, 2006).

The intestingswhere GLP-1R signaling affects intestinal lipdeio metabolism (Anagnostis et al.,
2011).

The kidneyswhere GLP-1R agonists have shown to increaseuspeéixcretion (Filippatos and Elisaf,
2013).

The immune systemwvhere GLP-1R-signaling regulates various subpdmrs of murine and human
lymphocytes and GLP-1 agonists have shown to pasgesmflammatory and immunoregulatory effects

in variousin vitro andin vivo settings, which will be explained in more detanlshe following section.

Anti-inflammatory and immunoregulatory effects of GLP-1

Administration of GLP-1R agonists has been assediatith suppression of inflammatiam vitro (Kim
Chung et al., 2009; Hattori et al., 2010; Ishibasthal., 2011) anth vivo (Hogan et al., 2014; Chaudhuri
et al., 2012; Wu et al., 2011, Dozier et al., 2009)

In vitro studies have shown that suppression of thekBfpathway, which can be induced by ROS, IL-
18, TNF-, and LPS, appears to be a general anti-inflammaitotion of GLP-1 (Kodera et al., 2011,
Hattori et al., 2010). NkB-deficient mice are protected from high-fat dietliced insulin resistance
(Wunderlich et al., 2008), possibly due to the lniidn of pro-inflammatory cytokine production
(Schmidt et al., 2008; De Souza et al., 2005). fimeat of human umbilical endothelial cells with
liraglutide reduced TNIfe-induced inflammatory responses, such as ROS an@®-M(Hattori et al.,
2010; Shiraki et al., 2012). Similar, LPS-stimuthteflammatory responses were inhibited by exerdin-
a GLP-1 analog, in cardiomyoblasts (Chen et all,2203T3-L1 adipocytes (Lee et al., 2012), and in
human peripheral mononuclear cells (PBMCs) (Hogarale 2014). Inob/ob mice, treatment with
recombinant adenovirus producing GLP-1 inhibite&rophage infiltration and adipose tissue expression
and production of IL-6, TNk and MCP-1 (Lee et al., 2012).

Hadjiyanni and colleagues detected widespread sgjue of mMRNA transcripts encoding the GLP-1Rin
immune cells from bone marrow, spleen, thymus amgperal lymph nodes (Hadjiyanni et al., 2010). In
human isolated CO4lymphocytes, exendin-4 reduced chemokine-inducigglation in a concentration-

dependent manner by inhibition of the PI3-K pathwiarx et al., 2010), whereas thymocytes and
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lymphocytes from GLP-1R knockout mice were hypedifgrative in response to mitogenic stimulation
(Hadjiyanni et al., 2010), supporting a role of GLR signaling in regulating lymphocyte proliferatio
and/or migration in murine and human immune cellkong the same line, GLP-1R activation by
exendin-4 or liraglutide stimulated subpopulationfs murine and human T-lymphocytes, by both
increasing the frequency and improving the functidrihese cells in recently diagnosed diabetic NOD
mice and obese humans (Xue et al., 2008; Hadjiyeinai., 2008; Hogan et al., 2011).

The intriguing findings of GLP-1Rs on mouse keratiytes (List et al., 2006) prompted studies on the
effect of GLP-1R activation in the skin (Figure X).

Intestine Skin

v

GLP-1 r § Lymphocyte migration
{ Cytokine production
t Regulatory T cells
g Cutaneous o _J 1 iNKT cells in psoriatic plaques
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} Macrophage activation
4 Body weight
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Figure X. Physiological effects of GLP-1 in therskummarizing anti-inflammatory and immune-regutatactions
by GLP-1 that may result in down-regulating cutare@flammation. Figure adapted from (Drucker arabét,
2011).

Faurschou and co-workers did not find GLP-1Rs omdmu keratinocytes, but instead suggested that
infiltrations with immune cells expressing the GILRs could explain previous observations (Faurschou
et al.,, 2013). Experiments in psoriasis patientsehahownthat GLP-1 therapy with liraglutide or
exendin-4 hasesulted in an immediate and unexpected reductidgheé emergence and size of psoriatic
plagues (Hogan et al., 2011; Buysschaert et all228aurschou et al., 2013; Ahern et al., 2013). In
addition, clanges innumber and function of iINKTs, reduced macrophagévatton, and decreased
monocyte production of TNE; IL-1f, and IL-6 occurred after commencing liraglutidertipy (6 and 10
weeks, respectively) and were independent of claimgglucoregulation and weight loss (Hogan et al.,
2011; Ahern et al., 2013). Similar, exenatide, atlsgtic version of Ex-4, administered for 12 wegaks
T2D subjects reduced circulating markers of inflaation in mononuclear cells independent of body
weight changes (Chaudhuri et al., 2012).
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Although information on the immunological effectt ®LP-1 and whether the GLP-1R exerts direct
effects on immune cell populations are scarce, GRPactivation appears to affect multiple immune

parameters that could improve adipose tissue astdrsyc inflammation.
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OBJECTIVE AND HYPOTHESES

Rationale

The findings of a direct GLP-1-mediated effect ymphocyte subpopulatioms vitro andin vivo and the
few but interesting case reports on clinical imgnoents in psoriasis patients treated with GLP-gp&x
agonists have supported immune-regulatory actiérGLdé-1. In addition, the effects of gastric bypass
surgery on inflammation and mediators of the immuystem prompted us to investigate the link
between gastric bypass, GLP-1, and immunologicguletion of inflammatory cellular and soluble

mediators. These assertions provided a basisifoPtD.

The RYGB procedure offers an interesting model dgamining associations between immunological
changes in the obese setting and subsequent immpeoieof glycemic control, potentially mediated by
GLP-1. The elucidation of cellular and molecularchm@nisms involved in a potential GLP-1-mediated
resolution of inflammation may provide knowledge tire aspect of resolving inflammation as an
essential part of improving insulin resistance afttier obesity-related co-morbidities. A possiblaldu

effect on both the immune system and the glucogalboism of GLP-1-based therapeutics will optimize

future treatment of diabetes and/or other obesitgted diseases.

Aim

The main aim of the PhD thesis is to investigatg-iaflammatory and immunomodulatory effects of
increased endogenous GLP-1, and a GLP-1R agonistlation to inflammatory conditions, such as

diabetes and obesity, and furthermore to invedtigat impact of RYGB on markers and mediators

related to the immune system.

Hypotheses

e GLP-1 has local and systemic anti-inflammatory efe

 The effect of GLP-1 in managing T2D is, in part, diaséed through anti-inflammatory and

immunoregulatory mechanisms

* The anti-inflammatory and immune-modulating actiofsGLP-1 are mediated via Treg cells or

other cells important in the immune system

* The metabolic improvements by RYGB in obesity a&iDTinvolves resolution of inflammation

and changes in the immune system

43



In accordance with the aim of the thesis, five stsidre described. The studies are subdividéal vitro

and animal studies (study | and II) and in humaudiss (studies IlI-V).

In vitro and animal studies

Study |

Effect of GLP-1 on the functionality of human exgad Tregs

Study Il

Investigation of anti-inflammatory effect of GLPiithe mouse PMA ear inflammation model
Human studies

Study Il (Manuscript 1)

Effects of Roux-en-Y gastric bypass on fasting pastprandial levels of inflammatory markers in abes

subjects with normal glucose tolerance or typeabelies
Study IV (Manuscript 2)

Effect of Roux-en-Y gastric bypass on circulatingvdriant NKT cells, regulatory T-cells, and

inflammatory markers in obese subjects
Study V Manuscript 3)

Effect of 12-week treatment with glucagon-like pdetl receptor agonist liraglutide on circulating

invariant NKT cells, regulatory T-cells and inflaratory markers in obese subjects with type 2 diabete

In the succeeding section, an overview of the madalts of study | — Il is presented followed bgteort
discussion. For study lll — V, only a brief summanfythe aim, results and conclusion is provided as

details are presented in the corresponding mamisdrj 2 and 3.

In the ‘Methods’ section, a thorough descriptionstfidy | and Il is provided followed by a shorter
informative description of study Ill — V. Furtheretdils on these studies can be found in the

corresponding Manuscripts 1, 2 and 3.
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STUDY I

Effect of GLP-1 on the functionality of human expamled Tregs

The aim of the study was to investigate the eftédhe GLP-1R agonist, liraglutide, on the suppress
effect of cell-culture expanded Tregs on co-culiuaeitologous PBMCs. Reduced expression of the T-
cell activation surface markers CD154 and CD69 emponder T-cells (Tresp) from the PBMC

population in the presence of Tregs, was used@adhout for Treg-mediated suppression.

T-cells immediately express CD154 and CD69 afterRT&imulation. CD69, a C-type lectin, is
recognized as an early activation marker on leutescySancho et al., 2003), while CD154 (CD40
ligand), a co-stimulatory molecule expressed oivaigd T-cells that engages CD40 on APCs, induces
APC activation and T-cell help to B-cells (Schortbetal., 2000).

Effect of GLP-1 on Treg-mediated suppression of CO86and CD154 on responder PBMCs

To examine the effect of GLP-1 on T-cell suppresdiyg Tregs, liraglutide was added daily during the
last three days of Treg expansion and again duthieg7 hour Fastimmune suppression assay. Three
different doses of liraglutide (100nM, 10nM, 1nMgme used. As a negative control, the oligonucleotid
CpG-A that impairs Treg function by interacting vitLRs expressed on Tregs (Peng et al., 2005), was

included.

The Fastimmune suppression assay was performed titte independent donors of Tregs and
autologous PBMCs. CD69 and CD154 suppression #rdift Treg to PBMC ratios for one donor (A)
are shown in Figure 1. It is evident from thesepbgathat with lower Treg to PBMC ratio, the
suppressive activity decreases as measured bycagased expression of CD69 and CD154 surface

markers on CD4+ Tresp of the PBMC preparation.

lStudy was conducted by Kirsten Lindegaard Bovbjerg, Monika Gad and laboratory technicians at Bioneer A/S as part of
Zealand Pharma activities in an innovation consortium (The TREG Consortium) at Bioneer A/S
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Figure 1. Percentage suppression of CD69 and C@kpdession on PBMCs by expanded Tregs represented i
donor A. GLP-1: Glucagon-like peptide-1, CPG-A: atdge control, NT: non-treated Tregs.

For donor A, a Treg to PMBC ratio of 0.25:1 showathanced dose-dependent suppressive action of
Tregs when liraglutide was present (Figure 1).hd tatio, liraglutide concentrations of 1nM, 10n&dhd
100nM led to suppression of CD69 by 66.0%, 72.084, 80.3%, respectively. Tregs alone (non-treated)
suppressed CD69 expression by 50.7 %, while Cp@ppressed CD69 expression by 31.3%. A similar
suppression of CD154 by liraglutide was observedomor A (Figure 1). The effect of liraglutide oneg
functionality was examined from two additional dom@and Table 1 summarizes percent suppression of
CD69 and CD154 in all three donors at a Treg to EBitio of 0.25:1.

Because liraglutide treatment in donor B showedhésty efficacy on the Treg suppressive function at a
concentration of 10nM (table 1), this concentratwas subsequently tested in duplicates in donor C.
Tregs incubated with liraglutide did not experieecdanced suppression (CD69: 35.2%, 35.4%, CD154:
18.8% and 21.0%) compared to no treatment (CD699% aAnd CD154: 32.7%).

The peptide buffer used for dissolving and dilutlitgglutide was included and indicated no effeot o
viability and number (data not shown). In additianscrambled peptide with no agonistic activitytioa
GLP-1R was included in donor C. The replicates stieambled peptide with no agonist activity on the

scramble peptide were inconsistent.
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Percent suppression at Donor A Donor B Donor C

Bl MEY NS [EHE CD154  CD69 CD154  CD69 CD154 CD69

No treatment 35.8 50.7 17.6 36.0 47.1 32.7
Liraglutide (1nM) 41.8 66.0 20.3 39.8

Liraglutide (10nM) 54.4 72.0 29.9 46.7 35.2;35.4 18.8; 21.0
Liraglutide (100nM) 66.6 80.3 17.2 30.3

CpG-A 0 31.3 18.1 35.8 43.6 21.2
Vehicle 15.3 29 46.4 30.6
Scramble peptide 26.8; 58.3 14.5; 40.2

Table 1. Treg-mediated suppression in of CD69 @mil54 expression on Tresp from PMBCs from three
independent donors at a Treg to PBMC ratio of @.25:

Comments and Discussion

Accumulating evidence supports a pathogenic rol¢hef adaptive immune response in diabetes, and
therefore there is an ongoing surge in the invattig of down-regulatory mechanisms that could be
therapeutically exploited. The role of Tregs hasrbéhe object of considerable attention. Tregs are
pivotal for the maintenance of self-tolerance ahdirt adoptive transfer protects from autoimmune
diseases (Sakaguchi et al., 2009). Animal modeajgest that Tregs play a critical role in contrailithe
development of both T1D and T2D (Kornete et al.130 Detailed functional characterization and
potential clinical application of Tregs has beempared by the paucity of circulating Tregs in peeigal
blood. The ability to (rapidly) expand human Tragsan attractive approach, and despite emerging
techniques in thex vivoexpansion of Tregs, there is still lack of staddsed and validatenh vitro based
screening platforms for Treg functionality. A breadinderstanding of Treg function will accelerdte t

potential clinical application in T-cell-mediateteases.

GLP-1Rs have been found on murine Tregs (Hadjiyahiail., 2010), and data obtained in mice suggest
that GLP-1 has immune modulatory effects, affecpngiferation and function of Treg cells (Xue &t a
2008; Hadjiyanni et al., 2008) associated with daylen diabetes onset (Hadjiyanni et al., 2008).

Although human trials have never replicated daienfanimal models, data are encouraging.
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In the present study it was demonstrated that huriaegs expanded for 14 days can suppress expnessio
of the surface markers CD69 and CD154 on activ@fed” Tresp from autologous PBMCs and that the
percentage suppression of expanded Tregs was ategzbaiith the Treg:PBMC ratio. Thus, the data

clearly shows that this surrogate measure of sgpfme was Treg dose dependent.

Data on donor A showed a concentration-dependesitiyi effect of liraglutide on the suppressive
activity of Tregs on Tresp evident at a ratio &31. This dose-dependency could not be confirmed i
donor B; however, there was a potential effecthatintermediate liraglutide concentration (10nM) on
Treg-mediated suppression which proved higher tiamtreated Tregs. In donor C, there was no effect
of liraglutide at the intermediate dose comparethwbn-treated Tregs. The reason for the discrgpanc
between the three donors might be explained byitadgly donor variability in human studies impacting
the quantity and quality of the Tregs in their matuability to suppress and how they respond to
expansion and to compound treatment. Another eafilam might be that the preliminary data in donor A
were an artifact. Negative controls for specifiottf liraglutide included determinations of the eseld
effect of the vehicle on Treg function and on Tragme, and scrambled peptide effect on Treg fancti
These controls were, unfortunately, not include@mvbollecting data in donor A. The presence ofalehi
during Treg expansion and in the suppression adisplayed suppression equaling the non-treatedsTreg
in donor B and C, suggesting that any effect olexbtyy liraglutide was not caused by the dissolving
agent. The scramble peptide, however, which watedes duplicates at 10mM in donor C gave
contradicting data, suggesting that i) the presesfca peptide, regardless of specificity, induces a
arbitrarily response, or ii) technical variatiomsthe expansion process or in the preparation efcti
culture assay, i.e. different cell numbers per Rllitenberg et al., 2011), could have had an effec

suppression outcome.

As negative control for Treg suppression was Cp@rAitenberget al has shown that CpG-A induces
time-dependent decreases in the suppression of @GB&ELD154 on Tresp by Tregs (Ruitenberg et al.,
2011). Pengpt al. discovered that the poly-G tail portion of the CAGligonucleotide was the ligand of
TLR8 expressed on Tregs and that this interacti@s wesponsible for inhibiting Treg-mediated
suppression (Peng et al., 2005). Our data from dé&noonfirmed that the presence of CpG-A led to
reduced suppression, but this effect was not ptesethe remaining two donors, which may further

confirm the low quality of Tregs and collected dftan these donors.

Based on this experiment it is unclear whether GLIFas an effect on Treg functiom (vitro). The
limitations of the study are the small sample $rze3), large donor variability, and the exploratiegure

of this type of assay including lack of standardipmsitive controls i.e. compounds that increassgTr
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suppressive function. Thus, this study should berfimeted with caution and additional donors wdugd
required to interpret the effect of liraglutide, rdgh individual variations between donors mustdiesn
into consideration when performing human experimeAt GLP-1 antagonist which would impede the
effect of liraglutide on a potential Treg-mediatsdppression would be an interesting compound to
include in future experiments as well as cytokineasurements to explore if GLP-1 augments a Th2

versus Thl response.

There is lack of studies examinireg vivoandin vitro effect of liraglutide on expansion and subsequent
functionality of human Tregs. Xue and co-workersifd that Tregs isolated from Ex-4-treated NOD
mice showed significantly enhanced suppressiveaigpeompared to Tregs from untreated mice (Xue et
al., 2008). When the same authors testedrtivitro effect of Ex-4 (1000ng/ml corresponding to 238nM)
on Treg function on splenocytes isolated from wated NOD mice, they found a trend toward increased
suppressive function compared to untreated Trefgs. study included small sample size (n>5) and the
assay was a long-term co-culture proliferation ya¢Sadays of co-culture with Tresp and Tregs) witho
previous expansion. Suppression was further mor@smred by’H-thymidine incorporation. Thus, any
comparisons between this study and the study byafukco-workers are difficult, but could imply that

GLP-1 has minor effects on the frequency and fonotif Tregs.
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STUDY 112

Investigation of anti-inflammatory effect of GLP-1in the mouse PMA ear inflammation
model

The objective of the study was to test whether GRPactivation by the GLP-1R agonist liraglutide has
displayed anti-inflammatory effects in an vivo inflammation model. Specifically, the ability of
subcutaneously administered liraglutide to downlagusurrogate inflammation markers, including ear
swelling, ear weight, and systemic biomarkers dfammation (cytokines and the acute phase protein
haptoglobin), in the murine PMA (phorbol 12-myristd 3-acetate) ear inflammation model was studied.
Local ear inflammation was induced by PMA, a phoesier capable of activating a variety of immune
cells, in particular mast cells and neutrophilspital application of PMA to the ear results in lioad
inflammation with signs including erythema, edemafiltration of leukocytes and hyperplasia.
Betamethasone (BM), a potent glucocorticoid, hantshown to reduce ear thickness and ear weight of
PMA treated ears and was included as a positivdraoffior anti-inflammatory effect. An anti-
inflammatory effect of liraglutide would also bepected to reduce ear thickness, and/or ear weight.
Likewise changes in inflammatory markers would @ate systemic anti-inflammatory effect. Body
weight measurements were frequently done duringrdement period to confirm systemic exposure to

liraglutide.

Experimental animals

All mice were monitored clinically and no abnornial were observed. Mice were divided into four
groups: group 1, control (acetone/water); groupPRIA only’ (0.040 mg/ml PMA + acetone/water);
group 3, ‘PMA and BM’ (0.040 mg/ml PMA + 0.50 mg/BM); and group 4, ‘PMA and liraglutide’
(0.040 mg/ml PMA + 40 nmol/kg) (see “Methods”, Tald).

Body weight

No difference in mean body weight between the fgnaups was observed at day -2 before initiating
liraglutide treatment (‘Control’, 19.5& 0.57g; ‘PMA only’, 19.87+ 0.19g; ‘PMA and BM’, 20.08
0.40g; ‘PMA and liraglutide’, 19.2% 0.40g) P=0.42). Treatment with liraglutide for 9 days (d&yto
day 7) significantly reduced body weight by -33.8% compared to the remaining groups; ‘control’
group -2.4+ 0.4%, ‘PMA only’ group -1.3 0.7%, and the ‘PMA and BM’ group -3#61.0% £<0.01).

*The PMA ear inflammation study was conducted at and in accordance with Pipeline Biotech A/S under Danish Animal
Experiments Inspectorate License number 2011/561-1956 schedule C4.
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Daily monitoring of body weight from day -2 to 7 @whed that liraglutide induced a body weight

reduction that reached a plateau after 3 days \abdree body weight of the remaining groups remained
unchanged until day 5. On day 7 a decrease indllagive body weight was observed for all remaining
groups, which could be due to stress mediated byhtindling process (Figure 2). The body weight
reduction confirmed systemic exposure of liragletid
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Figure 2. Relative body weight over time during #hday study period normalized to day -2 in thetadrgroup
(solid circle, N=5), ‘PMA only’ (solid squareN=10), ‘PMA and BM’ (open square\=10), and ‘PMA and
liraglutide’ group (open circléN=10). Each data point represents the average gerhange in the body weight of
mice relative to the weight at day #22SEM. Comparisons of change in body weight from dayo termination

between all four groups using one-way ANOVA withrid(s post test for multiple comparisons.

Ear thickness and ear weight

Local application of PMA to the ear of mice indudesal inflammation with subsequent erythema
(redness), edema (swelling) and hyperplasia (iseredimmune cells). PMA was applied on the rigirt e

at day 0, 2 and 5. BM treatment was initiated gt®laand applied once daily at day 6 and 7. Touatal

ear inflammation, ear thickness of both ears oheaouse was measured once daily at day -2, 5, 6 and
twice at day 7. The change in ear swellingdr thickness) was calculated by subtracting tioéress of

the left ear (vehicle) from the thickness of thghtiear (treatment). As a second terminal end point

measurement of ear inflammation, ear biopsies wetkcted and weighed. Changes in ear biopsy
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weights fear weight) were calculated by subtracting the tteid the left ear (vehicle) from the right ear

(treatment).

At study initiation at day -2AEar thickness were identical for both ears in allrfgroups (0.6 0.0mm
(SEM)). As expected, no ear swelling was obserneithé control group that received the vehicle dyrin
the entire study period whereas BM applicationat 8 clearly inhibited ear swelling (figure 3). thte
end of the study period, PMA challenged ears digalasignificantly increasedear thickness (‘PMA
only’ group: 0.130.00mm) compared to the control group (200Q0mm) P<0.001). Treatment with
BM resulted in significant reduction dkar thickness (0.@®.01mm) compared to the ‘PMA only’ group
(P<0.01). Subcutaneous injections with liraglutide $odays had no effect on reduciAgar thickness

(0.12:0.01mm) compared to the ‘PMA only’ group (figure 3)

0.201 Control (N=5)
PMA only (N=10)
PMA and BM (N=10)

PMA and liraglutide (N=10)

o
@
oOme

0.104

Relative Aear thickness (mm)

-0.05 T 1+ T T T Study day
2 0 2 5 6 7
t t t t t
PMA  PMA PMA BM PMA
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Figure 3. Development if\ear thickness from day -2 to termination baselimeected to day -2 in the control (solid
circle, N=5), ‘PMA only’ (solid squareN=10), ‘PMA and BM’ (open squaré&y=10), and ‘PMA and liraglutide’
group (open squar&l=10).

Likewise, AEar weight in the ‘PMA only’ group was significapthigher than in the control group
(P=0.003) and treatment with BM efficiently reduc@dar weight compared to the ‘PMA only’ group
(P<0.0001). Treatment with liraglutide had no effentear weight (data not shown). The biopsy weight
of the non-treated left ears was investigated tamemea potential systemic effect of PMA, BM or
liraglutide. The BM treated group exhibited sigcdfntly lower left ear weight valued?£0.0006)
compared to the ‘PMA only’ group indicating a sysie effect of the BM treatment. No effect of

liraglutide was observed (data not shown).
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Analysis of systemic inflammatory markers

A number of circulating pro- and anti-inflammatomyarkers were analysed from plasma obtained at
termination to determine if PMA challenge, BM, dimdglutide treatment affected systemic inflammatio

parameters.

Generally PMA treatment induced high individual igéions of the inflammation parameters within the
groups. Treatment with PMA significantly increasedncentrations of the acute-phase protein,
haptoglobin (HP), compared to the control groBp(.013) (Figure 4). There was no effect of BM or
liraglutide in reducing the PMA-induced HP concations £=0.07). The two high responders found in

the ‘PMA and liraglutide’ group were not linkeddther signs of infection or inflammation.
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Figure 4. Haptoglobin concentrations in the congsolid circle,N=5), ‘PMA only’ (solid squareN=10), ‘PMA and
BM’ (open squareN=10), and ‘PMA and liraglutide’ group (open circs10). Data presented as meaiSEM.
‘PMA only’ group compared to control using t-testdaPMA groups were compared to ‘PMA only’ groupngsi

one-way ANOVA using Dunn’s post test for multiplensparisons.

In addition to HP, plasma was analysed for the entration of a selected panel of inflammation-edat
cytokines (IFNy, IL-1p, IL-2, IL-4, IL-5, IL-10, IL-12p40, KC, and TNF). Differentially regulated
cytokines are depicted in Figure 5A-D, expressedramcrease or decrease in concentrations reltative

the mean of the normal control gréufireatment with PMA enhanced circulating conceitrs of IL-

3Samples were analyzed in two separate runs, each containing the control samples and 50% of the treatment groups. Data are
expressed relative to the mean of the control group in each run due to differences in assay performance.
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12p40 (B), KC (C) and TNIie-(D). Topical BM treatment significantly normalizedncentrations of IL-
12p40 P<0.001) to a level below that of the control graupd KC P<0.001). BM treatment had no
effect on the PMA-mediated increase in Thnd did not affect ILfi either (A). Similar, treatment
with liraglutide appeared to normalize IL-12p40 ak@ levels, and to reduce TNE-concentration.
Liraglutide significantly reduced ILflcompared to the ‘PMA only’ group reaching levefsparently
lower than the control group.

IFN-y levels for all groups were low and could not béedied for all groups. Levels of IL-2, IL-4, IL-5
and IL-10 did not change between the four groupsa(dot shown).
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Figure 5. Relative concentrations of inflammatorgrkers in plasma normalized to the mean of therobgtoup.
‘PMA only’ (solid square N=10), ‘PMA and BM’ (open sqauréy=10), and ‘PMA and liraglutide’ group (open
circle, N=10). Data presented as mearSEM. Compared to the ‘PMA only’ group with one-wANOVA using
Dunn’s post test for multiple comparison®<0.05, ***P<0.0001.
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Comments and Discussion

As membrane permeable specific activator of theemokinase ¢ (PKC) and hence of the K-
pathway, PMA causes an extremely wide range oteffim a variety of cell types. Multiple applicat®
of PMA to mouse ears cause erythema, edema, hgs@aphnd infiltration of leukocytes associatechwit

a local up-regulation of pro-inflammatory cytokipeoduction (Wershil et al., 1988; Holden et al.02pD

PMA stimulates C&-dependent cytosolic phospholipase @PLA) in neutrophils and macrophages
(Qiu and Leslie, 1994), and cPL&nzymes are critical regulators of the generadiopro-inflammatory
leukotrienes and prostaglandins and shown to pltajeain the pathogenesis of a number of inflammyato
conditions, ranging from inflammatory bowel disedsesoriasis (Chiba et al., 2004; Funk, 2001). The
PMA ear inflammation model is considered clinicalewant for selecting drug candidates for the
treatment of inflammatory disorders and have treenkestablished as amvivo model for the evaluation
of various anti-inflammatory agents (Stanley ef &091; Burke et al., 2001; Malaviya et al., 2006).
Emerging studies suggest that GLP-1 may play a irolthe improvement of psoriasis (Drucker and
Rosen, 2011), and investigation of potential amflammatory effects of GLP-1 in this model has not

been tested before.

The data presented data here support that apphcatiPMA resulted in skin inflammation indicateg &
significant increase in ear thickness, which wagrged by topical treatment with BM. Systemic (81c.
the skin of the back) injection of liraglutide f@rdays prior to PMA challenge and throughout thuslyst

period did not have an apparent effect on ear tigisk or ear weight (see F
igure 3).

Topical application of PMA was also found to hawstemic effects as it resulted in increased HP
concentrations compared to untreated mice (FiglrdNd obvious effect on HP levels was seen after
betamethasone treatment. In the liraglutide greight out of 10 mice exhibited lower HP concentrati
than mice in the other PMA-challenged groups, bud butliers contributed to controversy on a real
effect of liraglutide in reducing HP concentratioi is a positive acute-phase protein producedlgnai
by liver cells but also from other tissues inclglthe skin, although to a lesser extend (D'Armiegital.,
1997). HP concentrations rise progressively follayvacute tissue damage within 24-48 hours and fall
quickly once the stimulus is removed (Morimatsualet 1991). As blood samples were collected 6 hours
after the last PMA challenge and 56 hours afterpitezeding PMA challenge (Juge-Aubry et al., 2005)
the HP response could have leveled off and not baea fully activated. Mean serum HP concentrations
in healthy BALB/c mice are between 1 anqi@bnl (Petersen et al., 2009), questioning the ingyme of
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the minor group differences observed and, in plagttwo high responders in the liraglutide treajeslp.

In a THP-1 cell line (macrophage-like cells), HRretion is stimulated by PKC (Oh et al., 2007),
suggesting that the small but significant HP inseem the ‘PMA only’ group is dependent on PMA-
induction. The reason for the rather low HP conegitns compared to the literature could be due to
measuring HP in plasma versus serum. No studiesbeafound in the literature that has examined
liraglutides effect on the HP response to localiggthmmation, i.e. the effect liraglutide on sysie
reaction to localized inflammation. There are, heeve studies suggesting a link between a certain
isoform of HP and diabetes-related CVD (Levy et2010), and as GLP-1-based therapies are suggested
to have cardioprotective effects (Burgmaier et2013), a putative relationship between HP and GLP-

deserves further attention.

Upon PMA challenge, liraglutide significantly suppsed IL-B while TNFw, KC and IL-12 were
moderately (non-significantly) decreased, while ab@tthasone treatment after PMA challenge
significantly suppressed KC and IL-12 but not Ig-dnd TNFe. Inflammatory macrophages are a major
source of KC, the mouse ortholog of human IL-8 whitays a role in neutrophil infiltration, and TNF-
and IL-18, whose production is regulated by the kKB-pathway. These cytokines have also been
suggested to be implicated in obesity-related ing@sistance (Neels et al., 2009; Wisse, 2004yitro
studies in vascular endothelial cells have shovet linaglutide suppresses NB activation partly by
increasing the protein level okB proteins or by inhibiting degradation afBa and/or by AMPK
activation. (Hattori et al., 2010; Shiraki et &012). Furthermore, Shirakt al found that treatment with
liraglutide inhibited TNFe-induced translocation of PKE&-primarily through inhibition of TNFe-
mediated signaling (Shiraki et al., 2012).

The PMA ear inflammation model is a widely used elofibr examining anti-inflammatory effect of
compounds. Compounds can be tested in either acutbronic inflammatory settings (Malaviya et al.,
2006). In the present study, liraglutide was testethe chronic inflammation model. The lack ofesff
observed, may be explained by the robust and “fysiplogical” PMA-induced inflammation, which
may not be suitable for studying minor to modegdtects as most likely is the case with liraglutidibe
acute version of this model with duration of onhh@urs might have been a preferable choice instead.
Topical application of PMA results in an acute amiimatory response, peaking around 6 hours and
subsides by 24 hours (Stanley et al., 1991). Itlavtherefore have been interesting to have obtagaed
thickness measurements on day 1 or 2 before thendeeMA induction. This could have indicated
whether the more acute nature of the inflammatesponse was responsive to liraglutide. Moreover, as
mice were pre-treated with liraglutide in orderetthance efficacy by building up GLP-1 concentration

and possibly prime the immune system, the acuteehmmild again have been preferable. Finally, & th
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study by Malaviyeet al the authors found that cPLAegulated PMA-induced chronic but not the acute
inflammatory response in mice (Malaviya et al., @)Qvhich furthermore speak for the acute model as

more sensitive model for moderate anti-inflammataggnts.

Although betamethasone appeared to have systeffgictefas measured by the weight of the left and
untreated ear, another positive control, i.e. nenegdal anti-inflammatory compounds, might haverbe

a better compound for comparison. Betamethasona ggucocorticoid, which is one of the most
efficacious anti-inflammatory drugs by suppressangide spectrum of inflammatory processes, such as

inhibition of PLA,, leukocyte activity and pro-inflammatory cytokipeoduction (Barnes, 1995).

There are various other interesting end points oreasents besides ear thickness and cytokines,asuch
histopathological assessment of tissue inflammadtiahe ears to look for histological appearanc¢hef

PMA-induced inflammation and the effect of liragli#/betamethasone and moreover could flow
cytometry of the cellular tissue infiltrate give ghenotypic characterization of the immune cell

infiltrations in the ear.

In conclusion, the preliminary data show that listige did have a systemic effect on reducing the
circulating concentration of the pro-inflammatorytakine IL-13 and to a certain extent on the acute
phase protein haptoglobin in a model of chronidamination but did not have significant impact on
reducing local inflammation (ear weight and thicksle Additional studies, preferably in an acutdirsgt
would be interesting and required to determin@ailutide has anti-inflammatory and immunoregutato
capabilities which may explain the improvement sonasis cases independent of regulation of glycemi

control.
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STUDY Il -V

STUDY Il (Manuscript 1)

Kirsten K. Lindegaard, Nils B. Jgrgensen, Rasmus Just, Peter M.H. Heggaiad Sten Madsbad.

Effects of Roux-en-Y gastric bypass on fasting angostprandial circulatory levels of inflammation-
related biomarkers in obese subjects with normal gicose tolerance and in obese subjects with type
2 diabetes

Manuscript submitted to Journal of Clinical Immumgy

The aim of the study was to examine if the Roux¥egastric bypass (RYGB) procedure have effects on
the immune system as measured by changes in t¢inguleytokines and adipokines in obese T2D and
matched normal glucose tolerant (Sjostrom et &122 subjects. The hypotheses were as follows: i)
RYGB induces long-term beneficial immune changassitey a more anti-inflammatory profile, ii) T2D

subjects have a higher inflammatory burden compar®GT subjects, and iii) the postprandial respons

of cytokines and adipokines is changed after syrgereduction in IL-6, TGH3, and leptin, and increase

in adiponectin was found 1 year after surgery. Nféeaknce was observed between fasting levels of
inflammatory markers in T2D and NGT subjects beforeafter surgery. Postprandial response of
adiponectin was increased 1 year after surgeryewthitit of leptin was decreased immediately after
surgery in both T2D and NGT subjects but dependenthe fasting levels. The IL-6 response during
meal intake was decreased in T2D subjects 1 yéar stirgery but unchanged in NGT subjects. Taken
together, RYGB reduced pro-inflammatory biomarkarsl increased anti-inflammatory mediators in

diabetic and normal glucose tolerant obese subjees/ear post-surgery.

STUDY IV (Manuscript 2)

Kirsten K. Lindegaard, Siv H. Jacobsen, and Sten Madsbad.

Effect of Roux-en Y gastric bypass on circulating rivariant NKT cells, regulatory T-cells and

inflammatory markers in obese subjects
Manuscript in preparation

This study aimed at examining the Roux-en-Y gadiyipass (RYGB) effects on the immune system as
measured by changes in circulating cytokines, ddigs and immune cells subsets in obese glucose
tolerant subjects before and 3 months after surgérg hypotheses were that RYGB induces i) a short-

term change in inflammatory markers causing a naor&inflammatory profile, ii) an increase in the
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number of circulating iINKTs and Tregs and iii) aaoge in the postprandial response of immune cells
and cytokines. A decrease in fasting leptin aniharease in IFNr and IL-10 were found after surgery.
Flow cytometry analyses revealed no differenceshan number of circulating Tregs or iNKTs after
surgery compared to before. No postprandial changesrred in circulating immune cells as measured
60 min and 120 min after food intake. Taken togetR&GB has a positive effect on insulin resistance
and induces alterations in innate immune cell-driirdlammation despite no changes in the number of

iINKT or Treg cells was detected 3 months post-syrge

STUDY V (Manuscript 3)

Kirsten K. Lindegaard, Carsten Dirksen, Jens-Peter Stenvang, Sten Mddsba

Effect of 12-week treatment with glucagon-like peptie-1 receptor agonist liraglutide on circulating
invariant NKT cells, regulatory T-cells, and inflammatory markers in obese subjects with type 2
diabetes.

Manuscript submitted to Scandinavian Journal of imology

The aim of the study was to investigate if GLP-tafjlutide) exerts immunomodulatory actions by
examining the effect of exogenous administrationlifglutide for 6 and 12 weeks on circulating
cytokines, adipokines and immune cells subsetbése T2D human subjects. The hypotheses were that
liraglutide therapy i) promotes a more anti-inflagtory cytokine profile and ii) increases the ciatirg
number of INKTs and Tregs. Liraglutide improvedaiae metabolism by reducing HbAlc levels. There
was, however, no observable change in cytokine erinations between the three time-points, and no
change in circulating iINKT or Tregs. Taken togettinés study can not support previous reported figdi

on anti-inflammatory and immunoregulatory effecGifP-1R agonist treatment.
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METHODS

Study N

Effect of GLP-1 on functionality of human expandedTregs

Isolation of peripheral blood mononuclear cells andgenrichment of CD4' cells

PBMCs were isolated from the buffy coat of healthipod donors obtained from Rigshospitalet
(Blodbanken, Rigshospitalet, Copenhagen, Denmaykddnsity gradient centrifugation with Ficoll-
Paque PIUS (GE Healthcare Life Sciences, New Jersey, US)raition of the PBMCs (3 x facells)
were also cryopreserved in 90% FBS containing 109%6D (Gibc® Life Technologies, Grand Island,
NY, USA) for later use as autologous responderscellthe BD Fastimmune suppression assay. The
remaining PBMCs (2-4xfcells) were passed through ifh cell strainer (BC Falcon, #352350) and
resuspended in 1X BD IMag buffer (BD Bioscience,,@¥8) to reach a concentration of 1 X télls/ml.
Pre-enrichment of CD4cells was performed using BD IM&gHuman CD4 T Lymphocyte Enrichment
Set-DM (BD Biosciences, CA, US, #557939) accordioghe manufacturer’s instruction (Figure 6).
Briefly, PBMCs was stained with Biotinylated Hum&b4 T Lymphocyte Enrichment Cocktail. BD
IMag™ Streptavidin Particles Plus — DM was added to 248 cells/ml labeling the cells bearing the
biotinylated antibodies. By use of BD IMaghttnegative selection was performed to enrich fer th
unlabeled T-cells. The negative selection was itegletour times to increase the yield of the enriche
fraction. The combined enriched fraction was aredyby flow cytometry and contained approximately

98% T-lymphocytes with no bound antibodies or maigrgarticles.

Cell sorting of natural regulatory T-cells and conentional T-cells by FACS

The enriched fraction of CD4cells was washed with 1XPBS (w/o ‘Cand Md*, Gibca® Life

Technologies, #14190-094), resuspended in 1X PBStagong 0.1% human type AB serum
(GibcoBLife-Technologies, #34005) to reach a density ofDx16 cells/ml and stained with PerCP—
Cyb.5—-anti-CD4, PE-anti-CD25, Alexa Fluor® 647—a@D127, and FITC—-anti—-CD45RA (Human
Regulatory T Cell Sorting Kit, BD Biosciences, CIAS, #560753) for 30 min on ice according to the

manufacturer’s protocol.

4Study was conducted by Kirsten Lindegaard Bovbjerg, Monika Gad and laboratory technicians at Bioneer A/S as part of
Zealand Pharma activities in an innovation consortium (The TREG Consortium) at Bioneer A/S
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Flow cytometric analysis of samples was performadaoBD FACSAria™ Il flow cytometer (BD
Biosciences, San Jose, CA) and natural (n)Tregsitified as CDACD25'CD127°YCD45RA’ cells, and
naive conventional T-cells, identified as CB#€25CD127 were sorted using a sequential sort gate
strategy, as described in the Human Regulatory IT S2eting Kit instruction sheet. Briefly, a gateasv
placed around the CD4opulation followed by a gate on the CD@®127*"population and further
gating of the CD45RZXells from this population. CDE€D25'CD127°“CD45RA" and CD4CD25
CD127cells were acquired into polypropylene tubes (BDc&@™, #14-959) with RPMI1640 media
(Gibca®, Life Technologies) containing 10% heat-inactidateuman AB serum. Post-sort analysis
showed sorting purity greater than 98%. The GIRR5CD127°"CD45RA" nTregs and CDLD25
CD127 conventional T-cells were cultured separatelylférdays to expand their numbers prior to use in

the BD Fastimmune suppression assay (see nexpisecti

CD4 lymphocyte m
PBMCs pre-enrichment @ ) Naive T lymphocytes
g CD44CD25-CD127 4+
.._ P | E Fluorescent -
T | = \ antibodies
pradll ' \\.5. o] 1) nTreg cells
E / CD4+CD254CD127low (CD45RA+)
Ficoll-PaquePlus Human CD4 T Lymphocyte Human regulatory T cell sorting
used to isolate enrichment kit (BD) kit (BD):

mononuclear cells CD4, CD25, CD127, (CD45RA)

Figur 6. Isolation of PBMCs and subsequent CBdrichment. Labeling and sorting of CDehriched fraction with
BD Human Regulatory T cell Sorting Kit antibodiesd naive conventional T-cells (CD@D25CD127) and
natural Tregs (CDA D25 CD127°“CD45RA") for later use in the BD Fastimmune suppressisas

Ex vivo expansion of regulatory T cells

Immediately after sorting cells into CB@D25CD127°“CD45RA" Tregs and CD4D25
CD127conventional T-cells, cells were suspended in RFMIOL culture media containing 2nM L-
glutamine, 1% MEM vitamines, 1 mM natrium pyruvate%e MEM Non-Essential Amino Acids
(NEAA), 10 mM HEPES, 100 U/ml penicilin, 100 ug/istreptomycin, 50 uM 2-mercaptoethanol, and
10% heat-inactivated human AB serum, pH 7.4, aresitly of 2-4x18cell/ml. The sorted T-cell subsets
were expanded using anti-CD3/CD28-coated beaddladdas previously described (Hoffmann et al.,
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2004; Hoffmann et al., 2006). Expansion protocal flee Treg subset is outlined in Figure 7. The
conventional T-cells underwent similar procedure l&der use as control cells in the BD Fastimmune

assay.

Expanding subset: «CD3/aCD28 beads
CD4+CD25M ( bead: cell ratio of 1:1)
CD127"°%CD45RA+

X X l X

o 2 4 7 4 11

Days
IL-2 (300 U/ml): X

aCD3/aCD28 beads
( bead: cell ratio of 4:1)

Figure 7. Expansion of CD&D25'CD127°"CD45RA’" Tregs. Anti-CD3/CD28 beads were added to the Teggs
day O at a bead:cell ratio of 4:1, removed at dagnd added at a bead:cell ratio of 1:1 at daytif tenmination of
the expansion. Recombinant IL-2 was added to thmamding cells at day 0, 4, 7 and 11. Conventionaklls

followed similar procedure, but without additionlaf2 and with other bead:cell ratios (see text).

At day 0, T-cell subsets were activated using Dgaals® Human T-Activator CD3/CD28 (Invitrogen,
Oslo, Norway) as follows: Tregs were mixed withid@D3/anti-CD28 beads at a bead:cell ratio of 4:1.
For the conventional T-cell culture a bead:celioraf 1:1 was used. Approximately 1xX1€ells/100ul
were transferred to a pre-cooled @ 1h) 96-well plate and placed in a 37 °C incubatith 5% CQ.
Recombinant IL-2 (rIL-2, Proleukin®, Chiron Corpmryville, CA, US) was added to the expanding
Treg subset on day 0, 4, 7, and 11 at a final qunaion of 300 U/ml. At day 7, the anti-CD3/antb28
beads were magnetically removed; the cells werateduand re-stimulated with anti-CD3/anti-CD28

beads at a bead:cell 1:1 ratio for Tregs and lod@dnventional T-cells.

Stimulation of expanding regulatory T-cells with GLP-1

The remaining three days of the expansion periad égain in the 7-hour co-culture, see next segtion
the GLP-1 analogue liraglutide (synthesized at &m@l Pharma A/S, Glostrup, Denmark) at three
different concentrations (1nM, 10nM, and 100nM) dfidug/ml CpG-A, a human TLR9 ligand with a

poly-G oligonucleotide string (Type A CpG oligoneotide, ODN 2336, InvivoGen, San Diego, CA, US)

62



was added (Figure 8). As controls for the spetyfiof liraglutide, the buffer used for dissolvingda
dilution of liraglutide was included as well as @anbled peptide (Ac-DAla-DHyp-G-DTyr-DPro-G-
NH2) with no activity on the GLP-1R. The dosesitddlutide were selected based on publisimedtro

data on the functionality of a subset of T-cellogidn et al., 2011).

Over the course of the expansion, cell numbers wareitored and cultures were divided in order to
maintain a cell concentration of approximately 5x&6lls/ml. At the last day of expansion, cells were
harvested and anti-CD3/anti-CD28 beads were magatigti removed. Cells were washed with
RPMI1640 culture media as described above and ®1zélls/ml was transferred to a 6-well plate (5
ml/well) in mediax 300 U/ml IL-2, counted and used in the Fastimmsuappression assay described
below.

Expanding subset: aCD3/aCD28 beads
CD44CD25N ( bead: cell ratio of 1:1)

CD127°“CD45RA+

-
-

r—
=

o 2 4 7 11
Days
IL-2 (300 U/mli): X
aCD3/aCD28 beads
( bead: cell ratio of 4:1) GLP-1 (100nM, 1000, Ind)

CpG-A (10 ug/ml)

Figure 8. Addition of GLP-1 in three concentratigd®0nM, 10nM, and 1nM) and CpG-A (10 ug/ml) to arging
Tregs the last three days of the expansion period.

Treg-mediated suppression of CD69 and CD154 on respder T-cells

Reduced expression of the T-cell surface activatiankers CD154 and CD69 on PBMCs in the presence

of Tregs can indicate Treg suppressive capacityufiei9).
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cD6o C€D154(CD40OL)

2CD3-CD28 stimulation >
of responder cells (PBMCs)
for 7 hours

Figure 9. The BD Fastimmune™ Regulatory T-cell RiomcKit was used to determine the cell surfaceresgion
of CD69 and CD154 on PBMC:s. In this kit, reducegression of surface activation markers CD154 ané%én
activated peripheral blood mononuclear cells (&R3/anti-CD28 beads) in co-culture with Tregs maglicate

Treg suppressive capacity, whereas increased ekpnesf the surface markers may indicate lack ppsession.

The suppression assay is a short-term assay (8)hasing activated PBMCs in the presence and absenc
of expanded Tregs. The assay was conducted usengitlg BD Fastimmune™ Regulatory T-cell
Function Kit (BD Biosciences, CA, US, #648956) avak performed using the reagents and instructions
as described in the BD Fastimmune assay (BD Binseg CA, US), briefly as follows.

On the day prior to the suppression assay, cryepred, autologous PBMC were thawed according to
(Disis et al., 2006), resuspended in RPMI1640 celtmedia containing 2nM L-glutamine, 1% MEM
vitamines, 1 mM natrium pyruvate, 1% MEM NEAA, 10MTHEPES, 100 U/ml penicilin, 100 ug/ml
streptomycin, 50 uM 2-mercaptoethanol, and 10%-tmeativated human AB serum, pH 7.4,and rested
overnight in a 37 °C/5% CQincubator. After the overnight rest, the PBMCs avarounted and
resuspended in RPMI 1640 culture media at a deab2y5x106 cells/ml.

The expanded Tregs were plated at 2-Sx&6lls/well in 100 ul volume in 96-well V-bottom
polypropylene plates (BD Falcon™, #353263) and vileea serially diluted so as to ultimately achiave
range of Treg to PBMC ratios of 1:1, 0.5:1, 0.25ahd 0.125:1, while keeping the PBMC number
constant. The plate was placed in a 37 °C/5%, @Oubator while preparing the activation agent
consisting of anti-CD3/anti-CD28 beads and APC-@mil54. CD154 is transiently expressed on the cell
surface, and the presence of anti-CD154 antibodlytlngn remain on the cell surface even if CD154 is

internalized (Chattopadhyay et al., 2005) .

After incubation, the activation agent was addedaatoncentration of 0.25 beads per PBMC (i.e.
1.25x10 beads/5x10PBMC) and thoroughly mixed. Tregs, conventionatells and PBMCs with and
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without the activation agent were included as adstrThe plate was centrifuged (2-3 min, gb@and
CpG-A and GLP-1 was added in the same concentsatamn during the expansion. The plate was
incubated for 7 hours in the 37 °C/5% Li@cubator. After the 7-hour incubation period, gamples

were either stained immediately or held overnight 2C.

To prepare for the staining, the cells were pailétethe 96-well plate (5 min, 5P and washed with
1XPBS (w/o C& and Md*, Gibca® Life Technologies, #14190-094) containing 1% FB# 8.15%
sodium azide. An antibody cocktail of PerCp-CY5rGi-CD3/FITC-anti-CD4/PE-anti-CD25 reagent and
PE-Cy7-anti-CD69 (all from BD FASTImmune™ Regulatdr-Cell Function Kit) was added to the
residual volume and surface stained for 30-60 mie@m temperature and in the dark. After washimg t
plate twice with 1XPBS/1% FBS/0.15% sodium azideined samples were analyzed on a FACSAria™
[l flow cytometer (BD Biosciences, CA, US) usindPB-ACSDiva™ software.

The gating strategy started with a lymphocyte gfilowed by gating on CD4cells. As Tregs also
express CD69 and CD154 upon activation (anti-CD8@D28 beads were used both in the expansion
assay and in the suppression assay), it was impaiaseparate the Tresp from the Tregs. This was
performed by a CD25 negative gating, allowing ahly expression analysis to include only COB25
events using an unstained, unstimulated PBMC sargiéd54 and CD69 activation marker staining was

displayed as single color histograms of the CPpdpulation.

Data analyses

Flow cytometry data were analyzed using FlowJovem (TreeStar). Suppression of activation was
measured as a reduction in the frequency of CDdb4£D69-expressing cells and calculated using the

following formula: 100-[(%Positive in presence akd/ %Positive in absence of Treg)x100].
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STUDY I1°

Efficacy study of subcutaneous administration of laglutide on inflammation in the murine
PMA ear inflammation model

PMA ear inflammation mouse model

The murine PMA (phorbol 12-myristate 13-acetate) ielammation model is a short term (7 days)
chronic ear skin inflammation model commonly usexn festing the effect of anti-inflammatory
compounds on inflammatory diseases as previoudgrideed (Malaviya et al., 2006; Burke et al., 2001)
Ear skin inflammation is induced by applicatiorRdIA, a phorbol ester capable of activating a verogt
immune cells, mast cells in particular, resultinddcalized inflammation with signs including ergtha,
edema, infiltration of leukocytes and hyperplasi&e(shil et al., 1988; Szallasi and Blumberg,
1989)(Figure 10).

PMA induction

Figure 10. PMA induces local inflammation charaietea by redness and swelling of the ear

Experimental animals

35 female SPF (Eller et al., 2011) BALB/c mice vitn 7 and 8 weeks of age, were obtained from
Taconic Europe A/S (Lille Skensved, Denmail)e mice were housed in a controlled environme2i(1
light/12-h dark photoperiod and temperature2Z). Mice were provided free access to UV-sterilized
water and standard mouse chow (Altro@jnRingsted, Denmark). The animals were importedhto
laboratory 6 days before the start up of the exrpemial procedures in order to assure proper
acclimatization and daily records and decisionseweade concerning animal welfare. The study was

approved by the National Animal Experiments Inspete.

Preparation of liraglutide dose solution

®The PMA ear inflammation study was conducted at and in accordance with Pipeline Biotech A/S under Danish Animal
Experiments Inspectorate License number 2011/561-1956 schedule C4.
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Freeze-dried liraglutide (synthesized at ZealandrfPR A/S) was dissolved in sterile filtered 0.1%
agueous ammonia to a concentration of 450 nmoBtokk solution) by gentle swirling, yielding a dlea
solution by visual inspection. Stock solutions wdileted to 8 nmol/ml (dosing solution) in sterBS
containing 1.06 mM KkPGQ,, 155.17 mM NaCl, 2.97 mM NHPQO, *7H,O, pH 7.4 (Gibc® Life
Technologies, #10010). Dosing solutions were keparabient temperature and used on the day of
preparation. Immediately after use the remainingirdp solution was stored below °I8for possible

later analysis.

PMA ear inflammation study protocol

The ear skin inflammation experiment was perforradely as previously described (Malaviya et al.,
2006). PMA and BM doses were determined by Pipddiiidech (Pipeline-Biotech A/S, Rgdding,
Denmark) based on the literature and prior in-h@fBeacy optimization studies, and the liraglutuiese

was chosen to mimic the human therapeutic dose.

Animals were divided into the following groups: gm1, control (acetone/water); group 2, PMA only
(0.040 mg/ml PMA + acetone/water); group 3, PMA & (0.040 mg/ml PMA + 0.50 mg/ml BM); and
group 4, PMA and liraglutide (0.040 mg/ml PMA + dtol/kg) (Table 2).

Group No. Treatment ) Ear challenge Topical treatment (right ear) S.c injection twice daily
1 Control (5) Acetone/water Acetone/water Liraglutide vehicle

2 PMA only (10) 0.040 mg/ml PMA  Acetone/water Liraglutide vehicle

3 PMA and BM (10) 0.040 mg/ml PMA 0.50 mg/ml BM Liraglutide vehicle

4 PMA and liraglutide (10) 0.040 mg/ml PMA Acetone/water 40 nmol/kg liraglutide

Table 2. Overview of treatment groups

Study design is summarized in Figure 11. To op@nafficacy of liraglutide, the dosing period began

days prior to PMA challenge, at day -2. Ear inflaation was induced on day 0, 2, 5 and 7 by twice/dai
topical application of 10 pl of a 40 pg/ml PMA stdun in acetone/water (99:1) to the right ear aflea
mouse, 5 pl to each side of the ear, except fordbmtrol group, which received PMA vehicle

(acetone/water) and served as control for the nosaa The PMA and BM group was treated with

67



topical application of 20 ul of a 0.50 mg/ml BM @&tetone/water (99:1) to both sides of the right ear
(10ul to each side of the right ear) within 20 rafter PMA application performed twice daily at day
and 6 and once in the morning at day 7 and sersedpmsitive control. Group 1, 2 and 4 were treated
the same way with the acetone/water (99:1) follgntime PMA treatment. Liraglutide, 40 nmol/kg (dose
volume of 5ml/kg), was administered to group 4 blgautaneous (s.c) injection in the back of the rteck
each mouse twice daily at day -2 to 6 and oncéhénmhorning at day 7. The remaining groups were
treated with 5 ml/kg sterile 0.1% ammonia and PHfadlutide vehicle) injected s.c. as with the
liraglutide treatment (Table 2). After treatmenttbé ears the animals were placed in a cage differe
from their normal cage for a short time to draw #tention of the mice to the new environment and

avoiding the mice licking test articles from eathess ears.

BW: day -2, 0, 3, 5, 7; Ear thickness: day -2, 5, 6, 7

Mock Dosing: liraglutide, twice daily, s.c injection
6 2 0 2 5 6 7 Days
| | ] | | | | N
| | I | I I | Ll
Liraglutide start PMA PMA PMA,BM  BM PMA,BM

*Termination; BW, ear thickness, plasma samples, biopsy weight

Figure 11. Study design

Body weight

Body weight was determined at day -2, 0, 3, 5, &fa each mouse.

Ear thickness

Ear thickness of both ears of each mouse was rmexhday a pressure sensitive digital slide gauge
(Mitutoyo, Aurora, IL, ID-C1012CB, #543-274B) one¢day -2, 5, 6 and 7 and at termination at day 7.
Measurements were conducted before challenge WitA Bnd treatments. The digital micrometer is
applying a pressure on the measurement point oeahand the swelling will decrease with at higie ra

followed by a slow rate, and the thickness of tiveléng will be recoded when the slow rate is stdrt
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which will be within few seconds. Care was takeat there was no contamination due to use of theesam
digital micrometer for all ears. This was assurgdlzohol cleaning of the micrometer and by measyuri
before any treatment of ears and in the followimgug order: group 1, 2, 4, and 3. Ear swelling was

calculated by subtracting the thickness of thedaft(vehicle) from the right ear (treatment).

Ear weight

Six hours after the last PMA challenge on day 7emiere killed by cervical dislocation. At termiraatj

a 6 mm diameter ear punch biopsy from each earrgrasved with a metal punch and weighed. Each
biopsy was taken from the middle part of the eah(leoth right and left). Ear edema was calculéted
subtracting the weight of the left ear (vehiclgnir the right ear (treatment), and was expressezhias

weight.

Analysis of systemic inflammatory markers

Blood was obtained as retroorbital blood sampldiecded into EDTA tubes under G@naesthesia and
plasma was prepared immediately by centrifugatimh stored at -80C until use. Plasma was analyzed
by multiplex analysis using the mouse TH1/TH2 9ppanel (MULTI-ARRAY®,MSD, MD, USA,
#K15013C) on the Mesoscale Discovery platform. Chaif analytes, based on obtaining a broad range
of general inflammation-related cytokines, included 3, IL-2, IL-4, IL-5, IL-10, IL-12, KC, and TNF-

a. The acute-phase protein, HP was measured ussagdwich ELISA as described in (Petersen et al.,
2009)°.

Statistical analysis

The net AUC, including the areas falling below biase was calculated by using the trapezoid method.
Statistical evaluations of the data were carrietl usingone-way ANOVA (Kruskal Wallis) between
PMA-groups unless stated otherwise followed by Dsipost test to correct for multiple comparisons.
Mann-Whitney U t-test was used when comparing obngroup to ‘PMA only'. All statistical
calculations were performed using prism 5.0 sofewéBraphPad Software, San Diego, CA, USA).

P<0.05 was considered statistically significant. Dara expressed as measSEM.

6Haptoglobin measurements was performed at National Veterinary Institute by employed lab technician
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STUDY Il -V

Study 1l (Manuscript 1)

Effects of Roux-en-Y gastric bypass on fasting postprandial levels of inflammatory markers in abes

subjects with normal glucose tolerance or typeabelies
Study IV Manuscript 2)

Effect of Roux-en Y gastric bypass on circulatingvariant NKT cells, regulatory T-cells and

inflammatory markers in obese subjects
Study V Manuscript 3)

Effect of 12-week treatment with glucagon-like pdetl receptor agonist liraglutide on circulating

invariant NKT cells, regulatory T-cells and inflaratory markers in obese subjects with type 2 diabete

Study registration

Studies were approved by the Municipal Ethical Cdttem of Copenhagérand in accordance with the
Helsinki-1l declaration and the Danish Data Prdtatt Agency. The studies were registered at
www.clinicaltrials.go¥. Before initiating study Il and IV, supplementapyotocols were approved in
addition to the main protocols. The initial protbaif study V comprised 15 patients, but due to
difficulties in the recruitment process, we onlymaged to include 9 patients during the study period
(January 2013 — April 2014).

Participants, patient material, and study design

Obese patients, type 2 diabetes or glucose-tolatdects were conducted from the Hvidovre Hospital
bariatric surgery program or from the outpatiemmiclat the Department of Endocrinology at Hvidovre
Hospital. Study 11l Manuscript 1) was based on stored sample material (plasma)ngataiuring the
course of the original study (2008 — 2009). SamptesStudy Il Manuscript 1) and Study IV
(Manuscript 2) from gastric bypass patients were collected leefamd after surgery with sequential
follow-ups depending on the respective study. Samfsbm a mixed meal test was included and selected
based on the expected GLP-1 secretion patterndimgjbaseline concentration (0 min), GLP-1 peak (45
60 min) and back to baseline (120-240 min). T2Dgoés commencing to liraglutide therapy (Vict@Gza

Novo Nordisk, Bagsveerd, Denmark) were examinedvem ¢ccasions: prior to and 12 weeks after

7S.tudy Ill: Reg. nr. H-A-2008-080-31742; Study IV: Reg. nr. H-2-2011-057; Study V: Reg. nr. H-2-2012-148
8Study V: ID NCT01579981; Study V: ID NCT01559792; Study VI: ID NCT02201550
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initiating the treatment. Doses of liraglutide welecided according to NICE (National Institute air€
Excellence) and as described in (Madsbad, 2009).

Immunological analyses

Analysis of circulating inflammatory cytokines bgddscale Discovery technology (Study Il — V)

For immunoanalysis of circulating cytokines, theddgcale Discovery (MSD) technology using a high-
throughput MULTI-ARRAY platform was chosen (MSDGaithersburg, MD, USA). The system uses
plates with 10 carbon electrodes per well, eacbtrelde being coated with a different capture-armtjbo
enabling simultaneous measurement of up to 9 diffeanalytes. The assay procedure follows that of a
sandwich ELISA. The analytes of interest are cagatum the electrode and are detected with an a&malyt
specific ruthenium-conjugated secondary antibodgorJ electrochemical stimulation, the ruthenium
label emits light (luminescence) at the surfacéhefelectrodes allowing the concentration of thalyda

to be determined relative to the particular elaigro

An initial selection on which inflammation markets include was based on a literature search on
commonly reported cytokines and scarcely reportgdrieresting cytokines with respect to obesitd an
T2D. An introductory screen in Study lIM@nuscript 1) of four patients (two with normal glucose
tolerance and two with type 2 diabetes) contaiheddllowing inflammatory analytes: ILBLIL-2, IL-4,

IL-6, IL-8, IL-10, IL-12(p70), IL-15, IL-17, TNFe, TGFB, GM-CSF, IFNy, adiponectin and leptin and

a panel was selected based upon the most respomsikkers. Because of new assay development
technique within multiplexing (The V-PLEX technology, MSD), enabling higher sensitivity, &tuV
(Manuscript 2) and Study V Manuscript 3) included IFNy, IL-10, and MCP-1.

Flow cytometry analysis of blood samples (Studgriy V)

In Study IV Manuscript 2), blood was left overnight at room temperatureomptd PBMC isolation,
whereas this procedure was undertaken within 2shfsam blood collection in Study MManuscript 3),

due to optimization experiments indicating a largefl yield when PBMC isolation was performed
within 4 hours. Due to isotype and high backgrostaining in some patient samples, it was decided in
Study V Manuscript 3) to replace the PE-anti-TCRa¥24-118 antibody with a PE-anti-CD1d tetramer
pre-loaded witha-GalCer (Prolmmune Ldt, Oxford Science Park, UKgether with APC-anti-CD3
(clone: HIT3a) and Alexa Flour 488-anti-CD19.
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DISCUSSION

Obesity-induced T2D is accompanied with a set ofalmalic abnormalities comprising the metabolic
syndrome, such as hypertension, dyslipidemia, asdlin resistance. Although the exact causes #®r th
onset of clinical disease remain largely unknowmemging evidence suggests that obesity-induced
inflammation, especially in the adipose tissuani®lved in metabolic dysregulation and therefolayp

an important role in the pathogenesis of this detating disease. The exaggerated secretion obadip
derived inflammatory cytokines in the obese stffiects insulin resistance negatively by inactivgtthe
insulin receptor and the IRS proteins through senyhosphorylation and activating inflammatory

pathways through the pro-inflammatory transcripfiactor NF-kB and/or JNK signaling (Wisse, 2004).

Bariatric surgery, including RYGB, has revolutiogizthe treatment of severe obesity and related co-
morbidities, in particular T2D. With surgery, largeeight loss is accomplished with immediate
improvement in glycemic control and insulin seaeti Studies have suggested that exaggerated
postprandial GLP-1 secretion is a pivotal factoroimed in both weight loss and improved glucose
metabolism following RYGB (Dirksen et al., 2013Yhus, gastric bypass patients offer an interesting
look into the possible effects of increased GLRetels on the immune system and its links to the

observed increase in insulin sensitivity.

Thein vitro work, the animal study, and the three manuscriptstituting this thesis was undertaken to
study GLP-1 effects on immune parametersStidy |, the functionality of human expanded Tregs in the
presence of GLP-1 was examinidvitro. Study Il investigated anti-inflammatory effect of GLP#1
vivo in the PMA-induced ear inflammation model. Thregnian studies were conducted that generated
the three manuscripts in the thesis; two RYGB swidbtudy Ill, Manuscript | and Study IV,
Manuscript 1) and one study in obese T2D subjects commencirgllitide therapy Study V,
Manuscript 11l ), to evaluate immunological changes either aftegery (1 week, 3 months, and 1 year)

or after 12 weeks GLP-1 therapy.

Does GLP-1 treatment modulate Treg functionn vitro?

Animal studies have shown that re-injecting expan@leegs intoob/ob mice protected against weight
gain and alleviated metabolic abnormalities (llI20iL0). Data from murine experiments support that
GLP-1 has immunomodulatory effects by affectinglifgmation and function of Treg cells (Xue 2008,
Hadjiyanni 2008), and functional GLP-1Rs have bdeund on several immune subpopulations,
including CD4+, CD4+CD25+ T-cells, and iNKT celldddjiyanni et al., 2010; Marx et al., 2010; Hogan

et al., 2011). This created a basis for testingrectieffect of GLP-1 on isolated populationsesf vivo
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expanded human Tregs. We hypothesized that activati the GLP-1R by a GLP-1R agonist would
increase the ability of Tregs to inhibit activatiohother T-cells $tudy ).

We found that the GLP-1R agonist liraglutide coalthance suppressive function of Tregs in a dose-
dependent mannemN€1). The data were, however, not reproducible v succeeding donors. As
discussed, the reason for the discrepancy betvireetintee donors might be explained by the variation
patient material impacting the quality of the Trdgstheir natural ability to suppress and how they
respond to expansion and to compound treatmengdB@s this experiment we were unable to make solid

conclusions about whether GLP-1 has a direct mi@adulator of Treg functionn( vitro).

In vitro experiments that have examined GLP-1 in mixedsolated immune cell populations and in
adipocyte- or endothelium-derived cell lines hagported varying anti-inflammatory effects of GLP-1.
When studying cell-specific responses and mechanismvitro experiments are essential but do not
necessarily reflect thim vivo situation. As the evidence for anti-inflammatoiffeet of GLP-1in vitro

builds upon unspecific details on mechanisms oifoactthe conclusions should be interpreted with
caution due to limited translation into the vivo situation, where multiple cell types and signaling

molecules interacts in the physiological environmen

Despite emerging techniques in tle vivoexpansion of Tregs and subsequent functional aisalthis
assay platform is still in the explorative phas¢éhwigard to consistency and validation of funciidmp
assessment. Based on the present experiment, sigeddpendent effect of liraglutide observed in one
donor was not sufficient for determining whetherR51R activationn vitro causes enhanced suppressive

function of Tregs.

Does GLP-1 treatment modulate circulating immune dés in vivo?

The observations of clinical improvement in psdsaafter initiating treatment with GLP-1R agonists
associated with @nges imumber and function of iINKTs and the finding of étional GLP-1Rs on this
immune subset have encouraged studies investigatimegional or proliferative changes in this subiset

relation to GLP-1R activation.

Accordingly, we performed a human study in obes® Tgatients subjected to liraglutide therapy
(Manuscript 3). We found that liraglutide treatment for 12 weekduced HbAlc and induced minor
weight loss of 3 %, but no changes in the numbeirotilating Treg and iINKT cells was detected. Eher
was a small statistical significant, but most likblological and clinical insignificant, increaselL-8. In

this study, we were unable to reproduce the sugdestfect on iNKT cells reported in work by the

O’Shea group (Hogan et al., 2011; Ahern et al.,320As discussed iManuscript 3, an activated
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immune system may be a prerequisite for GLP-1 ltpaim effect on the immune cell subset frequency
and/or function. Psoriasis is an autoimmune-medidfiammatory skin disease involving cells from
both the adaptive and innate immune system, inatud@ireg and iINKT cells, and an enhanced production
of inflammatory cytokines detected locally and ircglation (Kagen et al., 2006; Davidovici et &Q10;
Sweeney et al., 2011). Hogan and co-workers reghdnigher circulating iNKT cell frequencies in obese
psoriasis patients compared to our patient groogh before and especially after liraglutide therapy
which could suggest differences in the degree ofiume activation and thus incompatibly between these
two patient groups. T2D patients belong to a vegjetogeneous group in relation to BMI, body fat
distribution, including abdominal obesity, insuliasistance, degree of low grade inflammation, and
amount of obesity-related co-morbidities, i.e. CMideed, immunoregulatory effect of GLP-1R agonist
treatment may not be expected in all patients, esiging a limitation of the study presented in
Manuscript 3, such as the small sample size and lack of obes&rot group receiving placebo.
Assessment of circulating INKTs in relation to a&l impact of a given disease is complicated gy th
paucity in human blood, by large individual vamets, and lack of standardized antibodies for

enumeration of these cells.

To conclude on the immune cell data obtained arsdrdeed inManuscript 3, no effect on circulating

Treg or iINKT cells could be detected in obese T2aDgmts receiving liraglutide therapy.

Does GLP-1 have local and/or systemic anti-inflamntary effects?

In Study II, the GLP-1R agonist liraglutide was examined m BMA ear inflammation model - a model
of chronic inflammation. Investigation of anti-iafhmatory effects of GLP-1 in this model has notbee
tested before. We found that treatment with lirigei appeared to down-regulate specific parts ef th
systemic response to local inflammation, as detielsyea significant suppression of PMA-induced Ik-1
secretion and a modest reduction in TAKC and IL-12 (non-significant). Liraglutide trea¢nt did,
however, not affect the primary study end-pointatieg to the local PMA-induced inflammation, sueh

ear thickness and ear weight.

The lack of effect on these parameters may be equey the robust and “non-physiological” natufe o
PMA-induced inflammation, which limits the valuetbfs model in studying minor to moderate immune-
regulatory effects. The model is attractive whestig compounds with a proposed effect on the ¢PLA
enzymes that are stimulated by PMA but may notéwesitive enough for the detection of small anti-
inflammatory changes as potentially mediated by GLBased on findings in the literature suggesting
that liraglutide modifies cytokine production bui dot suppress cytolytic activity of altered iNK€lls
(Hogan 2011), and on our findings, both in the ebE2D patients on liraglutide therapy and in theAPM
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experiment, the actions of GLP-1 may be of a mameniinoregulatory character as opposed to

immunosuppressive.

T-lymphocytes modulate immune responses througbrabguppressive mechanisms, and although no
changes in the frequency of INKT and Treg cells deiected, their function may have been affected by
surgery (rationale behinBtudy I). Changes in the cytokine profile towards enharamtitinflammatory
Th2 immunity and reduced Thl responses may refigattional changes of the cytokine-secreting
immune cells. One may speculate that the acutéoveos the ear inflammation model with duration of
only 6 hours might have been a better alternativettidy GLP-1 immunoregulatory effects. As mice
were pre-treated with liraglutide, the potentialligbof liraglutide to prime and inhibit immune e
might have been revealed if we had obtained eakrbss measurements on day 1 or 2 after the first
PMA challenge.

As described iManuscript 3, we did not find any changes in IL-6, IL-10, TNETGF{3, adiponectin
and leptin but a small increase in plasma IL-8rafteweeks of liraglutide therapy in humans. Asveho

in Manuscript 1 and 2, similar changes in IL-8 were registered after BYGhe biological relevance
and clinical significance of this increase can, bBoegr, be questioned. The circulating levels of &
have reported iManuscript 1, 2 and3, are all comparable to the concentrations foun&tuun and co-
workers in obese subjects. After 20 weeks and 2dkwef weight loss (~15%), the same authors
measured a 30% increase in IL-8, equal to our rigsli Thus, regardless of the amount of weight loss
(GLP-1 induced a weight loss of 3% seanuscript 3 and RYGB induced weight loss of 13% see
Manuscript 1 and 2), IL-8 secretion appears to be slightly affect€dmpared to the aforementioned
GLP-1-mediated decrease in KC (the mouse orthofdguman IL-8), a GLP-1-specific effect on IL-8

appears questionable.

One explanation for the GLP-1-induced effect outal and molecular immune mediators observed in
some studies and not in others might be that theérdlammatory effect of liraglutide therapy isdimect,
either through weight lossr by improvement in metabolic parameters, such asoge and insulin that
may have an impact on cytokine secretion as welManuscript 3, we found that liraglutide improved

glucose metabolism but without significant effemtscytokine secretion.

Is RYGB associated with changes in the immune syste- and if so, are these changes
mediated by GLP-17?

Bariatric surgery restores glycemic control and rowes insulin secretion and obesity-related co-

morbidities. Reduction in the risk of developingeslty-related co-morbidities by gastric bypass may
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involve resolution of inflammation characterized tgcreases in pro-inflammatory cytokines (e.g IL-6
and leptin) and increases in anti-inflammatory alliipes such as adiponectin. The approximately 1d-fo
increases in postprandial GLP-1 secretion followgagtric bypass procedures may be involved in the
beneficial metabolic effects both directly via tblassical glucoregulatory pathways and indirecily v

anti-inflammatory and immune-regulatory mechanisms.

The hypothesis behind the work describednianuscript 1 and 2was that the metabolic improvements
observed after RYGB was linked to an anti-inflamomatprofile, mediated, in part, by immunological
activity of GLP-1.Manuscript 2 included evaluation of Tregs and iNKTs and cytekinwhich was not

measured iManuscript 1.

In Manuscript 1, we reported a decrease in fasting and postpramdiacentrations of the pro-
inflammatory cytokines IL-6, leptin, and the regoly cytokine TGH3, while the anti-inflammatory
adipokine adiponectin was increased one year pogesy. Two patient groups were examined; obese
patients with type 2 diabetes and subjects wittmabiglucose tolerance, with no significant diffaces

in the levels of inflammatory mediators between tthe groups before, 1 week, 3 months, and 1 year
after surgery. The improvement of glucose metabylfter one year was correlated with the decraase i
IL-6 and TGFB concentrations, but only in the T2D group. As dssed in the manuscript, this could be
due to either a major improvement of HbAlc valueghis group as compared to the normal glucose
tolerant group, but could also imply a role for@Lin glycemic control when insulin resistance isgamt.
Swarbrick and coworkers found a similar decreaseiiaulating IL-6 concentrations one year after

RYGB to be associated with the relative improven@nnsulin sensitivity (swarbrick 2008).

Previous bariatric surgery studies have rarely éexadhboth pro- and anti-inflammatory cytokines and
the majority of these studies often include onlgigle follow-up measure. A strength of the study
described ifMManuscript 1 is the inclusion of several time-points, which\ides a more comprehensive
examination of RYGB effects on the immune systerbath short- and long-term changes are measured.
Our main results on the short-term effects wereearahse of leptin to a level sustained at all post-
operative follow-ups and a marked but non-signiftdacrease in IL-6 due to huge patient variatibhe
immediate decrease in leptin occurs independeritioss of fat mass, and may be explained by a
neuroendocrine response to fasting as suggesigahiit, M + Ahima). The short-term effects of RYGB

could be a result of caloric restriction rathentliae surgical procedure itself.

A further strength of the data presented/ianuscript 1 was that dynamic meal-induced gastrointestinal

hormone and cytokine responses were investigateglefhanced postprandial GLP-1 secretion occurring
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immediately after RYGB may influence functional ahjlities of immune cell subsets expressing the
GLP-1R whereby cytokine secretion is altered. Gaariing the hypothesis of a direct effect of GLPAL o
the circulating immune cells, the inclusion of aaltest was an interesting approach in studyingeacu
effects on immune cell cytokine secretion. The ltesdid, however, not reveal any correlations befwe

postprandial GLP-1 and cytokine responses.

Manuscript 2 sought to examine the short-term effects (3 mgrah&|RYGB on changes in iINKTs and
Tregs and whether changes in cytokine secretiombasrved and reported Manuscript 1 could be
attributed to these changes. Lynch and co-worlarad enhanced levels of circulating iNKTs following
weight loss induced by RYGB, suggesting one paaémtiechanism by which the massive weight loss
after bariatric surgery may re-establish insulinssigvity (Lynch 2012). No changes in Tregs or iNKT
could be detected three months after surgery ajtonsulin resistance was significantly improved as
describer inManuscript 2. We did, however, find increases in the anti-imitaatory cytokine IL-10
(113%), an unexpected increase in liF{4%), and an expected significant decrease imlelf-N-y and
IL-10 are prototypical Thl- and Th2-derived cytadnsecreted by T-lymphocytes in order to regulate
immune responses. The presence of IL-10 is impbftarthe immunosuppressive effect of Tregs, while
iINKTs are potent inducers of IFiNH{FN-y has shown cytotoxic effect on beta-cells in autoime
diabetes (Chong et al., 2001), but studies on t&ltafunction after RYGB suggest improved function
(Jorgensen et al., 2013). The finding on FNFresented iManuscript 2 may not be clinical relevant but
could nevertheless illustrate functional changeshm cytokine-secreting cells. Although we did not
observe changes in the frequency of INKT and Trelis,ctheir function may have been affected by
surgery as reflected by changes in Thl and Th2 imenmmasponses. Functional analyses of immune cell
subsets following RYGB could be an attractive sapgnt to improve understanding of the effects of

RYGB and weight loss on inflammation.

CONCLUSION

This PhD work was undertaken to investigate arittinmatory and immune-modulating effects of GLP-
1 in different experimental model systems. Overadl,strong immunosuppressive effects of GLP-1 was
detected in thén vitro andin vivo test systems applied. While direct immunoreguiagdfects of GLP-1

on Treg and iNKT cells is an attractive hypothestswere not able to detect changes in these celli
non-clinical or clinical studies conducted. Theklaosf changes may by due to limitation in the

experimental setup and/ or large heterogeneityairept material. Indeed, GLP-1 may only affect Breg
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and iNKTs in exaterated inflammatory situationstsas during a flare in psoriasis. While initial pive
data was obtained in one single donor initheitro Treg studies, the findings could not be reproduned
subsequent samples. In the PMA animal model, weolakrve a systemic immunoregulatory effect of
GLP-1 on various pro-inflammatory cytokines, but suppressive effect on the local ear inflammation.
The model might have been too severe to allow Gli&-&xert a significant local effect, despite sligh
changes in systemic inflammatory markers. The effet liraglutide treatment on circulating
inflammatory markers was minimal in patients witBDl. A slight increase in plasma IL-8 was detected

following 12 weeks of treatment while the other mkwere unchanged.

RYGB was associated with changes in some immuneataees, such as IFN; IL-10 and leptin. It is

not possible to determine from our study designittileence of weight loss or RYGBer seon the
observed changes and whether alterations in cygogécretion is related to functional changes in the
immune cells or due to other influencing factorglswas post-surgical stress responses as recently
suggested (Lin and Gletsu-Miller, 2013).

FUTURE PERSPECTIVES

Despite observations of only limited effects of GLBn different immune parameters in the diffettest
systems used in this PhD thesis it remains releiafitrther study potential immunoregulatory effeof
GLP-1 treatment. Moreover, controversy exists mliterature regarding the absolute effects andipe
mediators of potential GLP-1-mediated immune suggiom. Moreover, it will be important to
understand if GLP-1 treatment can alter the iINKTTgg cells in subtypes of patients with T2D sush a
reported in patients with psoriasis. Moreover, RYS&@&dies in animals lacking a functional GLP-1R can

be used to further elucidate a potential anti-mfiaatory role of GLP-1 following this procedure.
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ABSTRACT

Purpose: To explore the hypothesis that Roux-enastriz bypass (RYGB) reduces circulating levelspod-
inflammatory cytokines, while increasing anti-inflanatory cytokines in obese subjects with type delies and in

glucose tolerant obese subjects.

Methods: Thirteen obese subjects with type 2 desbhand twelve matched obese normal glucose tolstdojects
were examined before, one week, three months, aadyear post-surgery. IL-6, leptin, adiponectin8ILTGFf
and the incretin hormone GLP-1 were measured ifabiing state and during a liquid meal. Insulisiseance was
evaluated by HOMA-IR.

Results: Weight loss did not differ between the twoups. Pre-surgery, HbAlc was higher and HOMAeWRer in
type 2 diabetic patients, however, converged to ¢hkeies of glucose tolerant subjects one year pagfery.
Circulating biomarker concentrations did not diffegtween the two groups at any time point. One wesfde
surgery, circulating IL-6 and IL-8 were increasadile adiponectin and leptin were reduced compavitd pre-
surgical concentrations. TGFtevels did not differ before and one week afteigsty. Three months post-surgery,
IL-8 was increased, leptin was reduced, and no gdavas observed for IL6, TGEK-and adiponectin. One year
post-surgery, concentrations of IL-6, T@FRnd leptin were significantly reduced comparebdfore surgery, while
adiponectin was increased. No correlation betwéenpostprandial GLP-1 responses and cytokines deweals

observed before or after RYGB surgery.

Conclusion: RYGB reduced pro-inflammatory biomaskand increased anti-inflammatory mediators irbelii

and normal glucose tolerant obese subjects 1 yesirqurgery. IL-8 did not differ before and aftergery.

Key words; RYGB, weight loss, type 2 diabetes, ghectolerant subjects, cytokines
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ABBREVIATIONS

CVD: Cardiovascular disease

BMI: Body mass index

RYGB: Roux-en-Y gastric bypass

GLP-1: Glucagon-like peptide-1

HOMA-IR: Model assessment of insulin resistance
HbAlc: Glycated hemoglobin

HPLC: High pressure liquid chromatography
SEM: Standard area of the mean

SD: Standard deviation

AUC: Area under the curve

IL-: Interleukin-

TGF: Transforming growth factor befa-
MSD: Meso Scale Discovery

NGT: Normal glucose tolerant

T2D: Type 2 diabetes
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INTRODUCTION

Obesity is associated with chronic low-grade inflaation, which is thought to be involved in the depenent of

obesity-related co-morbidities, such as insulinstasce, type 2 diabetes and cardiovascular dis€@3¢D) [1].

The adipose tissue is considered the prime orgamdiating obesity-induced inflammation by seargthigh
levels of pro-inflammatory molecules, including 6Lsecreted by immune cells residing in the strowaecular
fraction. This is thought to contribute to the depenent of insulin resistance and deteriorationghicose
homeostasis [2-4]. Leptin is primarily produceddmipocytes and plasma levels are elevated in chdgects [5].
Leptin is a central mediator in regulating foodake and energy expenditure [6] and has been shovimhtbit
insulin secretion from pancreatic beta cells [W]addition, studies have indicated an immunologiotd of leptin

by inducing the production of IL-6 and other acptese reactants [8;9]. Adiponectin is also produced
predominantly by adipocytes, and plasma levelslgianectin are inversely correlated with body madex (BMI)
[10;11]. Decreased levels of adiponectin have Bieded to impaired insulin sensitivity and incredsésk of CVD
[12;13]. The chemokine IL-8 has been found to bedpced and released from human adipocytes [14ddition

to playing a central role in inflammatory processéscluding atherosclerotic processes as a neutroph
chemoattractant [15;16]. Circulating levels of ILa8 increased in obesity [17;18], in type 1 diabeind type 2
diabetes patients compared to lean healthy subjé®isand to obese subjects with normal glucoserawice
[20;21]. Transforming growth factor beta (T®F-an immunoregulatory cytokine, has also been dotm be

associated with obesity and type 2 diabetes [22-25]

Several studies in obese subjects have reporteéarglimduced weight loss to improve insulin sergli increase
adiponectin levels and reduce circulating leveltepfin, IL-8, and IL-6 [26-29]. Bariatric surgerincluding Roux-
en-Y gastric bypass (RYGB), restores hepatic amgbiperal insulin sensitivity and often causes resiois of type 2
diabetes in most cases before any substantial wiigh is achieved [30;31]. There is a marked iaseein hepatic
insulin sensitivity within one week post-surgenyhile peripheral insulin sensitivity is only impravebout three
months post-surgery after a major weight loss [&veral studies have shown that bariatric surgecreases
fasting plasma leptin [33-38] and IL-6 [39-42], Whiincreasing levels of adiponectin independenflyweight

reduction [35;43].
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Whether a more favorable inflammatory profile isked to the immediate improvement of insulin resise and
resolution of type 2 diabetes after RYGB is not\Wno In the present study, we explore the hypothtsat the
RYGB induced improvement in insulin resistance ssagiated with decreasing pro-inflammatory anddasing
anti-inflammatory circulating cytokine levels We amwined short- and long-term changes of IL-6, leptin
adiponectin, IL-8, and TGB-from before RYGB surgery, one week, three montin$ ane year after RYGB in
obese patients with type 2 diabetes and in obdgedts having normal glucose tolerance. We hypdhdshat the
fasting levels of pro-inflammatory cytokines woudd higher in the type 2 diabetes group before syrgempared
with the normal glucose tolerance group, and thatlevels in both groups would decrease and equalfter
surgery leading to a more anti-inflammatory profiieoth groups.

In a recent study in mice, Ellingsgaard and co-wmklemonstrated that enhancing circulating IL#Bee through
high-fat diet or exercise, increased the secregiod production of glucagon-like peptide-1 (GLP-43]f As the
exaggerated postprandial secretion of GLP-1 taleepmmediately after surgery [37;45]; we alsalsd levels of

inflammatory markers in the postprandial period egldted it to postprandial GLP-1 responses.

MATERIALS AND METHODS

Study population

Study population and study design have been destiilefore [45]. Briefly, thirteen obese subjectshwiype 2
diabetes and twelve matched obese subjects witmaloglucose tolerance were recruited from the Hwido
Hospital bariatric surgery program (Hvidovre, Demk)aThey all met the Danish criteria for bariatsargery
(age>20 years and BMI > 40 kg/m2 or > 35 kg/m2 wittmorbid conditions such as type 2 diabetes or
hypertension), and had accomplished a mandatorgpprative 8 % diet-induced total body weight loggobe
inclusion. Patients were excluded if they had beeceiving incretin-based therapies or insulin, -#mgroid

medication or anorectic agents within 3 monthsmoahe study.

Study design and experimental protocol
Participants were examined before and at one wieke months, and one year postoperatively. Arietia
medication was paused in diabetic subjects 72dr puithe preoperative meal test. After surgeryenof the type 2

diabetes subjects received any antidiabetic meditat
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Patients were studied after a 10-12-h overnighinfgsperiod and were weighed and then ingested 80 anin
period a liquid meal consisting of 200 ml of FreisuBnergy Drink [300 kcal, carbohydrate (E% 50)tein (E%
15), fat (E% 35), Fresenius KabiDeutchland, Bad Horg, Germany]. Blood was sampled from a catheten
antecubital vein at -10, -5, 0, +15, +30, +45, +680, +120, +180, and +240 min compared to the efdhe meal.
In the present study, only samples collected at 45, 60, 120 and 240 min were analyzed, angblsaat time O

min was used as fasting baseline level.

Surgical procedure
Surgery was performed at the Department of Gasteoglogy at Hvidovre Hospital (Hvidovre, Denmark3 a

previously described [38].

Sample collection and laboratory analysis

Blood samples were collected in clot activator tube EDTA tubes. Determination of plasma insulin,Ral and
glucose was carried out as described in [45]. HbAbs determined using HPLC (Tosoh Bioscience, Tpkyo
Japan). For protein analyses, venous blood wasledmmio EDTA tubes and kept on ice until centrddgat 4C,

10 min, 200@. Plasma aliquots were stored at*@Quntil analyzed. Total plasma concentrations fiammatory
markers were determined by electrochemiluminessandwich immunoassays (Meso Scale Discovery (MSD),
Gaithersburg, MD, USA) enabling simultaneous quiatiion of multiple analytes. The assays were qrened
according to the manufacturer’s protocol using &DMnstrument (SECTOR Imager 2400, MSD). All saragltar
each individual subject were run on the same apkstg and the same batch of kits was applied flosahples.
Samples with values greater than the upper limiuantification were diluted and reanalyzed. In fdsgting state
IL-6, leptin, adiponectin, IL-8, and TGFwere measured, and in the postprandial sampl&s l&ptin, adiponectin

were measured.

Statistical analyses
Insulin resistance was calculated using the horasizsstmodel assessment of insulin resistance (HORDAds
Insulinsing X Glucosgsind(22.5 x 6.945). To assess the possible effect Y&R on the postprandial cytokine

response, total AUC for IL-6, adiponectin, and ileptere calculated by using the trapezoidal met{®haphPad
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Prism v. 4). Statistical analyses were carriedusing Mann-WhitneyJ-test for comparisons between groups. For
comparisons of pre- and post-surgical time-poiftdedman’s nonparametric repeated measures ANOWA wi
Dunn’s multiple comparison post test was applied imcluded only patients with complete data sebghlsample
drawn at all four study time-points). Relationshgiween variables was assessed by non-paramp&éri8an rank
correlation. Statistical analysis was performechgsiraphPad Prism v. 4 (San Diego, CA, USA). Thell®f

significance was set &<0.05.

Ethics statement

Written informed consent was obtained from all jogpants. The study was approved by the Municiptiical
Committee of Copenhagen (Reg. nr. H-A-2008-080-2) &hd was in accordance with the Helsinki-ll destian
and the Danish Data Protection Agency. The study negistered at www.clinicaltrials.gov (Clinical@ls.com ID

NCT01579981).

RESULTS
Study population

One subject with type 2 diabetes could not be stiidi week after RYGB because of anemia. One subjiict
normal glucose tolerance was excluded from the Bthsofollow-up data set, due to excessively higtirfigy insulin
and C-peptide concentrations, indicating a nonffgsstate. One subject with normal glucose tolezawas not
examined at 1 year follow-up due to pregnancy (fady).

Twelve subjects with type 2 diabetes were treatégld w1 oral antidiabetic medication, and one subject diat-

treated only before surgery. After RYGB none of tiyjge 2 diabetes patients received any anti-dialmagdication.

Changes in weight and glucose metabolism

Data are presented in Table 1. RYGB-induced wdimgt in type 2 diabetes subjects: one week: 2.1%%, three
months: 13.2% 3.7%, one year: 22.2%8.8% and in normal glucose tolerance: 1 week: 2.998%, three months:
15%t 4.5%, and one year: 25.298.0%.Body weight and BMI did not differ betweere ttwo groups before or

after surgery. Fasting glucose concentrations dsek continuously in type 2 diabetes subjects aftegery
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(P=0.0001), whereas in the normal glucose tolerahjests, it was reduced one week after surgery harkafter
remained unchanged£0.01). Fasting insulin was significantly lowerhnth groups after surgery at one week in
the type 2 diabetes group and at three monthsiméhmal glucose tolerance group.

HbA1c values were significantly reduced in typei&tes subjects at the one-year follow-BpQ.0007), while no
changes occurred in normal glucose tolerant subj&stfore surgery, HbAlc levels were lower in ndrglacose
tolerance subjects compared to type 2 diabete®sisbP=0.0002), but three months and one year after syrge
HbA1c levels did not differ significantly betweeet groups (three monthB=0.06, one yea®=0.24). HOMA-IR
was lower in the normal glucose tolerance groumigeurgery P=0.002), and 1 weekPE0.001), and 3 months
(P=0.05) after surgery compared to the type 2 diabgteup, but the levels did not differ betweentilie groups at

the 1 year follow-up.

Fasting concentrations of inflammatory cytokines

Data are presented in Figure 2. We did not find sigpificant differences in cytokine concentratidretween the
two groups at any of the four study time-pointstédaot shown), and therefore the two groups wilbbalyzed as
one group. One week after surgery, circulating Iar@l IL-8 levels were increased, of which only llréached
statistical significance, while adiponectin andtiepevels were reduced compared with pre-surgioalcentrations.
TGF levels did not differ before and one week afteigety. At the three-month follow-up, IL-8 was inased,
leptin was reduced, and no changes occurred in ILEFH, and adiponectin compared to before surgery. @ae y
after surgery, however, concentrations of IL-6, T&BEnd leptin were significantly reduced comparedéfore

surgery, while adiponectin was increased. IL-8rubti differ from before and one year after surgery.

Correlation analysis was performed on data coltebefore and one year after RYGB in the whole sipaiyulation
and in the two groups separatélable 2). In the whole study group, before surgdlryd was the only cytokine,
that showed a correlation with BMI (r=0.58=0.01) and HOMA-IR (r=0.52P=0.02), but after RYGB, the
correlation failed to reach statistical significan®@MI: r=0.40,P=0.08 and HOMA-IR: r=0.179=0.48). Moreover,
post-surgical I1L-6 values correlated with TFoncentrations (r=0.46=0.04). Leptin concentrations correlated
with insulin concentrations (r=0.4P=0.03), and with body weight (r=0.48=0.03) and BMI (r=0.58P=0.01)

after surgery. Adiponectin was inversely correlatgith body weight before (r=-0.5P=0.01) and after surgery (r=-
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0.59,P=0.004), and with BMI (r=-0.53P=0.01), HOMA-IR (r=-0.43P=0.04) and insulin (r=-0.41=0.03) after

surgery. There was a positive correlation betwegal$ of fasting GLP-1 and IL-8 after surgery (62)P=0.004).

Postprandial circulating concentrations of cytokines

The postprandial responses of cytokines and GLR:Dbresented in Figure 3a-f and as total AUC inl@&b Total
AUC for the different cytokines in type 2 diabetestients and normal glucose tolerant subjects diddiffer
significantly at any study time-point and the twogps will be analyzed as one group. An increagetad AUC for
IL-6 was observed one week after surgery followgd lilecrease to preoperative response levelsthftss months
and after one year (Fig. 3a). Total AUC for adipzime was significantly increased one year aftegsty compared
with both before, one week and three months aftegesy (P<0.0001) (Fig. 3b). At all post-operatfedow-ups, a
significant reduction in leptin was observed with significant differences between the responses atirgery (fig.
3c) (P<0.0001). Postprandial GLP-1 responses wendeadly increased at all three post-surgical follgpe (Fig.
3d) (P<0.0001). No correlations between the postprar@laP-1 response and postprandial IL-6 secretiontlogro

cytokine responses were observed before or aft€eBR¥urgery (data not shown).

DISCUSSION

Low-grade chronic inflammation associated with dtyeis considered a major risk factor for the deyshent of
obesity-related comorbidities such as insulin tasise and CVD and resolution of the unfavorabléammmatory
state could offer a potential explanation for tlealth improvement associated with major weight kfssr bariatric
surgery. Previous RYGB studies have focused priynan well-characterized pro-inflammatory markersl dnave
rarely prospectively examined acute and long tehanges of both pro- or anti-inflammatory markerd & our
knowledge, only one other study has investigatezl gbstprandial response of cytokines in RYGB-operat
subjects.

In the present study, we have assessed fastingpastprandial responses of IL-6, IL-8, T@Fdeptin, and
adiponectin before as well as one week, three nsomthd one year after RYGB in 13 obese patientls tyjie 2
diabetes and in 12 matched obese subjects withal@iocose tolerance.

We found that RYGB induces changes in circulatingoentrations of cytokines in both obese patieritls iype 2

diabetes and in obese subjects with normal glutiseance by decreasing fasting plasma concentiatid the pro-
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inflammatory cytokine IL-6, leptin, and the regulat cytokine TGFB, and by increasing the anti-inflammatory
adiponectin. IL-8 did not differ before and 1 yedter surgery. For all investigated cytokines, ¢hanges in fasting
levels were similar to the postprandial concerdregiof the same cytokine in both type 2 diabetdgests and
normal glucose tolerant subjects and the dynamidbe postprandial responses did not change betpeerand
post-surgery. No significant changes in adiponeatid leptin levels were observed postprandiallyijexd small but
significant increase in IL-6 was observed during theal both before and after surgery. Fasting arstippandial
concentrations were similar in the two groups atiale-points. As expected, GLP-1 showed a marketeiased

postprandial response immediately after surgery.

Fasting cytokine response

Fasting concentrations of cytokines did not ditfetween type 2 diabetic patients and glucose taiesabjects at
any study time-point, which may in part be explditxy the mandatory preoperative 8% diet-inducedl teeight
loss before surgery and that both groups displayedbid obesity with a mean BMI of about 42 k§/m
Nevertheless, insulin resistance evaluated by HORAvas more pronounced in type 2 diabetic patibafsre and
the first three months after surgery. One yearra®¥GB, insulin resistance did not differ betwedre ttwo
experimental groups.

Our main findings were a reduction of fasting clatung levels of leptin and adiponectin one weeleraRYGB,
accompanied by an increase in IL-6 and IL-8, whig&F levels did not change one week after surgery. {&ee
post-operatively, IL-6, TGPB; and leptin circulatory levels were significantlgduced, while adiponectin was
increased compared to before surgery. IL-8 diddiféér before and one year after surgery.

Significant correlations present before surgery ane year after RYGB were an inverse correlatioadiponectin
with body weight, while IL-6 and leptin were foumal correlate positively with body weight after RYGit not
before. In addition, before surgery, plasma conegions of IL-6 were found to be correlated witbtia and with
HOMA-IR, and after RYGB to be correlated with citating TGFf. The levels of adiponectin after RYGB were
found to be associated with measures of insulisigeity [fasting insulin and HOMA-IR]. The decrea IL-6 and

in TGFH observed after RYGB was associated with improvenoérglucose metabolism as demonstrated by a

decrement in HbAlc values (see Table 2).
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The reductions in IL-6 concentrations one yearrd®¥GB is in agreement with some other RYGB studis41]
and consistent with other weight loss interventtudies, either through dietary restriction [29]adher types of
bariatric surgery procedures [39;42;46] reportimg-gear follow-ups. Other studies have reportedessed IL-6
within six months after surgery [47], while othemvéstigators have not been able to detect any esang
[33;35;48;49]. The maximal weight loss after RYG8 dbtained between 1 to 1.5 year after surgery, [a0f
evidence seems to suggest that at least two yeamsquired post-surgery for stabilization of thflammatory
profile [51]. Lack of effect on inflammation relateirculating biomarkers could therefore be exmdity the short
duration of some studies. In addition, the surgipadcedure and subsequent healing process migtit el
inflammatory response delaying the weight induceduction in biomarkers until several months aftargery.
Another explanation for a delay in reduction of qmmlammatory mediators may be that the restrictdiet
following surgery resembles a state of starvatimhjch has been shown to initiate certain pro-infiaaory

responses [52].

We hypothesized that type 2 diabetic subjects wdwdde a higher inflammatory burden as reflected imore
inflammatory circulatory biomarker profile. Sigrafintly higher concentrations of IL-6 have been ctetdin type 2
diabetic subjects compared to obese healthy ssbjd&]. The role of IL-6 in type 2 diabetes andimsulin
resistance is, however, debatable [54]. We obsethat pre-surgical IL-6 concentrations in the tyaliabetes
group were higher compared to normal glucose totesabjects, although not significantly so, whidéoahas been
shown in other studies [39;46]. It has been suggettat IL-6 has an effect on the secretion of AL intestinal
L-cells [44]. In the present study no associatietween postprandial GLP-1 and IL-6 or other cytekiasponses
was demonstrated. We did, however, find a signiticarrelation of IL-6 with body weight after RYGi®gether
with an association between the one-year postcalrgecrease in IL-6 and improved HbAlc values amlyype 2
diabetes subjects (Table 2). This observation maylyi a role of IL-6 in obesity and in glycemic cositwhen

insulin resistance is present, although a cleaclasion about causality cannot be obtained fronptiesent study.

The increase in fasting concentrations of the mflidimmatory adiponectin is consistent with thedfilgs of a
number of RYGB studies [33;35;43]. Brethauer andvookers found an increase in adiponectin appedtinge

months after surgery [33], while Trakhtenbroit arwdworkers report lack of increase until two yeafter RYGB
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with no changes observed in a cohort of type 2at@bsubjects undergoing gastric banding. Subjedtee RYGB
group bst significantly more fat mass than the gastriodidg group[55]. The inverse correlation of adiponectin
with body weight before and one year after surgbuy, not at the one-week and three-month follow-{gzga not
shown), may suggest that either a certain amounteddght loss, a period of weight stabilization oprovement of
the metabolic instability is required before changeplasma adiponectin are manifested.

The decrease in adiponectin immediately after syrdes, to our knowledge, not been reported befora study
with obese subjects undergoing liposuction, dee®#as adiponectin in addition to increases in llés reported
and was suggested to indicate that IL-6 suppresmdipenectin secretion [56ln vivo studies in obese subjects have
shown that low levels of plasma adiponectin wekeiigely correlated with circulating IL-6 [27;57].Ale in vitro
studies have demonstrated downregulation of adigonenRNA in adipose tissue fragments incubated Wit-6
[27;58], adiponectin have also been shown to irega@asulin sensitivity through an IL-6-dependenthpay [59].
We did, however, not observe any correlation betwagiponectin and other inflammatory cytokinesradtagery.
We found a reduction in circulating leptin as ealy1 week after surgery and before significanhgka in body
weight; a finding which is supported by Isbell ar@wworkers and others with 2- and 3-week post-satgbllow-
ups [34,36;38;60;61]. Reduction of circulating lepduring caloric restriction has been suggesteetan essential
component of the neuroendocrine response to fafi?Zi$3], and the immediate decrease in leptin a¢dlkrefore

potentially be ascribed to post-surgical calorgtrietion rather than the RYGB procedure itself.

To our knowledge, the response of IL-8 and Ti5lkas not previously been studied in relation tadtac surgery.
We found an increase in IL-8 concentrations 1 waett 3 month after RYGB, but after 1 year the cotredions
had returned to preoperative levels. The obsermetease in IL-8 after RYGB is of interest as thiemokine
potentially is involved in the pathogenesis of abiselerosis and CVD [16], and thus, we would haygeeted that a
health promoting intervention like RYGB should riéso a lowering of IL-8 levels. Similar to our fiing, Bruun
and coworkers reported an increase in IL-8 aftem2@ks and 24 weeks, respectively, of dietary-isduweight
loss of approximately 15% [17;26]. Other cell tyfesides adipocytes involved in acute and chrarflarnmatory
responses could add to the secretion of I1L-8 [6d] this could evidently also be the case aftereamtight loss. In

addition, other substances released from the aglifssue during weight loss, such as organochlarampounds,
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may also stimulate the release of IL-8 [65] andotfer adipose tissue-derived cytokines [66]. Then@diate
increase after RYGB could also be a surgery-relstexs response, as recently suggested [67].

Studies measuring circulating T@Fare somewhat limited due to T@Hseing present in an inactive form requiring
proteolytic activation. Furthermore, TGQ¥Fis released during the coagulation process coatplig comparisons
between measurements obtained in serum versus lE3h These analytic difficulties might explaio some
degree the diverging conclusions on TG diabetes research. Our data on Ti$uggest elevated levels in the
obese state as the RYGB-induced weight loss indaceecrease in circulatory TGFeoncentrations. Herder and
co-workers found that enhanced levels of Tfiwere linked to increased risk of type 2 diabeBH.[The relevance
of a reduction in TGH-is, however, difficult to evaluate as the influenzf weight loss on TGB-concentrations

and the metabolic impact of either increasing areasing these concentrations in humans are unknown

Postprandial cytokine response

The prandial levels of cytokines followed the chesgn fasting plasma levels. During the meal naifigant
postprandial changes in concentrations was obsdnreddiponectin and leptin. Previous studies ostp@ndial
adiponectin response in diabetic and/or obese sisdj@mve shown a decrease [69], no change [28;Orddcrease
[72]. Similarly, postprandial leptin concentrationave shown a decrease [70;73], no change [74dnadncrease
[75] in obese and/or diabetic subjects.

A small transient decrease in IL-6 concentratiores wbserved immediately after food intake followsdan
increase lasting for the remainder of the mealrething final concentrations above baseline. imtial decrease
and the following increase in postprandial IL-6 centrations in obese and/or type 2 diabetics hasenb
demonstrated before [53;76-80].

The present study has limitations; firstly partanps were included after a preoperative weight @fsabout 8%,
likely to improve several metabolic parameters,eefdly hepatic insulin sensitivity. Neverthelegsstoperative
metabolic improvements were still observed, althotlge magnitude probably had been greater if ppaints had
not been subjected to the preoperative diet. Sdgotite study was based on the assumption thatsgpramdial
response would be a more sensitive measure of gndochanges and therefore the study was powerddki®
advantage of this, meaning that small postoperatianges in fasting circulatory levels may not hesiatistically

significance. Thirdly, it is not possible to detémm from our study design the importance of thendes in
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cytokines for the improvement in hepatic and periphskeletal muscle insulin resistance and glucostbolism.
Finally, we did not include a control group subgttto the same postoperative diet, which would benajor

interest provided that diet-adherence can be clro

In conclusion, in the present study, short and @ changes in cytokines and metabolic variablere reported
in obese patients with type 2 diabetes and in stdbj@ith normal glucose tolerance after RYGB swgéire-
operative levels of inflammatory mediators did niiffer between the two groups. RYGB reduced fastmgl
postprandial concentrations of the pro-inflammatoyiokines IL-6, leptin, and the regulatory cytokinGFf to a
similar extent in both groups. The anti-inflammatadiponectin was increased, while IL-8 did nofatibbefore and

after surgery.
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FIGURES

TITLES AND LEGENDS

Figure 1 title: Trial Profile
Figure 1 text Numbers of subjects initially enrolled are depittSubject disposition (number of diabetic vs radrm
glucose tolerant subjects, subjects who were erdwa withdrawn, and subjects who were lost toofelup) are

also shown.

Figure 2a-f title: Fasting plasma concentrations of inflammatoryokiytes and GLP-1 in the whole study
population

Figure 2a-f text: Fasting plasma concentrations of (a) IL#6=18), (b) IL-8 (N=18), (c) TGFB (N=22), (d)
adiponectin f=20), (e) leptin K=18), and (f) GLP-1N=21) before (Pre), one week, three months, andyeae
after Roux-en-Y gastric bypass. Data presentedemSEM. Comparisons between time-points was madeyusin
ANOVA (non-parametric Friedman test for repeatedasages) followed by Dunn’s multiple test for stitial

differences, P<0.05, **P<0.01, ***P<0.001

Figure 3 title: Postprandial cytokine and GLP-1 response in thelevstudy population
Figure 3 text Postprandial response of (a) IL-6, adiponectip) (&ptin (c), and GLP-1 (d) in the whole study
population before (Pre), one week, three monthd, @are year after Roux-en-Y gastric bypass. Datagmted as

meant SEM
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TABLES

TITLES AND LEGENDS

Table 1 Title: Characteristics of type 2 diabetic subjects anmunab glucose tolerant subjects before (Pre), 1 week
3 months, and 1 year after Roux-en-Y gastric bypass

Table 1 text: Data are presented as mea8D. BMI, body mass index; HbAlc, glycated hemoglpblOMA-IR,
homeostasis model assessment of insulin resistAl@&E; normal glucose tolerance; T2D, type 2 diaketB-value

for overall comparison of time-points within group®<0.05, “P<0.01, ™ P<0.0001; fP-value for comparison

between groups;P<0.05,11P<0.01,111tP<0.0001

Table 2 title: Significant correlation coefficients of 1l-year clyas between anthropometric, clinical and
inflammatory variables in the whole study populatand in type 2 diabetes subjects and normal giutalsrant
subjects

Table 2 text Data are presented ascorrelation coefficient of correlation, and thamrgple size in parentheses.
NGT, normal glucose tolerant subjects; T2D, typdigbetes subjects; BMI, body mass index; HbAlccafigd
hemoglobin; HOMA-IR, homeostasis model assessmémtsulin resistance. Data were analyzed by Spearma

correlation test.P<0.05,” P<0.01

Table 3 title: Total AUCs for IL-6, adiponectin, leptin and GLFfLresponse to meal intake measured in the whole
study population before (Pre-RYGB), 1 week, 3 mentnd 1 year after (post-RYGB) Roux-en-Y gastyipdss

Table 3 text: Data are presented as mean with 95% confidencev&tfCl). Comparisons between time-points was
made using ANOVA (non-parametric Friedman testriEpeated measures) followed by Dunn’s multiple test
statistical differencesa: different from pre-surgical levels; different form one-week level, ara different from

one year level
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FIGURES

Figure 1.
Recruited patients for Roux-en-Y gastric bypass
(n=30)
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Figure 2a-f
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Figure 3a-d
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Table 1.

Pre 1 week 3 months 1 year *P value

N (T2D ; NGT) 13,12 12,12 13;11 13;11

Weight ) T20 129 +14 127 13 112 + 15w 101 +20%%* <0.0001
NGT 127 +15 124 +15 106 +13%* 95 + 16w+ <0.0001
tPvalue 0.57 0.29 0.25 0.49
N (T2D ; NGT) 13,12 12,12 13;11 13;11

BVl (kg  T2D 432 53 425 55 37.2 £5.8% 34.8 + 7.9 <0.0001
NGT 415 4.8 40.5 4.5 34.4 +3.4% 313 +4.8% <0.0001
tPvalue 0.34 0.4 0.12 0.42
N (T2D ; NGT) 13,12 12,12 13;11 13;11

Glucose T2D 89 +23 7.0 £1.1* 6.9 +1.6% 6.3 £ 1.6 0.0001

(mmol/L) NGT 55 +0.7ttt 50 +0.6tHt 49 £047ttt 5.0 £0.3tt 0.01
tPvalue <0.0001 0.0002 0.001 0.007
N (T2D ; NGT) 13,12 13;11 13,10

HbAlc

%) T2D 7.0 £0.9 59 +0.8 5.6 +0.6%* 0.0007
NGT 55 + 0.4ttt 5.4 +0.3 5.4 03 0.22
tPvalue 0.0002 0.06 0.24
N (T2D ; NGT) 13,12 12,12 13;11 13;11

Insulin T2D 125.0 +77.0 72.9 +32.1% 58.1 £35.4%% 467 £+27.1%*  <0.0001

(mmol/L) NGT 82.2 +28.3 49.4 £135 428 £13.8% 358 £165%  0.0001
tPvalue 0.29 0.053 0.6 0.45
N (T2D ; NGT) 13,12 12,12 13;11 13;11

HOMAIR T2D 6.6 £3.6 32 +15 25 £1.7% 1.8 +1.1% <0.0001
NGT 29 +1.1tt 16 0.5t 1.3 0.5 11 +0.5% 0.0002
tPvalue 0.002 0.001 0.047 0.11
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Table 2

Whole
Variable 1 Variable 2  group NGT T2D
IL-6 HbAlc 0.47*(19) - 0.82**(11)
TGH 0.65**(20) 0.70*( 8) 0.71*(11)
IL-8 GLP-1 0.59**(20) 0.80*(9) -
Adiponectin - 0.67*(9) -
TGF$ HbAlc - - 0.64*(13)
Adiponectin Leptin -0.58**(21) -0.68*(9) -
GLP-1 0.47*(21) 0.87**(9) -
Leptin BMI 0.65**(21) 0.75%(9) -
HOMA-IR - 0.72*(9) -
Insulin 0.51*(21) - -
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Table 3

Total AUC Mean (95% CI) P

IL-6 (pg/ml x 240min)N=18 0.0006
Pre-RYGB 1525 (1151; 1899)

1 week post-RYGB 3897 (530; 7264)

3 months post-RYGB 1471 (1099; 1843)

1 year post-RYGB 1312 (803; 1821)

Adiponectin (1g/ml x 240min)N=18 <0.0001
Pre-RYGB 2006 (1615; 2398)

1 week post-RYGB 1891 (1505; 2278)

3 months post-RYGB 2188 (1801; 2575)

1 year post-RYGB 3541 (2821; 4281

Leptin (ng/ml x 240minN=18 <0.0001
Pre-RYGB 16997 (11138, 22856)

1 week post-RYGB 8883 (5600; 121%66)

3 months post-RYGB 9113 (4981; 13245)

1 year post-RYGB 7883 (3904; 11862)

GLP-1 (pmol/l x 240minN=21 <0.0001

Pre-RYGB

1 week post-RYGB

3 months post-RYGB
1 year post-RYGB

2742 (2433; 3051)

10257 (7962; 12581)
11606 (8833; 14379)
11642 (8398; 14886)
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Abstract

Aim: To study the effect of Roux-en Y gastric bypd®YGB) on circulating regulatory T (Treg) and
invariant natural killer T (iNKT) cells, and antiflammatory and pro-inflammatory cytokines.

Methods: Changes in circulating Treg and INKT agilios and plasma inflammatory markers were
investigated in ten obese glucose-tolerant patientiergoing laparoscopic RYGB before and 3 months
after RYGB in the fasting state and during a mesi.t Insulin resistance was evaluated by the HORIA-
index.

Results: RYGB induced a significant weight loss18t5 + 0.6 kg and improved insulin resistance.
Fasting circulating Treg and iNKT cell percentagg nbt differ before and after surgery. Fastingspia
concentrations of IL-10 were increased by 113%0(004), IFNy by 24% P=0.04), while leptin was
decreased by 729°€0.004). IL-8 increased by 14% (not significantpsiprandial total AUC for Treg
cells and iNKTs did not differ before and after RBGA significant increase in total AUC for IL-10 @n
IL-8 was observed after surgerP0.008 and P=0.03), while the postprandial Nri¢sponse was
unchangedR=0.1). Total AUC for leptin was significantly deased after RYGBR=0.004). RYGB did
not result in any changes in the fasting or posified responses of IL-6, TN&- MCP-1, and
adiponectin.

Conclusion: RYGB and weight loss improve insulirsiseance and is associated with alterations in
circulating concentrations of innate immune cell«en inflammation related factors, however no chemng

in the number of INKT or Treg cells were observend@ths post-surgery.

Key words: RYGB, inflammation, regulatory T (Treg) cells, imant natural killer T (iNKT)
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Abbreviations

RYGB: Roux-en-Y gastric bypass

Treg: Regulatory T-cells

iNKT: invariant Natural Killer T cells
HOMA-IR: Homeostasis model assesment
IL-: Interleukin-

IFN-y: Interferon-gamma

AUC: Area under curve

TNF-o: Tumor necrosis factat-

MCP-1: Monocyte chemoattractant protein-1
GLP-1: Glugon-like Peptide-1

GLP-1R: Glucagon-like Peptide-1 Receptor
FFM: Fat-free Mass

BMI: Body Mass Index

IQR: Interquartile Range

Thl: T-Helper Cell Type 1

Th2: T-Helper Cell Type 2

M1: Macrophage Type 1

M2: Macrophage Type 2
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Introduction

Obesity-induced inflammation, especially in thepadie tissue, liver and skeletal muscles, is inubine
metabolic dysregulation and in the pathogenesigm&idlin resistance and subsequent type 2 diabetes
(Hotamisligil, 2006). Macrophages are important ratas of obesity-induced insulin resistance (Dama
et al., 2011). T-cells are capable of regulatingnmophage activation by secreting Thl cytokineshas
IFN-y that enhances the differentiation of macrophagts a pro-inflammatory M1 phenotype, or Th2
cytokines such as IL-10 and IL-4 to promote an-aritammatory M2 macrophage profile (Lee and Lee,
2014).

Invariant natural killer T (iNKT) cells, a subsef innate-like T-lymphocytes, and regulatory T (Tyeg
cells, an adaptive T-lymphocyte subset, are redutedlipose tissue and circulation of obese miak an
humans and this reduction is associated with tigsilesnmation and glucose intolerance (Feuered.et a
2009; Yun et al., 2010; Deiuliis et al., 2011; Liret al., 2012; Wagner et al., 2013).

Roux-en-Y gastric bypass (RYGB) surgery inducedasusd weight loss, improves insulin sensitivity,
and reduces concentrations of circulating pro-mfiatory cytokines such as IL-6, MCP-1, and leptin,
while increasing adiponectin concentrations (Breéiaet al., 2011; Isbell et al., 2010; Miller et @011;
Beckman et al., 2011; Falken et al., 2011; Jacobtah, 2012; Kopp et al., 2005; Swarbrick et 2008;
Viana et al., 2013; lllan-Gomez et al., 2012), (®filet al., 2011; Swarbrick et al., 2006). RYGBoals
enhances circulating levels of certain gastroiitabhormones, particularly the postprandial sécnedf
glucagon-like peptide-1 (GLP-1) (Madsbad et al140 In addition, changes in circulating iINKT cells
have been found following RYGB (Lynch et al., 201&) P-1 receptors (GLP-1R) have been found on
several T-lymphocytes, including iINKT and Treg setind treatment with a GLP-1R agonist in obese
subjects with T2D enhanced iNKT cell numbers icwdiation (Hogan et al., 2011; Ahern et al., 2013),

suggesting one potential mechanism by which bariatirgery re-establishes insulin sensitivity.

Thus, the evidence of a direct contribution of @asdipose tissue in systemic inflammation and of a
RYGB-mediated effect on molecular and cellular anfimnatory markers suggest that alterations in
immune cell subsets and inflammation mediators ccdad important for some of the health benefits
observed following RYGB. We therefore hypothesiteat RYGB increases circulating iNKT and Treg
cells, increases anti-inflammatory and reduces imffammatory cytokines, altogether reflective of

improved metabolic function and reduced adiposei&@snflammation.
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Methods
Study participants

Study population and study design have been desthbfore (Jacobsen et al., 2013). The study iedud
ten obese glucose-tolerant patients undergoingdapapic RYGB at Hvidovre Hospital (Copenhagen,
Denmark). They all met the Danish criteria for barc surgery (age > 20 years and BMI > 40 kg/m2 or
35 kg/m2 with comorbid conditions such as type &bdtes or hypertension), and had accomplished a
mandatory preoperative 8% diet-induced total bodigin loss before inclusion. One patient experidnce
postoperative complications and was excluded frioenstudy. Written, informed consent was obtained
from all patients, and the study was approved gy NMunicipal Ethics Committee of Copenhagen in
accordance with the Helsinki-ll Declaration and wesgistered at www.clinicaltrials.gov (ID
NCT01559792).

Study design

Patients were studied within 2 weeks before anaBths after RYGB. Dual energy x-ray absorptiometry
was used to assess fat-free mass (FFM). On eaelsion¢cthe patients arrived after an overnight &8t

12 h) and a mixed meal (200 ml, 1,650 kJ (394 kcallbohydrate 50%, protein 15%, fat 35%, conggstin

of glucose (50 g glucose), rapeseed oil [14.1 @] @asein protein [15.2 g]) was ingested. The mee w

consumed slowly over 30 min and blood was samptexnt o the meal (0 min), and 60 min and 120 min

after the meal start.

Sample collection and analysis

Plasma insulin, glucose, and HOMA-IR were analyaed calculated as previously described (SHJ
2011). Total plasma concentrations of inflammatmgrkers were determined by Mesoscale Discovery
(MSD, Gaithersburg, MD, USA) with the SECTOR Imagd00 (MSD)(electrochemiluminescent assay).
Peripheral blood mononuclear cells (PBMCs) werdatsd by Ficoll density gradient centrifugation.
Circulating lymphocytes were counted and enumerbayddbeling PBMCs with anti-TCR 424-2118-PE
antibody (clone 6B11) (Biolegend, San Diego, CAA)YSanti-CD3-APC (Biolegend), and anti-CD19-
Alexa Flour 488 (BD Biosciences, San Diego, CA, U3ér INKT identification and anti-CD4-PerCP-
Cy5.5, anti-CD25-PE, anti-CD127-Alexa Fl@847, and anti-CD45RA-FITC (Human Regulatory T cell
Sorting Kit, BD Biosciences, San Diego, CA, USA)ioprto flow cytometry using a Moflo MLS
(DakoCytomation, Fort Collins, CO, US) or a MofldAes (Beckman Coulter Inc., Florida, US) cell
sorter. Exclusion of dead cells was performed udivegLIVE/DEAD® Fixable Violet Dead Cell Stain
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Kit (Invitrogen, Carlsbad, CA, USA). Samples wemalyzed using Summit v4.3 or v.6.2 software,

respectively.

Statistical analyses

To measure meal responses, the total area undeue (AUC) was calculated employing the threexdat
points and using the trapezoidal method (GraphRenR/. 4). Data collected before and after RYGB
were compared using the Wilcoxon signed rank Tds. level of significance was setR¢0.05. Data are

expressed as mearSEM or as medians [interquartile range (IQR)].

Results
Changes in weight and glucose metabolism

Patients (three men, nine women) had a pre-oper@MI of 39.2+ 1.8 kg/mMi. RYGB induced a
significant weight loss of 18.% 0.6 kg and a reduction in body fat percentages (¥31.1%). Fasting
glucose and insulin concentrations were signifigalawer after surgery (5.2 0.2 vs 4.9t 0.1 mmoll/l,
P=0.008; 125t 16 vs 66+ 7 pmol/l). HOMA-IR was significantly reduced 3 ntbs after RYGB (4.%
0.6 vs 2.1+ 0.2,P=0.008).

Changes in fasting and postprandial immunologicalameters

The median (IQR) of circulating Treg cell percemtatid not differ before and 3 months after RYGB
(3.8% (2.5 — 4.4) vs 3.8% (3.3 — 4.6)). RYGB did mzrease iNKT percentage significantly, although
median (IQR) changed from 0.020% (0.013 — 0.058).625% (0.008 — 0.060P€0.57). The median
(IQR) of plasma concentrations of IL-10 was sigrdfitly increased by 113% (from 0.52 pg/ml (0.25 —
1.69) to 1.11 pg/ml (0.39 — 2.96)=0.004) and IFN¢ by 24% (from 3.4 pg/ml (2.7 — 4.7) to 4.2 pg/ml
(3.4 — 9.7) P =0.04), while that of leptin was decreased by {&%m 75.3 ng/ml (36.9 — 112.1) to 21.2
ng/ml (9.2 — 32.2)P=0.004). IL-8 increased by 14% (from 4.3 pg/ml (3.8.2) to 4.9 pg/ml (4.4 — 5.9),

P=0.1), but failed to reach statistical significance

Total AUC for Treg cells and iNKTs did not differefore and after RYGB (Table 1). A significant
increase in total AUC for IL-10 and IL-8 was obssatvafter surgeryR=0.008 andP=0.03), while the
postprandial IFN¢response was unchangde=0.1). Total AUC for leptin was significantly deassed
after RYGB P=0.004).
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RYGB did not result in any changes in the fastingaentrations of IL-6 (1.8 pg/ml (1.2 — 3.2) vs 2.0
pg/ml (1.1 — 3.6)), TNF: (1.4 pg/ml (0.9 — 1.6) vs 1.5 pg/ml (1.0 — 2. MCP-1 (158 pg/ml (137 — 195)
vs 173 pg/ml (152 — 207)), and adiponectin (@Bml (5.3 — 16.4) vs. 7g/ml (6.2 — 13.6)) or in the

postprandial responses of these cytokines (datahmotn).
Changes in fasting and postprandial responsesiarmarized in Table 2.

Discussion

The present study suggests that RYGB induces cbanggystemic concentrations of cytokines in obese
subjects with normal glucose tolerance by increpéasting plasma concentrations of the Thl and Th2

cytokines, IFNy and IL-10, while decreasing the pro-inflammatodypakine leptin.

Plasma IFNy has, to our knowledge, not been reported in huR¥aGB studies previously. Obese Ii#N
deficient animals have reduced expression of pitarmmatory cytokines and immune cell infiltratiam i
the adipose tissue and better glucose tolerange dbatrol animals consuming the same diet (Rocha,
VZ). IFN-y expression in adipose tissue has been shownnedoeed in obese mice undergoing bariatric
surgery (Zhang et al., 2011), and we would theeefbave expected to find decreased WI-N-
concentrations in our patient group. Brethauer emavorkers reported no changes in IL-10 6 months

after RYGB, but significant increases in adiponeetere found (Brethauer et al., 2011).

IL-10 and IFNy are major prototypical Th2- and Thl-derived cyt@ld, respectively, and secreted by T-
cells in order to regulate immune responses. Te#lg are capable of suppressing Thl response<in th
presence of IL-10 (von Boehmer H., 2005; Sakagathi., 2009), while iNKT cells induce both Thl and
Th2 immunity depending on their state of activatm the surrounding cytokine milieu (Bendelaclet a
2007; Berzins et al., 2011).

Adoptive transfer of INKT cells into diet-inducedbase mice has resulted in increased adipose tissue
expression of IL-10 and adiponectin, while reduclagtin, coherent with improvements in glucose
metabolism (Lynch et al., 2012). Macrophage difféisgion is affected by IL-10 (and IL-4) toward an
anti-inflammatory M2 phenotype (Lee and Lee, 20While IFN-yinduces a shift from an M2 to a pro-
inflammatory M1 phenotype characteristic of the s#heand dysfunctional adipose tissue. In human
cultured adipocytes, IL-10 is suggested to act gsotective against TNE-induced insulin resistance
(Lumeng et al., 2007), while IFMsuppresses the secretion of insulin-sensitizingaaectin (Simons et
al., 2007). The lack of increase in adiponectieraRYGB in our patient group might be explainedoy

increase in circulating IFN-
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Although we did not observe changes in the frequefidNKT and Treg cells, their function may have
been affected by surgery. Hogan and coworkers dstraied that addition of GLP-1 to iNKT cell
cultures resulted in alterations in the releaseytdkines depending on the activation state ofifi€T
cells. The effect of GLP-1 could be blocked by aRElR antagonist suggesting a direct GLP-1R-
signaling mechanism (Hogan et al., 2011). In addjtiGLP-1 therapy in obese T2D patients reduced
concentrations of CD163, indicative of macrophagivation, and increased IL-10 secretion by
macrophages (Hogan et al., 2014). The enhancegrposial GLP-1 secretion occurring immediately
after RYGB may therefore influence functional capis of immune cell subsets expressing the GLP-
1R. Functional analyses of these cells followingG®BY could be an attractive supplement to improve

understanding of the effects of RYGB and weighs los inflammation.

Our study is limited by the small sample size agdohly one follow-up. Inclusion of more patients
would have improved the statistical analysis ang imave resulted in significant changes in cytokines
and immune cells. Furthermore, it is not possiblalétermine from our study design the influence of
weight loss or RYGBper seon the observed changes and whether alteratioogtakine secretion is
related to functional changes in the immune callduz to other influencing factors such as postisat
stress responses as recently suggested (Lin atsu@iller, 2013). Lastly, weight loss and interriatd
metabolism are only in steady state 1-2 years &WW&B, and follow-up studies more than 1 year after

surgery will therefore be of interest in order talarstand the full effect of RYGB on inflammation.
In conclusion, RYGB has a positive effect on glecosetabolism and insulin sensitivity and induces

alterations in innate immune cell-driven inflamrmoatidespite the fact that no changes in the number o

iINKT or Treg cells were detected 3 months post-syrg
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Table 1. Fasting and postprandial response in cirdating INKT and Treg cells (N=9)

Pre-op Post-op
% iNKT of lymphocytes
Fasting| 0.020 (0.013 — 0.058) 0.045 (0.008 — 0.060)
60 min after mea] 0.020 (0.013 — 0.058) 0.045 (0.008 — 0.063)
120 min after mea] 0.025 (0.015 — 0.053) 0.030(0.010 — 0.060)
% Treg of lymphocytes
Fasting 3.8(25-4.4) 3.7 (3.3-4.6)
60 min after mea 3.5(2.6-4.5) 4.2 (3.4—-4.3)
120 min after meal 3.5(29-4.3) 4.0(3.3-4.2)

Data presented as median(IQR).

Table 2. Indication of changes in immune parameterfollowing Roux-en-Y gastric bypass and

during a meal test N=9)

Immune parameter | Fasting Pre- vs Post-og Postprandial Pre- vs post-op (tAUC)
Treg cells N N

iNKT cells N N

IL6 . -

TNF-a R R

IL-8 = t (P=0.03)
IL-10 t (P=0.004) t (P=0.008)
IFN-y 1 (P=0.04) -

MCP-1 - N

Leptin i (P=0.004) L (P=0.004)
Adiponectin N N

Arrows indicate - = no changet = increase, orl = decrease.
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Abstract

Rationale:Emerging evidence suggests direct modulatory etiethe glucagon-like peptide-1 (GLP-1)
on innate and adaptive T-lymphocyte subsets anthernnflammatory cytokine profile. Therefore, we
investigated the effects of GLP-1 receptor (GLP-2B¢nist treatment on iNKT and Tregs cells and on
pro-inflammatory and anti-inflammatory cytokinesabese type 2 diabetes (T2D) patients.
Methods:Nine obese T2D patients were examined prior tosdted 12 weeks treatment with the GLP-1R
agonist liraglutide. Circulating Treg and iNKT ceilere determined by flow cytometry and plasmaIL-6
IL-8, IL-10, TNF-a, TGF{, adiponectin and leptin were measured using @elcémoluminescence
(Meso Scale Discovery). Body weight and HbA1c wads® recorded.

Results:Liraglutide reduced HbAlc and induced a minor \meigss. Percentage of circulating Treg and
iINKT cells did not differ before and after treatrewith liraglutide. Plasma IL-8 was increased, wimlo
change in IL-6, IL-10, TNF, TGF$, adiponectin and leptin could be detected aftawé&@ks treatment.
ConclusionsCirculating iINKT and Treg cells are unchangeddweiing 12-weeks treatment with
liraglutide. A minor increase in the pro-inflammate@hemokine IL-8 after liraglutide treatment was
measured, while no changes in other pro- or afiifinmatory cytokines could be detected. In the gumes
study, we could not support previous findings oti-erilammatory and immunoregulatory effect of

GLP-1R agonist treatment.

Key words: Type 2 diabetes, liraglutide, Treg cells, iNKT cells, cytokines
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Abbreviations

T2D: Type 2 Diabetes

iINKT: invariant natural killer T cells

Treg: regulatory T-cells

GLP-1: Glucagon-like peptide-1

GLP-1R: GLP-1 receptor

FBS: Fetal bovine serum

IQR: Interquartile range

TNF-a: Tumor necrosis factor alpha
TGF: Transforming growth factor beta
MCP-1: Monocyte chemoattractant protein-1
PAI-1: Plasminogen activator inhibitor-1
hs-CRP: high sensitivity C-reactive protein
Thl: T-helper type 1

Th2: T-helper type 2

142



INTRODUCTION

Obesity-associated type 2 diabetes (T2D) is chanzed by a state of chronic, low-grade inflammatio
with an excessive secretion of pro-inflammatory maexats, such as IL-6, TNE; and leptin from the
adipose tissue and decrease in the anti-inflammaittipokine adiponectin [1;2]. Inflammatory respess

in the adipose tissue are regulated by an altevatposition of immune cells with a lower ratio ofise
with anti-inflammatory and immunoregulatory phenmg (e.g. alternatively activated macrophages and
T-helper type 2 (Th2) cells) and accumulation ob-prflammatory immune cells [e.g. classically
activated macrophages and T-helper type 1 (Thi19]d8l. Accumulating evidence suggests a diret ro
of a range of these cellular and molecular immuediators in the development of insulin resistade [
Reduced ratios of invariant natural killer T (iINK&&lls and regulatory T (Treg) cells have been ntepo

in adipose tissue and circulation in obese mice lamshans compared to lean control groups [5-9].
Increasing these cell populations in murine modélsbesity and/or diabetes has been shown to grotec
against diet-induced obesity, to attenuate inflationaand to restore glucose homeostasis and insprov
insulin sensitivity [5;8;10;11]. Resolution of iafnmation, potentially by harnessing the anti-

inflammatory properties of iINKT and Treg cells, ntagrefore offer a novel treatment paradigm for T2D

Glucagon-like peptide-1 (GLP-1) is an intestinaflyoduced peptide hormone essential for glucose
homeostasis by stimulating insulin secretion, iitiig glucagon secretion and reducing food intel®.[
Furthermore, GLP-1 action is impaired in T2D paterwhich is the background for treating T2D
patients with GLP-1 receptor (GLP-1R) agonistsluding liraglutide (Victoz®) [13;14]. The finding of
GLP-1Rs on several immune cell populations, inecigdiNKT and Treg cells [15-17] has suggested a
possible immunomodulatory role of GLP-1 and GLP&d®nists. A growing body of literature describes
anti-inflammatory activities of GLP-1 affecting Imomolecular and cellular parameters independeritly o
weight loss [18-22]. Studies in transgenic GLP-demor knockout mice and in NOD mice treated with
exendin-4, a GLP-1R agonist, have reported altéremfiency of Treg cells in various tissues [15;28;2

and recently, the O’'Shea group reported data fneo human clinical case studies in obese, diabetic

143



psoriasis patients on liraglutide therapy showingeahanced number of circulating iNKT cells aftarr6
10 weeks of treatment [17;25]. The same group tedpin a study of obese T2D subjects treated with
liraglutide for 8 weeks, decreased monocyte semraif the pro-inflammatory cytokines TNE-IL-1,

and IL-6 and increased secretion of adiponectiih [26

We hypothesized that the positive effect of GLPdd®nist treatment on immune- and/or obesity-related
diseases, such as psoriasis and T2D may, in gadub to a GLP-1-mediated effect on specific catlul
and soluble mediators of the innate and adaptiveuine system. Thus, we investigated whether
treatment for 12 weeks with the GLP-1R agonistglinide would increase circulating populations of
iINKT and Treg cells in obese T2D patients concontiyawith a decrease in pro-inflammatory cytokines

and increase in anti-inflammatory cytokines.

METHODS

Study patrticipants

Obese patients with T2D planned to initiate treatiwdth liraglutide (Victoz®) were recruited from the
outpatient clinic at the Department of Endocringlaag Hvidovre Hospital (Denmark). Patients were
excluded if they had any known acute or chronitamiatory disorder including infections, received
anti-inflammatory drugs, were smokers or consumeii4>units of alcohol/week, or had previously
undergone bariatric surgery. The study was apprbyatie Municipal Ethical Committee of Copenhagen
(Reg. nr. H-2-2012-148) in accordance with the In&ldl declaration, and was registered with
ClinicalTrials.gov (NCT02201550) and with the DdniBata Protection Agency. A written informed

consent was obtained from all patients before argento the study.

Study design
Patients were examined on two occasions: prioiraglutide treatment (Pre-GLP1) and 12 weeks after

initiating the treatment (Post-GLP1). On each yigihich took place in the morning, body weight was
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measured and fasting blood samples for HbAlc amduinological analyses were drawn. Patients were
instructed to self-administer liraglutide by sulameous injection once daily. The dose was titried
level of 1.8 mg daily if tolerated by increasing ttiose stepwise by 0.6 mg once weekly. Liraglutide

mg daily is the highest approved dose to use ifestsbwith type 2 diabetes mellitus.

Sample collection and laboratory analyses

HbAlc was determined using HPLC with a cation ergeacolumn (Tosoh Bioscience, Tokyo, Japan).
For protein analyses, venous blood was sampledHBIBA tubes and centrifuged at@, 10 min, 2000.
Plasma aliquots were stored at *8Quntil analyzed. Peripheral blood mononuclearscé#BMCs) were
isolated within 2 hours from blood collection byndiy gradient centrifugation with Ficoll-Paque $fu
(GE Healthcare Life Sciences, New Jersey, USAp¥add by washing with HBBS supplemented with
5% fetal bovine serum (FBS) and 25mM HEPES buffdut®n (Gibca#® Life Technologies, Grand
Island, NY, USA), pH 7.2. Cells were resuspendetiBBS (Gibc® Life Technologies), counted and

stained with the appropriate antibodies.

Flow cytometry

iINKT cells were enumerated by staining with a camaltion of CD1d-PEx-GalCer-loaded tetramer
(Prolmmune Ltd., Oxford, UK) and an€D3-APC (Biolegend, San Diego, CA, USA). B-cellsreve
depleted using antCD19-Alexa Flouf 488 (BD Biosciences, San Diego, CA, USA). Tred aahlysis
was performed by labeling PBMCs with ai@D4-PerCP-Cy5.5, antCD25-PE, and antCD127-Alexa
Flour® 647, (Human Regulatory T cell Sorting Kit, BD Babences, San Diego, CA, US). Cells were
acquired using a Moflo MLS (DakoCytomation, Fortli@s, CO, US) or a Moflo Astrios (Beckman

Coulter Inc., Florida, US) cell sorter. Samples avanalyzed using Summit v4.3 or v.6.2 software,

respectively. Compensation was performed on sisglimed samples using the automated compensation
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feature in the software. For each patient, a lwa¢dstain was included using the LIVE/DEADFixable

Violet Dead Cell Stain Kit (Invitrogen, CarlsbadAQJSA).

Cytokine measurements

Total plasma concentrations of inflammatory markesere determined by electrochemiluminescent
sandwich immunoassays (Meso Scale Discovery (M&ajthersburg, MD, USA). The assays were
performed according to the manufacturer’s protasihg a dedicated MSD reader (SECTOR Imager

2400, MSD).

Data analysis and statistics

Treg and iNKT cell numbers are expressed as a ipxge of lymphocytes. One patient at the 12 weeks
follow-up failed due to technical difficulties dag the iINKT flow analysis, and the patient was azleld
from the this data set. All statistical analysesevperformed using GraphPad Prism v5. The non-
parametric Wilcoxon signed rank t-test was applisltl.data are expressed as median and interquartile

range (IQR). A P value <0.05 was considered siedissignificant.

RESULTS

Patient characteristics

Ten patients with type 2 diabetes were recruitedHe study of which one did not complete the 12kge
study period due to severe nausea and vomitingrigad early discontinuation of liraglutide treatme
Patient characteristics of the 9 patients competire whole study period are shown in table 1. All,
except one patient with newly diagnosed T2D, rezgimetformin either as monotherapy (n=3) or in
combination with glimepiride (n=2), sitagliptin (b¥% insulin glargine (n=1), or NPH insulin (n=1).
Liraglutide therapy was added to the existing tremits except for sitagliptin that was discontinddd

days prior to initiation of liraglutide therapy.
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When initiating the study, three of the nine papénts were severely obese (BMI>40 k@nifter 12
weeks treatment with liraglutide, BMI and body wsigvere reduced, although not significantly so
(P=0.1). Liraglutide therapy resulted in a signifitatecrease in HbAlc from a median (IQR) of 64

mmol/mol (59.5 — 73.0) to 51 mmol/mol (47.0 — 6(Q5%0.008) (Table 1).

Immune cell and cytokine analysis

Data on immune cells and cytokines are outline@lohe 2.

After 12 weeks of liraglutide therapy, the medi#@R) of circulating Treg cell percentage changexhir
5.54% (3.54 — 6.34) to 4.61% (3.88 — 6.15), (nghificant). The median (IQR) iNKT cell percentage
showed minor increase from 0.011 (0.0025 — 0.08%).814 (0.0037 — 0.070), (not significant). Median
plasma concentrations of IL-8 was significantlyreased by 32%P=0.02). IL-10 increased by 14%,
TNF-o and TGFB by 10%, adiponectin by 17% and leptin by 15%, w/faldecrease in median plasma
concentrations of IL-6 by 20% was measured; alkcthenges failed to reach statistical significance.

The INKT data set revealed large individual diffezes. After liraglutide treatment, five out of eigh
patients experienced an-835% increase compared to before treatment ancethaining three patients
experienced a reduction in iINKT cell numbers of 2@%%, and 37%. For the circulating number of Treg
cells, four out of nine patients had reduced Trely frequencies ranging from 15 — 31%, one patient
showed no change, and four patients showed anaisereanging from 9 — 22% following liraglutide
treatment.

No correlations between anthropometric and clinizah could be established at any time point.

DISCUSSION
This study demonstrated that treatment for 12 weeils the GLP-1R agonist liraglutide improved

HbAlc significantly but had no apparent effect onramge of circulating molecular markers of
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inflammation, except for a small significant incseain IL-8, most likely without any biological and
clinical significance. No alterations in circulagimumbers of Treg and iNKT cells measured in nine
obese T2D patients were detected following lirddritreatment. Weight loss was minor (3%) and wwithi
the range of what has been reported in other s@ortdiraglutide studies [14;21;25;26].

The few but convincing case reports on improvemeantssoriasis with GLP-1R agonist therapy suggest
anti-inflammatory effect of this anti-diabetic agg¢h7;25;27]. The clinical improvement appears tocur
independently of changes in glucose control ang#ght loss. Work by the O’Shea group suggested tha
GLP-1 acted directly on iNKT cells, increasing thigéquency in circulation in obese T2D patientshwi
psoriasis correlating with an immediate improvenanpsoriatic lesions [17;25]. Degree of weightdps
body weight, and HbAlc, in addition to dose ofditdide in these patients were similar to our study
population, while duration of the mentioned studiese somewhat shorter, and thus, an explanation fo
the lack of effect by liraglutide on iNKT cell fragncy in our study may be due to our patients aoing
psoriasis. Psoriasis is an autoimmune-mediateédrmfiatory skin disease involving cells from the
adaptive and innate immune system, including iNklis¢ and an enhanced production of inflammatory
cytokines detected locally and in circulation [28-3An activated immune system may be a prereguisit
for GLP-1 having an effect on iNKT cell frequenaydéor function. Circulating iINKT cell frequencies
reported in the study by Hogan and co-workers wegher than we have observed, both before and
especially after liraglutide therapy, which coulthgest differences in the degree of immune actwati
and thus incompatibly between patient groups. imega, however, iNKT cell numbers suffer from high
individual variations most likely due to genetic¢lirnce, complicating comparisons of groups wittam
sample sizes [31].

The chemokine IL-8 has been found to be producddeleased from human adipocytes [32], in addition
to playing a central role in inflammatory procesdasluding atherosclerotic processes as a neutroph
chemoattractant [33;34]. Circulating levels of ILa8e increased in obesity [35;36], compared to lean
healthy subjects and associated with insulin resc [35;37]. Bruun and co-workers reported a 30%
increase in IL-8, similar to our finding, after ¥eeks and 24 weeks, respectively of a dietary-induc
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weight loss of 13%. The circulating levels statedhese studies are comparable to the concentsabion
IL-8 found in the present study. Other cell typessides adipocytes involved in acute and chronic
inflammatory responses could add to the secretidh-8 [38] Biological and clinical relevance ofith
finding is, however, questionable.

Chaudhuri and co-workers showed that treating olied2 subjects with exenatide, another GLP-1R
agonist, for 12 weeks was associated with weigthejirendent reductions in plasma levels of pro-
inflammatory cytokines, including MCP-1 and IL-61]2 In a clinical study in 165 T2D patients,
liraglutide for 14 weeks decreased plasminogervaicti inhibitor-1 (PAI-1), a pro-inflammatory marke
and, to some degree, high sensitivity C-reactivagim (hs-CRP), a marker of systemic inflammation,
while no changes in adiponectin, leptin, IL-6 andFFo. were reported. In addition, body weight was
reduced and glycemic control reestablished [39].

Reductions in circulating Treg cells have been mggbin obese non-diabetic and diabetic subjects
compared to lean controls and was found to inversadrelate with measures of adiposity, inflammatio
and glucose intolerance [9]. Experiments with GlEP-#nockout mice or NOD mice treated with
exendin-4 resulted in alterations in the numbef &g cells in various tissues, although data haste n
been consistent between studies [23;24].

One explanation for the GLP-1-induced effect oriuted and molecular immune mediators observed in
some studies and not in others might be that thidrdlammatory effect of liraglutide therapy isdimect,
either through weight lossr by improvement in metabolic parameters, such asoge and insulin that
may have an impact on cytokine secretion as wékré is also the possibility that liraglutide fonger
duration or at a higher dose may be required teseeabhanges in cytokine concentrations. Anothertgp®in
that the same immunomodulatory effects of GLP-In&jdreatment may not be expected in all type 2
diabetes patients, since it is a very heterogengaugp in relation to BMI, body fat distributiondluding
abdominal obesity, insulin resistance, degree®wfdrade inflammation and amount of obesity related

co-morbidities, i.e. cardiovascular diseases.

149



Despite previous studies having reported robustuinomodulatory effects of GLP-1R agonist treatment
in small groups of well-characterized patients vporiasis, a limitation of the present study & small
sample size and lack of a control group.

In conclusion, the present study indicates that nheber of circulating iINKT and Treg cells are
unchanged following 12-weeks treatment with lirdigle. The pro-inflammatory chemokine IL-8 was
increased after liraglutide treatment, while noraes in other pro- or anti-inflammatory cytokinesilid

be detected.
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TABLES
Table 1. Characteristics of the nine participants wh type 2 diabetes before (Pre-GLP-1) and 12

weeks after liraglutide treatment (Post-GLP-1)

Pre-GLP-1 Post-GLP-1 P-value

Gender 5 men, 4 women - -

Age (years) 58 (54 — 66) - -

Weight (kg) | 104.7 (88.1 — 131.6) 101.5 (84.3 — 5p3. 0.10

BMI (kg/m?) | 32.3 (30.2 — 45.2) 31.8(28.9-44.6)| 0.10

HbAlc
mmol/mol 64.0 (59.5 - 73.0) 51.0(47.0 - 60.5)** | 0.01

% 8.0 (7.6 — 8.9) 7.7(65-7.7* | 0.01

Data are expressed as median and interquartileeriw®. BMI, body mass index; HbAlc, glycated
hemoglobin. Comparisons between time-points usiilgdXbn signed-rank test, **P<0.01.
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Table 2. Changes in immune cells and cytokines igpe 2 diabetes subjects before (Pre-GLP1) and
12 weeks after (Post-GLP1) liraglutide treatment

Pre-GLP-1 Post-GLP-1 P value
Treg (% lymphocytes) 5.54 (3.54 — 6.34) 4.61 (3-8815) 0.57
iNKT (% lymphocytes) | 0.011 (0.0025 — 0.083) | 0.014 (0.0037 — 0.070) | 380.
IL-6 (pg/ml) 2.4 (1.8-3.0) 1.9 (1.8-3.1) 0.57
IL-8 (pg/ml) 4.0 (2.8-5.9) 5.3 (4.1—8.0)* 0.02
IL-10 (pg/ml) 0.57 (0.33 -1.29) 0.70 (0.29 — 1.05) 0.13
MCP-1 (pg/ml) 180.8 (159.5 — 204.6) 180.3 (152714.3) 0.82
TNF-o. (pg/ml) 2.0 (1.5-2.4) 22(1.7-24) 0.36
IFN-y (pg/ml) 4.9 (3.9-5.6) 4.7 (4.2-6.1) 0.65
TGF$ (ng/ml) 3.8(3.3-5.6) 4.2 (3.1-6.8) 0.73
Adiponectin (ug/ml) 5.2(4.2-7.8) 6.1(4.4-7.8) 0.25
Leptin (ng/ml) 40.7 (12.6 — 90.6) 47.1(11.4-81.1 0.95

Data are expressed as median and interquartileeyated; "N=8. Treg, regulatory T-cells; iNKT,

invariant natural killer T-cells. Comparisons beénetime-points using Wilcoxon signed-rank test,
*P<0.05.
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