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INTRODUCTION

1 INTRODUCTION

1.1 The immune system

The immune system has developed during evolutioncoonterstrike invading
pathogens like viruses, bacteria, parasites angi,fas well as environmental toxins. It

consists of two branches, the innate and the adgaptiquired immune system.

1.1.1  The innate immune system

The innate immune system was long thought to [@steaind mainly unspecific response
which is mediated by various hematopoietic celke ligranulocytes, macrophages,
monocytes, mast cells, natural killer cells anddii¢tic cells (DCs) as well as non-
hematopoietic cells such as epithelial cells, hepdés and fibroblasts. However, in
1996 a receptor named Toll, which was discoveredinsophila, was shown to
function as pathogen recognition receptdtis activation of innate immune cells by
specialized receptors had already been proposézhhyles Janeway in 198%hortly
thereafter, the groups of Charles Janeway and BBsseler discovered human and
mouse “Toll-like receptor 4” (TLR4)“ After that, many TLRs were identified and
demonstrated to recognize PAMPs (pathogen-assdciatelecular patterns),
specifically expressed by pathogens, allowing th&t bo discriminate between self and
non-self patterns. For example TLR2, which is |zl at the outer membrane of cells,
was shown to recognize hemagglutinin derived fromeastes virus or
lipophosphoglycan derived frofneishmania’®. TLR4, which is as well localized at the
membrane, was shown to recognize lipopolysacchar{d®S) derived from gram-
negative bacterfa However, besides the TLRs, which are expressedetinsurface
membranes or on membranes of intracellular vesi¢EsR3, -7 and -9 are
intracellularly expressed and recognize Virat bacterial patterfis® respectively),
additional receptor families of the innate immungtem were discovered. These
belong to the family of nucleotide oligomerizati@lomain (NOD)-like receptors
(NLRs), the family of RIG-I (retinoic acid induciblgene 1)-like receptors (RLRS), or
to the family of C-type lectins. C-type lectins leaveen shown to be involved in the
recognition of fundi®, but also in the clearance of dying cells by phgtes™. In
contrast to TLRs, NLRs and RLRs were identifiedbt exclusively localized in the

cytosol* ** As a common feature all four receptor types rec@molecular patterns
1



INTRODUCTION

derived from pathogens and are therefore desigregegattern recognition receptors
(PRRs). Their triggering by specific ligands leadsubsequent downstream activation
of signaling cascades resulting in the activatibriranscription factors NkB, AP-1
and IRFs which induce the production of effectorlenales such as cytokines and
chemokine¥" > As the present study was conducted in mice, thiéoviing

characterizations are based on what is known fitomgiess in mice.

1.1.2 The adaptive immune system

While the diversity of the innate immune systemeistricted by the ability of the PRRs

to recognize molecular patterns of pathogens, waielgerm line encoded, the adaptive
immune system provides a much higher specificithieved by gene rearrangement.
Cells of the adaptive immune system are T and Bohyoaytes as well as natural killer

T cells (NKT cells). Moreover, another special teatof the adaptive immune system is
the development of long lasting memory allowingaatér response towards a specific
pathogen in case of a repeated challenge.

However, in contrast to the direct activation o ttells of the innate immune system
via pattern recognition receptors, adaptive immeelés need to be activated by cells of
the innate immune system, presenting the foreigigem® This is provided by
specialized antigen presenting cells (APCs). Basidacrophages and B cells, DCs are
a very well characterized type of APCs which arestadficient in presenting antigens.
Various subtypes have been identified so far ardaasociated with specific functions.
Thus, DCs can be classified into conventional DEB(s) and plasmacytoid DCs
(pDCs)’. Although all subsets of DCs express PRRs, cD@e baen shown to be able
to express TLR2 and TLR4 and efficiently producteiieukin (IL)-12 and activate T
cells, while pDCs can express TLR7 and TLR9 andciefitly produce interferon
(IFN)-a and are thus a part of the antiviral respbhd2 In general, pDCs differentiate
from precursors derived from the bone mafdw: cDCs however, either originate
from the bone marrofy, or differentiate from monocytes in the periphemder
inflammatory conditiori$?* Nonetheless, a common feature of all DCs is ke tap
antigens, process these antigens and present tbewothéer cells via specialized
membrane receptors called major histocompatibdiynplex (MHC) class®? or 11,

This is achieved by loading peptides derived frartigen processing onto MHC 1 or |l

2



INTRODUCTION

molecules within the DCs and presenting them onc#le surfacé” % subsequently
leading to the activation of the adaptive immun&tam.

T cells, which express a T cell receptor (TCR) beirt surface, are the target of this
antigen presentation by APCs. The TCR recognizesdmbination of MHC molecule
and the peptide. However, the interaction of theRT@ith MHC | and Il requires
specific coreceptors — cluster of differentiati@D)4 and CD8 — expressed by T cells.
CD4 is required for the interaction of the TCR wittHCIl and CDS8 is required for the
interaction of the TCR with MHC?*, respectively. CD4T cells are mainly T helper
lymphocytes (T cells) and regulatory T cells £J) cells, while CD8 T cells are called
cytotoxic T lymphocytes (CTLSs). ifcells foremost activate other cell types, whereas

Treg Cells dampen immune reactions and CTLs kill irdeatells.

The specificity and diversity of the adaptive imrauresponse is on the one hand
provided by B cells, which produce antibodies the# specific for the recognized
antigen. On the other hand, the specificity arfsas the TCR which is expressed on T
cells, due to the fact that each TCR only interagith one specific MHC/peptide
combination. This specific recognition is achieusd positive and negative selection
within the thymus, allowing only those T cells toter systemic circulation that
recognize foreign peptides but not “self” antig8ria Such selection should prevent the
development of autoreactive T cells that harm tbdyb However, this selection is
sometimes leaky and can lead to the developmeatimimmune diseases like type |
diabetes or multiple sclerosis which are causedutgreactive T cells that have escaped
negative selection in the thymus. To counteradaghewanted reactions against “self’-
antigens as well as non-pathological foreign ansgéke those derived from food, the
immune system has evolved regulatory mechanisme. @rthese mechanisms is the
development of {E, cells**® which keep the immune response in balance in igeam
specific manner. This is mainly achieved by prodgclL-10*3° and transforming
growth factor (TGFB*, by direct effects on T ceff§** and by downmodulating DC
function, e.g. by reducing the expression of coglatory molecules on DCs via
cytotoxic T lymphocyte antigen-4 (CTLA-4) interamti™,

In general, the activation of CDAy cells and CD4 Ty cells by DCs is a multi-step

process that needs three general signals (FigureThe first signal is the specific
3
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recognition of MHCII/peptide combination by the TCBnce the TCR has interacted
with the MHCII molecules and the immunological sysa has forméd, downstream

signaling is turned on that subsequently activitesl cells.

The second signal is the interaction of costimuiatmolecules expressed on APCs with
their matching receptors expressed on T cells. &@ample, CD80 or CD86 are
expressed on DCs and interact with CD28, expressedhe n&ve T cells. This
interaction elicits signal transduction in the Tigeresulting in enhanced activating of
the T cellé®. The third signal is the cytokine milieu at theesof APC-T cell
interaction. This signal not only accounts for faitivation of the W cells but also
directs the nature of theyTcells that develop. Thus, depending on the cyexkivhich
are produced by the DCs, different types pfcélls develop.

Tyl T2 T,17

-
S~
~

-
~—
~

-:Zj]'i;‘N-v IFN-y

R Vacrophage

Icoso/ss | | cb2s |'|CD4 WMHCII| | I TCR || Peptide| | Tcel

Figure 1: Differentiation of T cells under the conrol of DCs. DCs activate T cells in three steps. Step
one is the interaction of the MHCII/peptide complax the surface of the DC with the corresponding
TCR on the surface of the T cell. The second siethé activation of the T cell by CD28 ligation hwit
CD80/86. The third signal is driving the differeatton of the T cell and is provided by cytokinesus,
IL-12 is driving Tyl differentiation, IL-4 is driving 12 differentiation, IL-6 in cooperation with 1L-23
and TGFp is driving T,417 differentiation and TGPB-together with retinoic acid is driving.eJ cell
differentiation. (CD, cluster of differentiation;@ dendritic cell; Foxp3, forkhead box protein 3t&3,
GATA binding protein 3; IFNy, interferon gamma; IL, interleukin; RA, retinoicid; Rorc, RAR-related
orphan receptor gamma; T-bet, T-box transcriptamidr TBX21; TCR, T cell receptor)
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These T, cells can be characterized by specific transanipfactors and are currently
divided in three categories termedIT Ty2 or Tu17 cells. Teq cells also undergo this
activation process and can as well be charactebyeal specific transcription factor. In
Figure 1, the different activation signals, spedifanscription factors and downstream

effector functions of the Jand Ty cells are illustrated.

Thus, it was shown that IL-12 production by macegs and DCs leads toyII
differentiatiori’, IL-4 promotes T2 differentiatioff® and IL-6 in combination with IL-
23 and TGRB leads to F17 differentiatiod® *° whereas J4 cells develop in the
presence of TGB- in combination with retinoic acid (RAY>. Further, it was
demonstrated that the transcription factebox transcription factor TBX21T¢bet) is
characteristic for §1 cells®, GATA binding protein 3 Gata3) for T2 cells® >’ and
retinoic-acid-receptor-related orphan receptor ganfRorc) for Ty17 cellS®. Forkhead
box P3 Foxp3) has been shown to be crucial faggkells® ®© Each T, subtype then
activates or regulates different target cellgl Tells activate macrophages and other
phagocytes by production of IL-2 and interferonNJ®®%. T42 cells provide B cell
help, mainly by IL-4, IL-5 and IL-13 productiGhand T17 cells have been shown to
activate and attract neutrophils by producing 1221Dn the contrary, as mentioned
above, the main function of.efj cells is to suppress immune responses. This ismigt
achieved by regulating DCs, but also by direct daguolation of proinflammatory T
cell responses mediated byIV17 cells. These functions are mediated by batlubte
factors like IL-10 or TGH3 as well as by direct cell-cell contact for examyike CTLA-

4 expression on T cells.

Like CD4" Ty cells and CD2 T, cells, CD8 CTLs are also activated by APCs.
However, as MHC | is expressed ubiquitously, lidgrall cells can be the target for
CTLs. As mentioned above, the function of CTLsasiriduce apoptosis in infected
cell*, which are presenting peptides of the invadinch@gen on MHC |, leading

eventually to the eradication of the pathogenfitsel

The third key players of the adaptive immune respare B cells, which together with
T cells are the mediators of long lasting memorytlé immune system. Their
dominating function is the production of specifiotinodies that make pathogens

detectable for phagocytes and professional kikdisqNK cells, macrophages), which
5



INTRODUCTION

finally eradicate the invading pathogens. Howetlezy are not in the focus of the work
described here, and are therefore not further iglgtad.

1.2 Gut-associated lymphoid tissue (GALT)

Securing the areas of the body with close contatiié enviroment, such as the skin and
the lung is especially demanding for the immuneesys Threats, such as viruses, fungi
and bacteria, are most prominent, yet a constdtammatory response should be
avoided. The largest interface is at the gastrsiimal (GI) mucosa with approximately
400 nf of siz&€>. The gut-associated lymphoid tissue (GALT) is lizeal along the Gl
tract which consists of the mouth, the esophadies stomach, the small and the large
bowel. For a long time, the only function addresgedhe Gl tract was digestion and
absorption of nutrients. However, research, espdia the last two decades, has
revealed that the GI tract is the largest secontianphoid organ within the human
body, which might harbor up to 60 % of all T c&lIsApart from the classical immune
cells of the innate and the adaptive immune systéinh are originating from the bone
marrow, it has been shown that the epithelial dbksnselves play an important role in
the immune response. On the one hand they forghaighysical barrier which protects
against pathogens and are known to produce muetikéleps pathogens from getting
in contact with the epitheliut ® But on the other hand, epithelial cells have &isen
reported to produce immune mediators and to exm@$ace molecules for interaction
with immune cells. For example they can producemikystromal lymphopoietin
(TSLPY® " a protein belonging to the family of cytokineshieh has been shown to
induce chemokine (C-C motif) ligand 17 (CCL17) pwotion by DC&" % As well, the
expression of MHCII molecules on epithelial celtlgldhe consequential presentation of
antigens to T cells has been demonstrdted However, to protect against harmful
pathogens, while preventing inflammation or autoumity, the activation of classical
immune cells like T cells, DCs, macrophages, n@hits and granulocytes has to be
tightly regulated in the GALT.

In the small intestine (Figure 2), this regulattakes place in special structural features
called Peyer’'s Patches (PPs). These PPs are colgregithelial cells, providing a

barrier to the gut lumen. However, specializedtegial cells covering the PPs, called
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microfold cells (M cells) are able to directly takp antigens from the lumé&hand
transfer them to DCs residing in the subepithel@he region (SED) of the PPs, lying
directly beneath the epithelial célls These antigens are then either subsequently
presented to [ cells within the PPs or antigen loaded DCs migigrate to mesenteric
lymph nodes (mLNSs), draining the intestine, whéeytsubsequently present antigen to
Ty cells. Ty cell responses in the colon are primarily triggengthin the mLNs. Primed

Ty cells then circulate to the lamina propia (LP)hdybeneath the epithelial layer in the
gut. There, they either elicit an immune responsead in a regulatory fashion,
depending on the response the respective antigemtlaced. For the homing of naive
Th cells to the mLNs, CD62L (L-selectin) is very intznt’®.

Antigen M cell
A

Epithelial cell
v g s
TUTIT TV m*

/
[}

Lumen

i'”

Lamina Propla

DC Migration
Tcell

Peyer‘s Patch

Bowel Wall

Systemic
Circulation

Figure 2: Organization of the immune system in themall intestine.Luminal antigens are sampled by
specialized microfold (M) cells and presented tadtgic cells (DCs) in the subepithelial dome (SED)
region of the Peyer's Patches (PP). Subsequen@g, jresent antigen to T cells either within thedPP
after migration into mesenteric lymph nodes (mLNE)cells, primed by DCs, then enter systemic
circulation. Depending on the antigen stimulus, Btker elicit proinflammatory T cell responses by
interleukin (IL) -12, or IL-6/-23 production, or galatory responses by IL-10/T@F-Macrophages also
participate in this process.
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By binding to GlyCAM-1 (Glycosylation-dependent Iceldhesion molecule-1) or
MadCAM-1 (mucosal addressin cell adhesion moledylé-mediates, in cooperation
with a4p7, the entry from the bloodstream into the mLN&iigh endothelial venulé$
81 In the mLNs these naive T cells are then evelytpaimed by DCs and differentiate
into effector T cells or Teq cells. Then they reenter the circulation and megta the
intestine where they conduct their functions.

i

. [ alalanlals oL\
i ' g | --S; GMCSF -\
= 7 RA
Ii‘ /"l ‘;‘9‘ E-:} |||
N Murcus Layer ‘|| gy l\‘ =y IL-10 A ! i
| gl s
S o @ee B
al - ey @ ®
I = i @.— IEL
| | GobletCell \ Ul
o Il | s
‘%) | | ” . ,RegulatorySrgnalst }ly* Epithelial Cell
flg ||| !||‘ . [pif & -7 ||
& | ! %‘ 18 \\ L
e | efensms| -8/ /f; ([ @ | X \ umen
e s N & 7o —
| * @/ala)® ‘e ’J’EI_’il’ii

Lamina Propia

Mesenteric Lymph Nodé

V .Th1 (T-bet')
|L-5
Tz .Th17 (Rorc*)

T cell Priming

TGF-p Treg
RA/ IL-10 (Foxp3*)

Bowel Wall

\ Systemic
Circulation

Figure 3: Organization of the immune system in thédarge intestine.Mucus, produced by goblet cells
and epithelial cells provides a physical barrieggfing potentially invading pathogens away from the
epithelial layer which itself functions as a secqiysical barrier, tightly held together by tighnhgtion
proteins. Specialized GKR1 expressing DCs can sense into the lumen bykibgaup the tight
junctions. Thus, they can sample luminal conteattigens), and by circulating to the mLNs, present
these antigens to T cells. In the mLNs, dependingtltte nature of the antigen, the T cells are
subsequently primed to become either proinflamnyaiocells (T,1/Ty17) or regulatory T cells (Jy.
Primed T cells then circulate to the lamina propi execute their functions. In the steady stée, t
balance between proinflammatory and regulatoryagis in a state of equilibrium and no excessive
inflammation takes place. This is mediated by thedpction of regulatory factors like granulocytedan
macrophage colony stimulating faci@MCSF), retinoic acid (RA), IL-10 and TGFE-

Like in the small bowel, the epithelial cells iretholon (Figure 3) from a tight barrier.

This is achieved by expression of tight junctiontpins, which keep the epithelial cells
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in close contact. However, a specialized subsdd©$ has been reported to extend
dendrites between these tight junctions and isadhearzed by the expression of the
chemokine receptor GERL1 (fractalkine receptor) in the ilefim These DCs sense
with one of their dendrites into the gut lumen véhéney take up antigens. A recent
report, however, describes @XR1" cells as colonic macrophad&sAnother subtype
of DCs within the intestine is characterized by thgression of the the integritE
(CD103) which has been reported to bind to E-Cadfferone of the tight junction
proteins. CD103 has been shown to be specific fos Ihat migrate from the gut to the
mLNs to present antigéh

Under steady state conditions, these CDIDG3s produce TGRB-and retinoic acid and
preferentially induce [y cells, thus contributing to the homeost¥sigdditionally,
they induce the gut homing molecules C-C chemokageptor 9 (CCR9) ana47 on

T cell€” 8 However, under inflammatory conditions, this tofgenic property of
CD103 DCs has been shown to be f3stMoreover, a subset of intestinal DCs

expressing E-Cadherin itself has been reportedamete intestinal inflammatidh

In the intestine, the recruitment of immune ceitsnf the gut to the mLNs is mainly
mediated by the interaction of CCR 7 with CCL18f2ICCR7 is expressed on the
immune cells and CCL19/21 are produced by stromig i the T cell area of mLNS

% leading to a directed migration of the CCR®lls towards the CCL19/21-producing
cells in the T cell area of mLNs.

Within the gut two major compartments have beercrilgsd. One is associated to the
epithelial layer and cells within this fraction aegmed intraepithelial leukocytes (IEL).
In this compartment, mostly CR8" T cells* , but alsoyd" T cellS® reside.
Underneath, in the LP fraction, so called laminappa leukocytes (LPLs) execute their
functions. In the small intestine, T cells that éadeen primed within the PPs or the
mLNs migrate to the LP or IEL-fraction via CCR9-CZH recruitmenf. CCR9 is
expressed on the T cells and CCL25 is produced fithadial cells in the small
intestine. In contrast, the recruitment to the Lédmpartment in the large bowel is
widely unknown. At least the4B7 integrin has been suggested to play a role ielll ¢
homing to the colon during inflammatory proceS&eslowever,a4f7 could only be

shown to be accountable for a part of the T cethimg to the colon.



INTRODUCTION

1.3 Chronic intestinal inflammation / inflammatory
bowel diseases (IBD)

In the steady state, the immune system in the &tit thas to be tightly regulated to
prevent unspecific responses which might have eetets effects. On the one hand, it
has to deal with about 1*1bto 1x*10"* commensal bacteria per gram of luminal
content, that usually do not induce inflammaifori> On the other hand, it has to
quickly eradicate invading pathogens and termitfagimmune response afterwards to
avoid an excessive immune response that might baftlafor the host. In contrast to

those pathogenic bacteria that elicit an immuneti@a commensal bacteria live in
symbiosis with the host and do not induce proinflfaatory reactions. However, under
pathological conditions, this regulation is disegtor completely missing, leading to
the development of chronic intestinal inflammatiotesmed inflammatory bowel

diseases (IBD). The two most prominent phenotypdBD are ulcerative colitis (UC)

and Crohn’s disease (CD).

1.3.1.1 Genetic factors driving IBD

IBD is an idiopathic disease with multiple factaisscribed to be relevant for disease
onset. Approximately 1 in 250 adults in Westernrtdes is affectetf®. Both, genetic
susceptibility caused by gene mutations, as weiragronmental factors like bacteria
(described in the following) or food constituentsive been shown to be required for
IBD development. In genome-wide association stuffB&/ASs) several mutated genes
have been identified to increase the risk to dgvéBD. Most of these risk alleles are
specific for UC or CD, however some have been ifledtto be relevant for both. In
2001, the NOD2/CARD15 (nucleotide-binding oligomerization domain 2/caspa
activation recruitment domain 15) gene was the fose identified as a susceptibility
gene for CB®.. NOD2/CARD15 is a member of intracellular NLR family and acctsun
for innate immune recognition of peptidoglycansnirbacterial cell walf®? Highest
expression is detected in Paneth cells in the aggibtn of the intestinal epithelium and
reported to be upreguleted by tumor necrosis fa€toF)-a*° Along this line, in
patients carrying\OD2/CARD15 variants, a reduced secretion eflefensins, which
are produced by Paneth cells and demonstrated we &atibiotic effects, has been

detected’®. Other variants of the innate immune system, feangple TLR4 or
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CARD9'® have been associated with increased risk for &Dwell, several parts of
the adaptive immune system have been linked tdekelopment of IBD. For instance,
ICOSL (inducible T cell costimulatory ligand), whicis expressed by intestinal
epithelial cells and interacts with ICOS (inducible cell costimulatory receptor)
expressed on T cells, has been identified in asldabat contributes to the genetic
susceptibility for CB. In this context of T cell involvement in intestirinflammation,
IL-23-receptor [L-23R) mutations have been identified to be associaitu @D™*® *°°
IL-23R signaling plays a crucial role in the deymteent and maintenance ofII7 cells.

In line with this involvement of J17 cells, variations o€CR6, which is expressed on
Twl7 cells, have also been shown to predispose t3’Cib these cases, the recruitment
of Ty17 cells to the colonic epithelium where CCL20, themokine binding to CCR6,
is expressed could be influenced. In addition, looding for genes involved in
autophagy have been identified by GWAS to be aasetiwith IBD. For example, a
variant ofATG16L1 (autophagy-related 16-like 1 gene) has been sliowe associated
with CD*° An important role of ATG16L1 in intestinal inflamatory processes has
been confirmed in both human and murine studiek it involvement of Paneth cells
and an associated lack of lysozyie*'? Moreover, XBP1 (X-box binding protein 1), a
protein involved in endoplasmic reticulum (ER) str@esponses has been associated
with both, CD and UE? % However, the identification of gene variants thare
associated with the development of UC or CD al@me,not sufficient to account for
disease onset. Altogether, the concordance rat€oin monozygotic twins is only 30-
35 %. And in UC patients the rate drops to 10-15°%rThis fosters the idea that
environmental factors, which are discussed in thiéowing, might be even more

important in IBD development than the genetic spibdity.

1.3.1.2 Environmental factors driving IBD

Western life styleper se has been associated with a higher risk to deviBap®. In
particular, this has been attributed to the intakepecial nutritional components like
low fiber and high sugar/high animal fHt **® In addition, the increase of incidence in
Asian countries and Eastern Europe has been assbaiath a adoption of a more
Western life style in these regidh$ *?° In a study conducted in the United Kingdom, a
higher rate of relapse of treated UC patients le@ lworrelated to red meat and alcohol

consumptioff*. As well, an increase in the incidence for bott ldnd CD in a

11
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genetically stable population like that of Icelamdthe last 50 years, can only be
explained by changes in environmental factdrs

Commensal bacteria within the gut are probably aifethe most important
environmental factors shaping the immune systetherintestine. This has been shown
in several animal models by mono-association ssudiidacteria-induced colitis models
and an important role for intestinal microbiota laso been shown in patients treated
with antibiotics that benefit from the treatmenhus, it was demonstrated in mouse
models thatLactobacilli on the one hand protected IL-10-deficient micemfro
Helicobacter hepaticus induced colitis developmefit and reduced susceptibility to
chemically induced colité* '*> On the other hand, a bacterial product, the
metalloprotease GelE (gelatinase E) derived frone tommensal bacterium
Enterococcus faecalis, was shown to interfere with epithelial barrienétion during
inflammation and thus increases severity of expeni@l colitis in mic&®.

Other environmental factors like cigarette smokivaye also been implicated in both
phenotypes of IBD. However, smoking seems to haverse effects in UC and CD. In
UC patients, non-smokers and former smokers havecaeased disease activity, while

in CD patients smoking increases the risk for a fiare **’.

Although most epidemiological studies give insigimgo risk factors driving IBD,

functional analyses of the immune dysregulationeulythg IBD is necessary for the
development of new therapeutic drugs. This candbéesed by analysis of specimen
obtained from intestinal biopsies or surgery of IPBAtients as well as from animal

models.

1.3.1.3 Dysregulation of the intestinal immune responskiD

In spite of the fact that up to date the role ofiemmental, genetic or other factors
leading to IBD, has not been clarified, researckhalast two decades has shed much
light on the molecular and cellular mechanisms antiog for the disease. As manifold
as the genetic and environmental factors are taae been found to influence disease
induction and maintenance, as manifold are theedydations of the immune system in

the gut that are associated with IBD. Although mugta from human studies are
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available, mostly from specimen obtained from surg® endoscopic biopsies, most
functional data is derived from mouse models, wiiialle been established to resemble
humans’ IBD. For instance, chemical induction obpiosis in epithelial cells via
dextran sulfate sodium (DSS) application in th@king water has been shown to result
in an inflammation in the intestine of mice, reséinp UC. Another well established
model has been introduced by Fiona Powtial. in 1993%% in which mice lacking B
and T cells were reconstituted with naive CIOD45RB"" T cells. The lack of mature
B and T cells is either due to a defective recomtiom of the T and B cell receptors in
severely combined immune deficiency (SCID) mfteor due to the lack of the
recombination activation gen&dg) in eitherRagl or Rag2 knockout mice Ragl/2”
)10 B After transfer of naive COACD45RB™" T cells, these mice develop an
intestinal inflammation, foremost in the colon. i cell transfer model of colitis has
been modified several times using different suldypé T cells for the transfer. For
example Wirtzet al. used CD¥CD62L" splenic T cells for the transféf. These T
cells also express high levels of CD45RB, but atected for the expression of CD62L,
reported to be involved in mechanisms essentialhferentry into the mLN& The use
of genetically engineered mice, Iikmgl"' mice, for investigations on the immune
response during intestinal inflammation led to thecovery of several fundamental
mechanisms underlying IBD. Thus, pathways of batie innate and the adaptive
immune system were identified to be essential tioeeiinitiate experimental colitis, or
to have a protective effect. Among many others,ompjayers of the innate immune
system that are involved in IBD are the TNRnd the IL-6-STAT3 (signal transducer
and activator of transcription 3) pathway. TMFARNA stability is controlled by AU-

ARE
)

rich elements (ARE) and mice lacking these elemé overexpress TNle;

which leads to a CD-like transmural intestinal amfimatior’®® This inflammation

AARE
f

could be shown to be ameliorated in TNF receptdeficient 'nfr2”)/Tn mice,

AARE
f

and was absence nfr17/Tn mice. An effect of TNFe on the adaptive immune

system could be demonstratedRagl” Tnf*ARE

mice. These mice only develop mild,
superficial inflammation in the gut, raising thetight that T and B cells are necessary
to induce transmural inflammation. Although no ntiota that links TNFe to UC or
CD is known, anti-TNFe antibodies have been shown to be effective thetagsefor

IBD™** especially for CD.
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IL-6, which signals through cell surface bound IR;6or through soluble IL-6K°, has
also been implicated in IBF’. Its signaling cascade either leads to STAT3 oA BI
activation. IL-6 has been shown to be upregulatdabih, CD and UC patients and anti-
IL-6R therapy has been shown to be beneficialagtlen patients with active CB. In
contrast, mice lacking the downstream signaling etle STAT3 specifically in
macrophagesSat3-*"""®), developed spontaneous enterocdfitisThis observation
showed that one pathway can lead to adverse efieascell type specific manner.
Many other innate immune pathways have been idedtifo be involved in IBD
development and maintenance. However, the majofithese pathways lead in the end
to the activation of adaptive immune responsess T$iespecially obvious in IBD as
these diseases are described to be chronic arpsirega This was shown for IL-12 and
IL-23. These cytokines are heterodimers, sharinglmsimilarity, as both consist in part
of the 1L-12/23p40 subunit. IL-12p40 couples witte tsubunit 1L-12p35 to form the
bioactive IL-12p70 and IL-12p40 together with IL#AD forms the IL-23 heterodimer.
Both are produced by DCs after PRR-mediated stitimalL-12 was originally shown
to play a role in 2,4,6-trinitrobenzene sulfoniéda€TNBS) induced coliti§®, another
chemically induced colitis model. Subsequently, dss revealed that IL-12p40
neutralization resulted in decreased lFiiroduction by CDAT cells, linking innate to
adaptive immune mechanisms during intestinal inflextion. Further evidence for the
IL-12/Tyl axis in IBD emerged when IFN-abrogation in SCID mice reconstituted
with CD45RB"" T cells resulted in diminished disease actiftyMoreover, it was
demonstrated thal-bet deficient T cells, lacking the transcription factiriving Tyl
development, were no longer able to induce cailitimice™*>. Although the data from
mouse models were very promising, only minor effecf IL-12p40 or IFNy

neutralization in human trials were obseri%éd*

Like IL-12, IL-23 was also shown to be cruciallywalved in intestinal inflammatory
processes. Thus, in an innate colitis model, induiog the injection of anti-CD40
antibodies inRagl” mice, IL-23 was shown to be essential for intestjathology™*.
In a similar model, where intestinal inflammatianinduced inRagl"' mice by oral
gavage of the pathogenic bacteritielicobacter hepaticus, IL-23 was linked to the
induction of IL-17 by non-T celt§>. Furthermore, in the transfer model of colitis;éll
mediated inflammation was also dependent on IL123 l&-23 expression on T cells.

IL-23 was further shown to be essential for theaggmon of ;17 cells, linking innate
14
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to adaptive immune responses in the context of {80417 cells reside within the
small intestinal lamina propia even under stea@dyestonditions. The frequency of
Tul7 cells in this compartment is dependent on tHentxation status of the mice,
demonstrated by reduced numbers ofL 7T cells in germ-free mice. Moreover, the
newly identified segmental filamentous bacteriaggFesiding in the gut, were shown
to be able to directly induceI7 differentiation®’. Further, in humans’ Crohn’s
disease, IL-17 secreting T cells were markedly éased in the disease-affected
mucosad®® In general, F17 cells secrete two types of IL-17: IL-17 (IL-17Aphd IL-
17 IL-17A and IL-17F seem to play opposing rolesidgrthe immune response in
the intestine. On the one hand, recent studiesestiggprotective role of IL-17A. These
studies showed that the transfer of IL-17A-defiti€@D45RE"" CD4" T cells, as well
as the transfer of IL-17R-deficient T cells, susprgly increased disease seventyOn
the other hand, IL-17F-deficient mice were protddiem DSS induced colitd!, and
IL-17A had a proinflammatory role in TNBS inducedlitis'®2 Additionally, it was
shown thaRorc-deficient T cells, lacking the transcription factetinoic-acid-receptor-
related orphan receptor gamma t (R@Rcharacteristic for 17 cells, were no longer
able to induce colitis after transfer intRagl” mice®® Taken together, these
controversial results suggest that more researtthbeiineeded to decipher the role of
IL-17 in IBD development.

Counteracting the proinflammatory responses eticlty DCs and {1/17 cells, Teq
cells have been in the focus of extensive studigséent years. In mice, these CO4
cells are characterized by high expression of th€Ra chain (CD25) and the
transcription factor forkhead box protein 3 (FoxPp3)™* '*° Several studies
investigated the mechanisms howgTells suppress effector cell functions. Hence, it
was demonstrated that the suppressive capacity.tdlls especially in the intestine
foremost relies on the production of IL-10 and TGFas well as direct cell-to-cell
contact’™® #> %3 T, cells have further been shown to be able to revars already
established intestinal inflammation in the CD4%3®BT cell transfer model and even to

prevent its onsé&t® ¢
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1.3.1.4 Chemokines in IBD

Apart from the different cellular responses elidiia mLNs and the gut, fundamental
processes that are shaping the intestinal immurstersy are recruitment and
recirculation of the immune cells. These processescontrolled by upregulation of
adhesion molecules on the cell surface, or by egpya of chemokines by cells in the
destination area. Chemokines are small (7-15 k&a)cturally related molecules. Over
40 have been identified and can be grouped in fulofamilies depending on the

» 158 First evidence that

arrangement of cysteine residues (C, CC, CXC or ©
chemokines are involved in IBD has been provided982 and 1993 when 3 studies
described that IL-8 (CXCL-8) is upregulated in UBdaCD patients® ' In the

following years, more attention was paid to thesptial involvement of chemokines in
the inflammatory processes that promote IBD. Hetic& was not only shown to be

upregulated in IBD patients, but strikingly corteldwith the expression of TN&E®

In mouse models, many chemokines and their cogeasptors have been identified to
be crucially involved in IBD development. For exdmphe receptor CXCR3, and its
ligands CXCL9, CXCL10 (IFN¢ inducible protein 10 (IP-10)) and CXCL11 which
have been shown to be upregulated in IBD patlnt§® were functionally analyzed in

mouse studies. Here, mouse experiments revealetreatment with antibodies against
IP-10 abrogated spontaneous colitis in IL-1@ice®*

In line with this, CCL2 (monocyte chemotactic pioté (MCP-1)) and its receptor
CCR2 have also been shown to be upregulated in pBfents®> **° Again, mouse
experiments illuminated that CCR2 deficiency letmlseduced colitis activity in DSS
treated animals and that blocking CCL2 had beradfieifects on both, inflammatory

processes, as well as colitis associated cancetajguent®” 18

CCL5 (regulated upon activation, normal T-cell eegsed, and secreted (RANTES)),
which binds to CCR1 and CCRS5 is induced in humab'f® Subsequent studies in
mice and rats revealed that CCR5 deficiency amadkor colitis and that this
chemokine/chemokine-receptor trio was associatedh wihe recruitment of
inflammatory cells such as CCR5% cells, monocytes and neutrophils into the caloni

mucosa of colitogenic animafé
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CCL20 (liver activation regulated chemokine (LARG}ting via its receptor CCRS,
has additionally been reported to be upregulategatients suffering from 1BB™.
Recent studies in mice revealed that anti-CCL2@bady treatment attenuated disease
activity, and CCRG6-deficient mice showed reducededse onset, suggesting a
proinflammatory role for the CCL20/CCR6 aXfs

A special role has been identified for the chemekiatecoy receptor D6, which,

although binding many chemokines, does not eliowmistream signaling. Thus, it acts
as a sink for many proinflammatory chemokidé@sHence, an increased susceptibility
of mice lacking the receptor D6, along with incexhsevels of the chemokines CCL2,
CCL3, CCL5, CXCL1 and CXCL2 could be observed. ¢oa@dance with that, elevated

recruitment of leukocytes to the mucosa correlatitd increased disease sevefify

1.4 Chemokine (C-C motif) ligand 17 (CCL17)

CCL17, which is also known as TARC (thymus andvation regulated chemokine),
clusters with the chemokines fractalkine (f{CX1) and macrophage-derived chemokine
(MDC) on human chromosome 16413 CCL17 has been reported to be produced by
keratinocytet'’® distinct subsets of D&Y as well as macrophadé$ In human
keratinocytes, CCL17 was shown to be induciblefy-} and TNFe, stimulatiort’®. In
contrast, in murine Langerhans cells, CCL17 wasntegd to be upregulated by TNF-
and IL-4 stimulation and blocked by IFN?. Furthermore, stimulation of mice with
TLR-ligands LPS and Pa@ys has been shown to result in CCL17 production in
mLNDCs""’. However, the data from reporter mice describe Et@s outside the spleen
are the only sorce for CCL17 undenivo conditions’’. The major function of CCL17

is the recruitment of CCR4 expressing T c&fts'® Although some publications
suggested that CCL17 also binds to CER8CCR4 remains the receptor repeatedly
demonstrated to be the target of CCt*#7Besides the expression on T cells, CCR4 is
also expressed on macrophdfesDCs®* and NK cell§® % T cell subsets that
express CCR4 are on the one hand effector T cBli$7 celld®’, T2 celld®® and
CTLs'®: and on the other handeJcells®® *®! In addition to CCL17, CCR4 also binds
CCL22"°. CCR4 mediated recruitment of target cells via C€Tlor CCL22 has been
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reported in the skifi* and lung’® 2 as well as the microenvironment of tuntdts®

Most studies in humans and mice specifically suggesle for CCL17 in attracting
CCR4 Ty2 cells to the skin; however, one study also dernatesi that CCL17 induced
the migration of DCs from the skin to the drainlggph nodes in a CCR4-independent
but CCR7/CXCR4-dependent mantiér

Data, which is implicating a role for CCL17 in dise development, is derived from
studies on atopic dermatitis, or on chronic disgdde cancer. In atopic dermatitis
(AD), CCL17 was shown to be highly upregulated cilely in lesions and suggested
to recruit CCR2 lymphocytes to these skin lesiofs'®® Highly elevated serum levels
of CCL17 were detected in AD patients when compaoedealthy control subjecfs
201 Hence, CCL17 was suggested as a marker for tregiseof AD*®2 CCL17 was as
well is implicated in the atopic disease asthma assbciated lung inflammation by
recruiting 42 cell€®. In the microenvironment of tumors, high expressd CCL17 is
reported, and CCR4-CCL17/CCL22 dependeny €ell recruitment is described in
gastric cancéf* as well as esophageal squamous cell carciffm@urther studies
implicated a role for CCL17 in CCR4-dependent lumetastasis from breast carn¢ér
More recently, CCL17 has also been implicated egtogression of atherosclerdSfs
In this mouse study, the authors also demonstratdsbneficial role of a CCL17-
blocking antibody. Another study reported that H#@ga C virus induced
CCL17/CCL22 production and thereby mediateg, Tell recruitment to the site of
infectiorf®”. These results suggest that CCL17 can have botnflammatory and

regulatory functions.

CCL17 was shown to be upregulated on mRNA levethiem acute phase of T cell
transfer induced colitis, as well as in the chrgpii@ase of spontaneous colitis in IL-10-
deficient micé®® and in a TNFe driven spontaneous colitis model in nfite
Additionally, CCL17 was shown to be downregulatedmice when T cell transfer
induced colitis was reversed by transfer of ¢oD25 T cell$*®. One publication also
demonstrated an upregulation of CCL17 in patients active Crohn’s disease but not
in UC patient§. The upregulation was detected in inflamed congp&enon-inflamed
tissue and compared to healthy controls. Howevaslyais of single nucleotide
polymorphisms (SNPs) did not reveal genetic vadilinking CCL17 to human’s

IBD"®
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Despite the fact that only very little data is da&kle, concerning a putative functional
role for CCL17 in the context of IBD, the manifalavestigations relating CCL17 to
acute inflammatory processes give reason to anayperimental colitis development

in mice in the absence of CCL17.
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2 AIMS OF THE STUDY

In recent years, chemokines, which are mediatoteefmmune response, responsible for
attracting immune cells, have been shown to plagial roles in shaping the outcome and
intensity of intestinal inflammations. CCL17 (alsamed TARC) is produced by DCs in
peripheral lymphoid and non-lymphoid organs, inalgdhe intestine, and has been shown
to be involved in the recruitment of effector Tlsels well as kg cells. Although human
as well as mouse studies demonstrated an upregulatiCCL17 during inflammation in
the gut, functional studies were missing. Thus,rifle of CCL17 in the context of IBD

remained elusive.

The central aim of this study was to answer the qution if CCL17 plays a role in

intestinal inflammation.

For this purpose the enhanced green fluorescemeipr¢eGFP (E)) knockin model was
used. In this model, eGPF is inserted into the m&@xon of theCcl17 locus. This results

in a reporter system in heterozygous knockin micel17""'5),

whereas homozygous
knockin mice completely lack CCL17 expression amgress eGFP instea®d1755).
Intestinal inflammation, resembling human’s IBD, svaither induced chemically, by
adding dextran sulfate sodium (DSS) to the drinkwmgter, or immunologically, by
adoptively transferring naive T cells into lymphome mice initially lacking T cells.
Bodyweight assessment, cytokine profiling on mRM»®el, as well as histological scoring
of the colonic inflammation were performed to monitolitis development. Furthermore,
in the T cell transfer model, direct effects onilirdting cell types were analyzed by
fluorescent activating cell sorting (FACS). To istigate specific effects of CCL17 on the
differentiation of DCs or T cellsin vitro and ex vivo assays were performed. To get
insights into longterm regulatory processe€ahl7-deficient mice Jeq cells were depleted

from the T cells before transfer.

Taken together, this study was designed to elucidatthe function of CCL17 during
colitis development and analyze in detail the mecim&sm of action in intestinal

inflammation.
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3 M ATERIAL AND METHODS

3.1 Material

3.1.1 Equipment

Device / Software
Analytical balance

Balance

Cell strainer (100 pm)
Centrifuge 5418
Centrifuge Biofuge Fresco
Centriuge 5810R

FlowJo Software
Freezer-20 °C

Freezer-80 °C

Fridge

Fully Enclosed Tissue Processor Leica

ASP300 S
Gallios Flow Cytometer

Glass wool

HM 355 S automatic microtome

Ice machine

Incubator Hera Cell 240

Kaluza Software

Laminar flow Hera Safe

MACS Multi Stand

Manufacturer/ Distributor
Ohaus (Pine Brook, NJ, USA)

Ohaus (Pine Brrok, NJ, USA)

BD Biosciences (Heidelberg, Germany)
Eppendorf (Hamburg, Germany)
Heraeus (Hanau, Germany)

Eppendorf (Hamburg, Germany)

Tree Star (Olten, Switzerland)

Siemens (Minchen, Germany)

Kendro (Langenselbold, Germany)
Liebherr (Bulle, Switzerland)

Leica Microsystems (Wetzlar, Germany)

Beckman Coulter (Krefeld, Germany)

Roth (Karlsruhe, Germany)

Thermo Scientific (Langenselbold, Germany)

Ziegra (Isernhagen, Germany)
Heraeus (Hanau, Germany)
Beckman Coulter (Krefeld, Germany)
Kendro (Langenselbold, Germany)

Miltenyi Biotec (Bergisch Gladbach,
Germany)
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MACS Seperation Colomns (LS / MS)

Magnetic stirrer
Microscope Optech IB
Microscope Slides

MIDI /MINI MACS Magnets

Multipipette plus

Multiskan EX Microplate Photometer
Nanodrop ND-1000 Spectrophotometer
Neubauer counting chamber

Nitrogen freezing tank MVE 6000

Nunc-Immuno™ Plates

PCR cycler Mastercycler
Petri-dish (10 cm)

pH-meter

Pipetboy acu

Pipettes

TagMan StepOne Plus

Thermo Scientific Ascent Software
Thermomixer

Vortexer Genie 2

Water Bath

Miltenyi Biotec (Bergisch Gladbach,
Germany)

Heidolph (Schwabach, Germany)
Exacta Optech (Minchen, Germany)
Thermo Scientific (Langenselbold, Germany)

Miltenyi Biotec (Bergisch Gladbach,
Germany)

Eppendorf (Hamburg, Germany)

Thermo Scientific (Langenselbold, Germany)
Peglab (Erlangen, Germany)

Roth (Karlsruhe, Germany)

MVE (Marietta, GA, USA)

Nunc GmbH & Co. KG (Langenselbold,
Germany)

Eppendorf (Hamburg, Germany)

Greiner bio-one (Frickenhausen, Germany)
WTW (Weilheim, Germany)

Integra Biosciences (Fernwald, Germany)
Gilson (Middleton, WI, USA)

Applied Biosystems (Carlsbad, CA, USA)
Thermo Scientific (Langenselbold, Germany)
Eppendorf (Hamburg, Germany)

Scientific Industries (Bohemia,NY,
USA)
GFL (Burgwedel, Germany)
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3.1.2 Reagents

Name
2-Propanol

4 % (viv) formaldehyde (Roti®-Histofix)
ABTS

Acetic acid

Manufacturer/ Distributor
J.T. Baker (Deventer, Netherlands)

Carl Roth, Karlsruhe, Germany

2,2'-Azino-di-(3-ethylbenzthiazolin)
-6-sulfonsaure

Merck (Darmstadt, Germany)

Carboxyfluorescein diacetate succinimidyl ester Invitrogen (Karlsruhe, Germany)

(CFSE)

Citric acid

Diphteriatoxin (DT)

Disodium phosphate
Dithiothreitol (DTT)

dNTP mix

EDTA (0.5 M, pH 8.0)

Eosin

Ethanol (for use in molecular biology)
Ethanol absolute (EtOH)
Ethidiumbromide (10 mg/ml)
Fc-block (mMHB197 supernatnat)
Fetal Calf Serum (FCS)
Formaldehyde (37 %)
Glutamax-I (100 x)

Golgi-Plug

Golgi-Stop

Hematoxylin

Roth (Karlsruhe, Germany)
Calbiochem (Darmstadt, Germany)
Fluka (Seelze, Germany)

Roth (Karlsruhe, Germany)

Promega (Mannheim, Germany)
Invitrogen (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)

J.T. Baker (Deventer, Netherlands)
Invitrogen (Karlsruhe, Germany)

Own production

Biochrom (Berlin, Germany)

Roth (Karlsruhe, Germany)

Invitrogen (Karlsruhe, Germany)

BD Bioscience (Heidelberg, Germany)
BD Bioscience (Heidelberg, Germany)

Roth (Karlsruhe, Germany)
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Hepes

Hepes buffer solution (1 M)

Hydrochloric acid (HCI)

Hydrogen peroxide (30 % (v/v))

lonomycin

Isofluran (Forene 100 % (v/v))

L2000 PamgCys-SKKKK (PamCys)
Lipoplysaccharide fronk.coli 0111:B4 (LPS)
Magnesium chloride (MgGIix 6 HO)
Magnesium sulphate (MgSO4 x 2®)
Methanol

Non essential amino acids (NEAA) (100 x)

Ovalbumin peptide, AA sequence 323-339:
ISQAVHAAHAEINEAGR (pOVA)

PBS (w/o C&" and Md") solution

PBS powder (w/o Caand Md")
Penicillin/Streptomycin (100 x)

Phenol

Phorbol 12-myristate 13-acetate (PMA)

Poly(l:C)

Propidium iodide (PI)
Recombinant mouse GM-CSF
Red Blood Cell Lysis Buffer
RPMI 1640

SDS

Sodium acetate ¢EizsNaG, x 3 HO)

Sigma-Aldrich (Seelze, Germany)
Invitrogen (Karlsruhe, Germany)
Merck (Darmstadt, Germany)
Sigma-Aldrich (Seelze, Germany)
Sigma-Aldrich (Seelze, Germany)
Abbott (Wiesbaden, Germany)
EMC (Tldbingen, Germany)
Sigma-Aldrich (Seelze, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

J.T. Baker (Deventer, Netherlands)
PAA (Pasching, Austria)

Genscript, Piscataway, USA

PAA (Pasching, Austria)
Invitrogen (Karlsruhe, Germany)
PAA (Pasching, Austria)

Roth (Karlsruhe, Germany)

Sigma-Aldrich (Seelze, Germany)

Amersham GE Healthcare
(Minchen, Germany)

Sigma-Aldrich (Seelze, Germany)

Peprotech (Hamburg, Germany)
Sigma-Aldrich (Seelze, Germany)
Invitrogen (Karlsruhe, Germany)
Sigma-Aldrich (Seelze, Germany)

Roth (Karlsruhe, Germany)
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Sodium pyruvate PAA (Pasching, Austria)

Thioglycolate (Thioglycol) Fisher Scientific (Schwerte, Germany)
TMB Fisher Scientific (Schwerte, Germany)
TRIzol reagent Invitrogen (Karlsruhe, Germany)
B-Mercaptoethanol Sigma-Aldrich (Seelze, Germany)

3.1.3 Kits and enzymes

Name Manufacturer/ Distributor

CD11c (N418) Isolation Kit Miltenyi Biotec (Bergisch Gladbach,
Germany)

CD4 CDG62L T cell Isolation Kit Il Miltenyi Biotec (Bergisch Gladbach,
Germany)

Collagenase D Roche (Mannheim, Germany)

DNase | Roche (Mannheim, Germany)

Fix & Perm Cell Permeabilization Kit Invitrogen (Karlsruhe, Germany)

Horseradish peroxidase GE Healthcare (Munich, Germany)

Mouse Regulatory T Cell Staining Kit #1 NatuTec GmbH (Frankfurt, Germany)
Superscript 1l reverse transcriptase Invitrogen (Karlsruhe, Germany)
TagMan Gene Expression Master Mix  Applied Biosystems (Foster City, USA)

Mouse IFNy Duo Set R&D Systems (Wiesbaden-Nordenstadt,
Germany)

3.1.4  Antibodies for fluorescent activated cell sorting FACS) and
enzyme linked immunosorbent assay (ELISA)

, : L Manufacturer/
Name (Antigen) Conjugate Application L
AR, Jug bp Distributor
CD103 APC, PE Flow cytometry BD Biosciences
(Heidelberg, Germany)
CD11b APC, PE, PerCP- Flow cytometry BD Biosciences
Cy5 (Heidelberg, Germany)
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CD11c

CD3e

CD4
CD40
CD80
CD86
CD8u.
F4/80
Foxp3
HRP

HRP
IFN-y

IFN-y

IFN-y

IL-12p40/70
IL-12p4f3/70

IL-17A

IL-17A
IL-17A

MHCII (I-A®)

APC, PE-Cy7

Flow cytometry

Purified, APC780 Flow cytometry,

eFluor450

PE

PE, APC

PE

APC, APC780,
eFluor450

APC

PE

avidin

streptavidin

PE

unconjugated

biotinylated

unconjugated
biotinylated

APC

unconjugated

biotinylated

eFluor450

coculture

Flow cytometry

Flow cytometry

Flow cytometry

Flow cytometry

Flow cytometry

Flow cytometry

Flow cytometry
(intracellular staining)

ELISA

ELISA

Flow cytometry
(intracellular staining)

ELISA

ELISA

ELISA
ELISA

Flow cytometry
(intracellular staining)

ELISA

ELISA

Flow cytometry

eBioscience
(San Diego, CA USA)

BD Biosciences
(Heidelberg, Germany)
eBioscience

(San Diego, CA USA)
BD Biosciences
(Heidelberg, Germany)
BD Biosciences
(Heidelberg, Germany)
BD Biosciences
(Heidelberg, Germany)
BD Biosciences
(Heidelberg, Germany)
BD Biosciences
(Heidelberg, Germany)
eBioscience

(San Diego, CA, USA)
eBioscience

(San Diego, CA, USA)
GE Healthcare
(Munchen, Germany)
eBioscience

(San Diego, CA, USA)
R&D Systems
(Wiesbaden-Nordenstadt,
Germany)

R&D Systems
(Wiesbaden-Nordenstadt,
Germany)

BD Biosciences
(Heidelberg, Germany)

BD Biosciences
(Heidelberg, Germany)

eBioscience
(San Diego, CA, USA)

eBioscience
(San Diego, CA, USA)

eBioscience
(San Diego, CA, USA)

BD Biosciences
(Heidelberg, Germany)
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3.15 Media and buffers

3.1.5.1 Media for cell culture

DC medium RPMI 1640
10 % (v/v)  FCS (heat inactivated)
1% (viv)  Glutamax-I
1% (v/v)  Sodium pyruvate
1% (v/v) NEAA
1% (v/iv)  Penicillin/Streptomycin
0.05 mM  B-Mercaptoethanol

Restimulation medium DC medium
20 ng/ml Phorbol 12-myristate 13-acetate (PMA)
1 pg/ml lonomycin
0.2 % v/v Golgi Plug
0.14 % v/v Golgi Stop

Digestion medium RPMI 1640

0.5 pg/ml Collagenase D (I1)
0.1 pg/ml DNase | grade Il (D)

3.1.5.2 Buffers for enzyme linked immunosorbent assay GA)

Coating Buffer PBS (1x)

Blocking Buffer PBS (1x)
10% (viv) FCS

Dilution Buffer PBS (1x)
10 % (v/v) FCS

Washing Buffer PBS (1x)

0.5% (viv) Tween-20
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ELISA Substrate 0.1 M Citric acid pH 4.0
0.02 % (v/v) ABTS (50 mg/ml)
1:1000 30 % hydrogen peroxide

Stop Solution 1 % (w/v) SDS in ddkD

3.1.5.3 Buffer for magnetic activated cell sorting (MACS)

MACS-buffer PBS (1x)
2 % (vlv) FCS + 2 uM EDTA

3.1.5.4 Buffer for fluorescent activated cell sorting (FACS

FACS-buffer PBS (1x)
5 % (v/v) FCS
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3.2 Methods

3.21 Mice

All mice were used on C57BL/6 background, backadsr at least 10 generations. A
list of the mice used is provided in the followingor T cell transfer experiments,
Ccl17°¢FP*CFFandCer4” mice were backcrossed Ragl™ mice. Ccl17°¢F™CFR(Cel 1755
mice were a kind gift of Irmgard Forster (Institdée Medical Microbiology, Immunology
and Hygiene, Technical University of Munich, nowMlecular Immunology, Institut far
Umweltmedizinische Forschung an der Heinrich-Hdimaversitdt Dusseldorf,
Dusseldorf, Germany). The eGFP knockin strateghfustrated in Figure 4. Experiments
were performed in accordance with the German angai@ and ethics legislation and had

been approved by the local government authorities.

1KB

EGFP-2 FRT FRT

~

pTARC-eGFP

Ts.BamHi  Xgal BamHi .-~ Xbaf

ATC "
HSV-tk

|
Pac1 BamH1 Xba1 Pac1 Ascil

Figure 4: eGFP knockin model.eGFP (illustrated in green) was inserted intostheond exon of th€cl17
locus leading to the expression of eGFP instea@Qlf17. Thus, heterozygous mice can be used astezpor
mice, whereas homozygous mice completely lack CCédpression, expressing eGFP instead. (Modified
from Alferink J.et al. J Exp Med (2003))

Table 1: Characteristics of mice used throughout tis study.

Genotype Phenotype Experimental Use
Ccl17%F Express eGFP instead of BMDC generation,
CCL17"’ DSS colitis
Ccl175WT CCL17 producing cells  BMDC generation,
also produce eGEF DSS colitis
Cer4” Lack CCR4 BMDC generation
DEREG 23.2 Express eGFP and DTR Teq cell depletion before T
under the control of Foxp3cell transfer
promotef*?
Ragl” Lack Band T cells Recipient mice in T cell

transfer colitis
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3.2.2 Colitis induction

Colitis was induced in two different ways: (1) cheally, by adding DSS into the drinking
water; (2) by transferring T cells.

DSS colitis was induced by administration of 4 %4vmDSS in the drinking water for 5
days followed by drinking water alone. T cell tregrscolitis was induced in mice dRagl

" background (lymphopenic mice) by adoptively transhg 3*1¢ CD4/CD62L" double
positive spleen T cells intraperitoneal (i.p.). Theity of T cells was routinely over 90 %,
determined by FACS analysis. Bodyweight measurensentrity of diarrhea and blood in
the feces were used as indicators of colitis indactMice were sacrificed when they had
lost 20 % of their bodyweight. In both models, di@a and blood in the feces, as well as
histological analysis, correlated with bodyweighgd.

3.2.3 Isolation of colon lamina propia leukocytes (LPL) ad
intraepithelial leukocytes (IEL)

Mice were sacrificed by cervical dislocation. Cdonere removed and flushed with ice
cold PBS. The whole colon was cut longitudinallydaambout 3 mm long pieces were
washed three times in ice cold PBS for subsequmentbiation under stirring in 50 ml PBS
containing 2 mM DTT and 5 mM EDTA at 37 °C for 3dnmColon pieces were then
passed through a cell strainer (100 um) and ttratBl was used to isolate the IEL fraction
by further filtrating with glass wool. The remaigirtolon pieces were incubated for 30
min at 37 °C in digestion medium and pressed thiaugell strainer (100 um). Single cell
suspensions were regarded as LPL fraction. Foadaeliular cytokine staining, LPL and

IEL fractions were stimulated for 6 h in stimulatimedium prior to staining.

3.24 Generation of bone marrow derived recombinant mouse
(rm)GMCSEF cultured dendritic cells (BMDCs)

Bone marrow offemur and tibia was flushed out and single cell suspensions were
prepared. Red blood cells were removed using reddbtell lysis buffer at RT for 5 min.
6*10° cells/ml were cultured for 3 days in 10 ml DC medi containing 20 ng/ml
rmGMCSF in 10 cm petri-dishes. At day 3 of cultut®,ml of DC medium containing 20
ng/ml rmGMCSF were added. At day 5, 10 ml cell suison were removed and
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centrifuged for 5 min at 1500 rpm at 4 °C. The pelllet was resuspended in 10 ml fresh
medium containing 20 ng/ml rmGMCSF, added to thmaiaing 10 ml in the petri-dish
and cultured for another 2 days. On day 7, celleweutinely control stained for CD11c,
CD11b and CD86. CD114CD116 double positive cells were regarded as DCs argl thi

fraction was routinely > 80 %.

3.25 Enzyme linked immunosorbent assay (ELISA)

ELISA was performed to detect cytokines in the sogent of stimulated DCs and
cocultures of DCs and T cells. IL-17A and IFNwere measured using ELISA kits
according to the manufacturers’ protocols. IL-12pZ0 was detected using matched
antibody pairs. The following protocol for IL-12pZ0 represents the logic for all three
ELISAs provided in Table 2.

Plates were coated overnight with capture antilgblilyed in PBS (1:2000). After washing
steps plates were incubated with blocking bufferlftn and washed again. Next, standards
and samples were diluted in dilution buffer andextitb the plate for 2 h, followed by
another washing step. Then biotinylated detectimibady was added for 2 h and plates
were washed. After washing, streptavidin conjugdtetseradish peroxidase (HRP) was
added for 45 min. After an additional washing stdplr'S was added as substrate until
coloring appeared. To stop the enzymatic react@ihidl 1 % SDS was added. Analysis of
the reaction was performed using a Photometer.ifgpddutions and incubation periods

for each assay is provided in the following lisalle 2).

Table 2: Cytokine ELISAs.

IFN-vy IL-17A IL12p40
Capture 1:180 in PBS (50 pl; | 1:250 in coating buffer | 1:2000 in PBS (50 pl;
antibody overnight) (100 pl; overnight) overnight)
Washing 1 3 X 5x 3x
Blocking PBS+10% FCS (1 h) 1xAssay Diluent(1h) PBB®6 FCS (1 h)
Washing 2 3X 1x 1x
Standard 4000 pg/mlin 20 mM | 500 pg/mlin 1 x Assay | 8000 pg/ml in PBS +
incubation Tris/150 mM NaCl + | Diluent (100 pl; 2 h) 0.05 Tween20 + 10 %
0.1 % BSA + 0.05 % FCS (100 ul; 2 h)
Tween20 (Reagent
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Diluent) (60 pl; 2 h)

Sample 1:20 in Reagent 1:10in 1 x Assay 1:4in PBS + 0.05 (v/v

incubation Diluent (60 pl; 2h) Diluent (100 pl; 2 h) Tween20 + 10 % FCS
(100 pl; 2 h)

Washing 3 3x 5 X 4 x

Detection 1:180 in Reagent 1:250 in 1 x Assay 1:1500 in Wash buffer

antibody Diluent (50 pl; 2 h) Diluent (100 pl; 2 h) +10 % FCS (100 pl;
2h)

Washing 4 3x 5 X 4 x

Streptavidin-
HRP

1:1000 in Reagent
Diluent (50 pl; 20
min)

1:250 in 1 x Assay
Diluent (100 pul; 30 min)

1:2000 in Wash buffer
+ 10 % FCS (50 pl; 45
min)

Washing 5

3x

7 X

4 x

Substrate

10 ml 0.1 M Citric
Acid + 1 mg/ml ABTS
+ 10 pl 30 % HO,
(100 pl)

1 x TMB (100 pl)

10 ml 0.1 M Citric
Acid + 1 mg/ml ABTS
+ 10 pul 30 % HO,
(200 pl)

Stop-solution

1 % SDS (100 pl)

2 N 480, (100 pl)

1 % SDS (100 pl)

3.2.6 Cell isolation and magnetic activated cell sortingMACS)

Mice were sacrificed by cervical dislocation andesps were removed. COED62L" T
cells were isolated from splenocytes using the GLI362L T cell Isolation Kit I,
according to the manufacturer’'s protocol. Singld saspensions of splenocytes were
generated by pressing spleens through cell stsifi€¥0 pum). After centrifugation, cell
pellets were subsequently magnetically labeled mgubating antibodies coupled to
magnetic beads. Magnetic separation was perforneedr@ing to the manufacturer’s
protocol. First, CDA T cells were negatively selected, followed by pesiselection of
CD62L" CD4' T cells.

For isolation of DCs from mesenteric lymph noded.Ni®), the mLNs were removed,
flushed and incubated in digestion medium for 3@ amd passed through a 100 pum cell
strainer. Single cell suspensions were then MAG&daising CD11c (N418) MicroBeads

according to the manufacturer’s protocol.
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3.2.7 Fluorescence activated cell sorting (FACS)

For FACS analysis, cells were stained using flumeely labeled antibodies directed
against CD11c, CD11b, CD103, CH3XD4, CD62L, CD86, CD40g4p7 and MHCII.
Single cell suspensions were washed once in icg EAICS buffer. Subsequently, cells
were incubated for 20 min in FACS-buffer containthg antibodies in a final dilution of
1:200. To avoid unspecific binding of the antibadie Fc receptors, the FACS-buffer was
mixed 1:1 with the supernatant of the mHB197 celk,| producing blocking antibodies
(anti-CD16/anti-CD32). Cells were then washed twmes in FACS buffer and
resuspended in FACS buffer for analysis. Propidiodide (Pl) was added to exclude dead

cells from analysis.

For intracellular cytokine staining, T cells wetémsilated for 6 h in stimulation medium
prior to staining. Staining with anti-IFM-or anti-IL-17A antibodies was performed using
Fix & Perm Cell Permeabilization Kit. Intracellul&oxp3 staining was performed using

Mouse Regulatory T Cell Staining Kit #1 accordinghe manufacturer’s protocol.

For intracellular stainings, cells were stainedhie first step for membrane bound markers
as described above. After the second washing sadls, were then incubated in fixation
medium as described in the manufacturer's protoggther Fix & Perm Cell
Permeabilization Kit, or Mouse Regulatory T Cellaiging Kit #1) and washed.
Afterwards, cells were stained with the antibodiespermeabilization medium of the
respective kit for 20 min at 4 °C (for Foxp3) orrabm temperature (for cytokines). After

two washing steps, cells were analyzed withougtidition of PI.

A Gallios flowcytometer was used for analysis. EitKaluza analysis software or FlowJo

software were used to analyze data and to gengli@tseand histograms.

3.2.8 I n vitro stimulation and coculture

For in vitro experiments, 1*10BMDCs/ml were stimulated with 100 ng/ml LPS or
PamCys in 6 well dishes (total volume 3 ml). After 6dell suspensions were centrifuged
for 5 min at 1500 rpm at 4 °C. Supernatants weedus detect secreted cytokines by
ELISA. For RNA isolation the cell pellets were repanded in TRIzol.
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For in vitro coculture experiments, 1*10BMDCs were cocultured with 1*$0
CD4'/CD62L" T cells, isolated from splenocytes of OTII transiganice, for 4 days in the
presence of 100 ng/ml LPS and 5 pg/ml OVA-peptig@\(A). In ex vivo experiments,
1*10* mLNDCs were cocultured with 1*2@CD4'/CD62L" T cells, isolated from spleens
of OTII transgenic mice, for 5 days in the preseotc200 ng/ml LPS and 5 pg/ml pOVA.
In both coculture systems LPS and pOVA were addedeabeginning. Foin vitro Foxp3
Treg cOculture experiments, 5 pg/ml CHD ng/ml TGFB and 200 U/ml IL-2 were added
to the medium and cells were analyzed after 4 daydFACS analysis. Foex vivo
coculture experiments, DCs were MACS isolated frairNs of mice pretreated with 200
g LPS overnight. To monitor T cell proliferatiamin vitro coculture experiments, T cells
were labled with 5 uM CFSE for 10 min at 37 °C pti@ coculture. CFSE labled T cells
were washed three times before added to the coeultu

3.2.9 RNA isolation and real-time quantitative PCR (QPCR)

Total RNA was isolated from whole tissue of thexmmwal colon using TRIzol reagent
according to the manufacturer’s protocol. An alibatm long piece of the proximal colon
was taken up in 0.5 ml TRIzol reagent. cDNA was ggated from total RNA using
Superscript Il according to the manufacturer’stpeol. gPCR was run on cDNA using a
TagMan StepOne Plus instrument. For the reactribplITagMan gene expression master
mix were mixed with 9 ul cDNA and 1 pl probe sétse following primers and probe sets
were ordered from Applied BiosystemsiL-6 (MmO00446190 M1), IL-12p35
(MmO00434169_M1),IL-17a (Mm00439619 M1),IL-22 (Mm00444241_M1),IL-23p19
(MmO00518984 M1), TNFa (MmO00443260_g1), IFNy (Mm99999071 M1), TGFp
(MmO03024053 M1)Aldhla2 (Mm00501306 M1)HPRT1 (Mm00446968 M1) an@sf2
(GMCSF) (Mm01290062_M1HPRT1 was used as housekeeping gene for normalization.

Quantitative analysis was performed using th&“2method*?

3.2.10 Histology

Mice were sacrificed by cervical dislocation. Cdonere removed and flushed with ice
cold PBS. Whole colon tissues were subsequentldfig/n in 4 % (v/v) formaldehyde
(Roti-Histofix). Fixed colon tissues were then stared to 70 % ethanol, and
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subsequently dehydrated. Fixed and dehydrated cidsnes were then embedded in
paraffin and 4 um thick slices were cut. Next, adigsue slices were air dried and stained

using hematoxylin and eosin (H&E).

Histological scoring was performed on formalin fixgaraffin embedded sections of the
colon. 4 um thin slices were stained with hematioxghd eosin. Scoring was performed in
a blinded fashion by Hans-Anton Lehr (IUP Institumiversitaire de pathologie de
Lausanne, Lausanne, Switzerland) as previouslyighesf*.

3.2.11 Peritoneal lavage

To induce inflammation in the peritoneum, 1 ml 4tBioglycolate was injected i.p.. To
identify the populations of infiltrating immune tglthe peritoneal cavity was flushed with
5 ml of ice cold PBS 4 days after thioglycolatesgtjon. By gently massaging the belly of
the mice, cells were suspended. The cell suspemsasrthen extracted by using a syringe.
Analysis of the peritoneal lavage cells was perfedimsing FACS analysis as described in
section 3.2.6.

3.2.12 Statistical analysis

Mean values and standard deviations are showneirdidlgrams. Statistical significance
was tested using Student’s t-test or Dunn’s tese Way ANOVA was used to determine
the variance within the samples which were compafedalues below 0.05 were

considered to indicate statistically significarffeliences.
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4 RESULTS

4.1 Induction of acute and chronic intestinal inflammaion

in mice
To induce acute intestinal inflammation in miceg thell characterized model using DSS
in the drinking water was used as described irMhterials & Methods section 3.2.2.

A longer lasting inflammation was induced by tramshg naive T cells into lymphopenic
mice lacking the recombination activating gendRagll™). The absence dagl results in

a lack of mature B and T cells. Additionally, thee&e were crossed with mice bearing
the additional genotype of interes€€175F or Ccr4™). Unless otherwise stated, 3*10
CD4'/CD62L" splenocytes, isolated from C57BL/6 wild type (Wililce were adoptively
transferred by intraperitoneal (i.p.) injection toduce intestinal inflammation. The
transferred T cells were isolated as described atekil & Methods section 3.2.6. As
shown in Figure 5, the MACS isolated T cells hadtirely a purity of over 90 %,
determined by FACS analysis. Over 95 % of these ‘CDéells were CD62L, including a
population of about 6-8 % FoxpBegulatory T cells (iEy.

10"

<
97.4 5

T T T T
10 10 1P 10° 10° 100

— CD4 — CD62L — Foxp3

Figure 5: FACS analysis of MACS sorted CDZCD62L" T cells from splenocytesMACS sorted T cells
were stained for CD4 and CD62L on the surface andréxp3 intracellularly. Numbers indicate perceges
of the gated cells. (SSC = side scatter)

After injection of T cells, bodyweight, as well asnsistency of feces was monitored to

follow colitis induction.
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4.2 Induction of CCL17 during acute and chronic intestnal
inflammation

To investigate if CCL17 plays a role during inteati inflammation it was important to
demonstrate that the chemokine is indeed upreglukter induction of acute and chronic
intestinal inflammation in the mesenteric lymph esddraining the intestine, and the
colon, the site of inflammation. To illustrate thegulation of CCL17 an enhanced green
fluorescent protein (eGFP) knockin mouse model ugesl which was created by Alferink
J.,et al. . In this mouse model, heterozygous knockin mee X7="'") can be used as
reporter mice without any reduction of expressiom d@unctionality of the protein. In
contrast, a homozygous knockin led to a compless lof expression and function,

resembling knockout mice€e€l 1755, see also Material & Methods Figure 4).
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Figure 6: CCL17 induction after colitis induction, monitored by eGFP induction in DCs.CCL17
expression is monitored by eGFP expression ind@DB11¢ gated dendritic cells (DCs)A] Percentage of
CCL17" mLN DCs in untreated control (ctrl) mice and incanitreated with 4 % (v/v) DSS in the drinking
water for 5 days, followed by 2 days of water alof® Percentage of CCLIDCs inRagl™ control (ctrl)
mice and inRagl”™ mice 5 days and 21 days after T cell transfethinindicated organs and fractions in
lymphopenic mice. Light gray histograms represemtained control. (Numbers represent percentages of
CCL17 cells. One representative staining of 5 is shown)
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As shown in Figure 6, CCL17 was measured in €0B11¢ gated DCs, either after
colitis induction with 4 % (v/v) DSS in the drinlgrwater (Figure 6A) or induction by T
cell transfer (Figure 6B). In the DSS model, CClekpression was markedly increased in

mLNs after 7 days of treatment compared to the |bagpression detected before
treatment.

Basal expression could also be detected in midengd and T cells (PBS injectdghgl’
"Ccl17%F mice (ctrl)). However, no upregulation of CCL17 smaeasurable 5 days after
transfer of T cells in mMLNDCs, and DCs of the |IEhdalPL fraction of the colon. In
contrast, a significant upregulation of CCL17 iegh three fractions could be measured 21
days after transfer, correlating with disease itidac In both models, CCL17 induction is
shown in CCL1%7F mice and expression in untreated mice in mLNs wa@sparable
between the models. In Figure 7, representativ€Fplots show that eGFRells in the
colon had high expression levels of the DC markddd1c, CD11b and MHCII, and only

a small amount expressed F4/80 at low levels.
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Figure 7: Phenotypic analysis of eGFPcells of the colon.21 days after T cell transfer inRagl”
Ccl175F mice, eGFP cells of the indicated colon fractions were anatyZor the expression of CD11c,
MHCII, CD11b and F4/80. Numbers indicate percentafggated cells. (SSC = side scatter)
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4.3 Reduced colitis induction in mice lackingCcl17

To analyze if CCL17 expression has an impact onstaeerity of DSS induced colitis,
disease development was monitored by bodyweightsarement, measurement of the
colon length and histological scoring in CCL17 catgmt mice (C57BL/6 (WT)) as
compared to mice lacking CCL1Zd1755). As shown in Figure 8ACcl17¥F mice lost
significantly less bodyweight than WT mice after ®8eatment (% bodyweight at day 7:
Ccl175F mice: 93.8 + 2.7; mean + SIh (= 13); WT mice: 84.1 + 4.3n(= 13)).
Additionally, as shown in Figure 8&cl17%F

WT mice after DSS treatment (5.2 £ /8 4.5 = 0.4, respectivelyn(= 8)). As shown in

mice had significantly longer colons than

Figure 8C, a significantly lower colonic inflammaat, determined by histological scoring,
could be detected i€cl17F mice (4.2 £ 2.1 (WTn = 13)vs. 2.1 + 2.2 Ccl17%5 n =
13)).
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Figure 8: Development of DSS colitis inCcl17V™T (C57BL/6) compared to Ccl175F mice. (A)
Bodyweight was measured at day 1, 5, 6 and 7 di86 mediated colitis induction. Left panel:
representative bodyweight development of one erpatt o = 4). Right panel: pooled bodyweights on day
7 of 4 experimentsn(= 13). B) Colon length at day /(= 8) (C) Pooled histoscore of 3 experiments<
13). (** P < 0.01; **P < 0.001; Student’'stest)
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To get further insights into the underlying meclsam leading to the less severe
phenotype of DSS colitis i6cl175'F mice, cytokine patterns in the mLNs as well a®col

tissue were analyzed. Although, as shown in Figlife no differences were detectable in
the mRNA expression levels of TNE-IL-6 and IL-23, neither in the mLNs nor in the

colon, a significantly stronger induction of IL-1Zp in the mLNs, and of IFN-in the

colon could be detected @cl17"'™" mice (Figure 9B).
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Figure 9: mRNA induction of cytokines after DSS teatment in mLNs and colon tissueQuantitative
real-time PCR was performed on mRNA isolated frangle cell suspensions of isolated mLNs or whole
colon tissue as described in Materials & Methodgise 3.2.9. A) Induction of TNFe, IL-6 and IL-23 in
mLNs and colon tissueBj Induction of IL-12p35 and IFN-in mLNs and colon tissue. P*< 0.05; **P <
0.01; Student's-test; o = 4)) One of three independent experiments withiee per group is shown.

Taken together, these data demonstrate that theofa€CL17 expression leads to reduced

colonic inflammation after DSS treatment.
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Besides the effects seen in the acute model usi8&, Dt was of great interest to
investigate if CCL17 also has an impact on chraoniestinal inflammation in mice. For
this purpose, the T cell transfer model, descrigadier, was used. Like in the DSS model,
lymphopenic mice lacking CCL17 expressioRagl’ Ccl175) lost significantly less
bodyweight than mice expressing CCLIHag1l™) after colitis induction (Figure 10A),
with a mean percentage of 81.1 + 8.1Reg1l” mice compared to 100.1 + 6.4 Ragl™
Ccl17% mice on day 21.
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Figure 10: Development of T cell transfer colitisin Ragl” compared to Ragl’Ccl17¥F mice. (A)
Bodyweight was measured throughout colitis develapnat the indicated time points after T cell tfans
Left panel: bodyweight development of one represtdreg experimentr( = 3). Right panel: pooled endpoint
data of 4 experiment(= 12). 8) Left panel: Representative pictures of H&E stdiparaffin embedded
colon sections ofRagl” and Ragl”Ccl17¥F mice. Right panel: Representative histoscoreRafi1”
compared tdRagl”Ccl17%F mice = 3; cumulative score). (*® < 0.001; Student'stest)

Additionally, Ragl”Ccl17¥F mice developed significantly milder colonic inflamation
compared tdRagl” mice, shown by histological scoring. In the lefingl of Figure 10B,
representative hematoxylin & eosin (H&E) stainswghbat less infiltration of immune
cells, less crypt loss, less disruption of the nsulatyer and less loss of goblet cells was
detectable irRagl”Ccl17¥F mice. This was represented by an overall signifiydower

histoscore of 0.3 + 0.4 iRagl”Ccl175"F mice compared to 3.5 + 1.5 Ragl™ mice.
Deeper insights into the differences found on mswowpic scale could be provided by

analysis of mMRNA expression levels of cytokinesmibNs as well as colon tissue. As

shown in Figure 11, there was no remarkable indnaif the proinflammatory cytokines

41



RESULTS

IFN-y, IL-17, IL-6, TNFw, and IL-22, 5 days after transfer of T cells inttbanouse

strains, as well as no differences between thentwose strains.
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Figure 11: mRNA expression of cytokines irRagl’ and Ragl”Ccl17%F mice 5 days after T cell

transfer. MRNA was extracted from colon tissue and real-tiglfCR was performed as described in
Material & Methods section 3.2.9. Induction of mRNg#\ calculated relative to induction in PBS treated

mice. (mean = SD aif = 3 mice)

This lack of induction of proinflammatory cytokinass in line with the development of
bodyweight, as up to this time point, mice of bstitains still gained weight. As well, there
were no further signs of inflammation like diarrhe@avisible blood in the feces detectable
at this time. In contrast, as shown in Figure 1@Ajronger induction of IL-12 and IFN-
mRNA could be detected in mLNs &agl” compared toRagl’ Ccl17¥F mice when
experiments had to be terminated due to weightdbsg to 20 % in th&agl™” group.
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Figure 12: mRNA expression of cytokines irRagl’ and Ragl’Ccl17¥F mice 21 days after T cell

transfer. MRNA was extracted from single cell suspensionsnbNs or colon tissue and real-time gPCR
was performed as described in Material & Methodgise 3.2.9. A) Expression of indicated cytokines in
mLNs of Ragl™ mice relative to expression Ragl” Ccl17%F mice. (** < 0.05; @ = 3) Student's-test) @)
Expression of indicated cytokines in colon tissfidkagl” or Ragl”Ccl17¥F mice relative to expression in
PBS treated mice. Pooled data of at least thregprident experiments are displayed. Each dot epses
one individual mouse and black crossbars indidagemean P < 0.05; *P < 0.01; **P < 0.001; (= 9-12)

Student’st-test

Further, as shown in Figure 12B, a significantuictcbn of IFN+, IL-12, IL-6, IL-22 and
TNF-a could be detected at that time point (days 19i@1olon tissue oRagl’ mice,
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which was significantly higher than iRagl”Ccl17F mice. IL-23 and IL-23R mRNA
levels in Ragl” mice were still comparable to the expression inSP&ntrol mice;

75E mice.

however, expression levels of IL-23R significardceased iRagl” Ccl1
Taken together, lymphopenic mice lacking CCL17 egpion showed reduced
susceptibility to colitis induction by transfer ofive T cells. In both models, DSS
treatment and T cell transfer, protection from tt®livas demonstrated by bodyweight
development and histological analysis, as well @ekine profiling in mLNs and colon

tissue.
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4.4 Protection from severe colitis in lymphopenic micafter
transfer of Ccr4” T cells

As mentioned in the introduction, it was shown ttied predominant cause of action of
CCL17 is to attract T cells to sites of inflammatigia CCR4 interacticfi® *®* For that
reason, the T cell transfer model was considerdaetmost suitable to investigate effects
of CCL17 on colitis development. Therefore, thddwing in vivo studies were conducted

exclusively in the T cell transfer model of colitis

By demonstrating on clinical, histological as wad cytokine production level that mice
lacking CCL17 are protected from both, acute angrmib intestinal inflammation, first
insights into the role of CCL17 during intestinaflammation were gained. However, one
would expect that, especially in the T cell transfeodel, a recruitment defect of the
transferred T cells, expressing the receptor forLTC(CCR4), would be the main
underlying effect causing the observed differendesinvestigate this hypothesis, T cells
isolated from donor mice deficient of CCR@ct4”) were transferred int&Ragl” in
Ragl’"Ccl17¥F mice. Yet, as shown in Figure 13A, the differenod overall outcome of
colitis induction was not affected whetrd” T cells were transferred instead of WT T
cells, indicating that CCR4 expression on the femnsd T cells is neither influencing the

colitis induction inRagl”™ nor the protection ifRagl” Ccl175F

mice. Along this line, no
difference in the recruitment of CDZ cells to the mLNs could be detected 5 days after
transfer of WT T cells (Figure 13B). 21 days affecell transfer, when colitis was most
active inRagl”™ mice, there were also no differences in the fraqueof T cells in the
mLNs as well as the IEL and LPL fraction of theaoldetectable (Figure 13C). These
data indicate that a recruitment defect of thedfiemed T cells is not the underlying effect

7E/E

leading to the protection ﬁagl"‘CcIl mice.

45



RESULTS

A o Rag1*
el w Ragt-Colr7ee | 1T OO
£100 - o Ragt* ;
2 90 - Ccr4" T cells
3 ® Rag1+Ccl17EE
2 ]
a1 aul¥
oL
0 5 12 16 19 23days
B C
_10 - DRagt* 60 - o Rag 1+
= S
- 8 1 mRag1+-Ccl17FE 40 - ® Rag1+Ccl17FE
3°] = E
t 4 - +.20 -
32 3 Il
0 0 o
mLNs LPLs IELs

Figure 13: Influence of CCR4 expression on transfeed T cells and distribution of T cells after
transfer. (A) Course of bodyweight dRagl” and Ragl’Ccl175F mice after transfer o€cr4™ T cells or
WT T cells. P < 0.001(WT T cell transfer); **® < 0.001Ccr4™ T cell transfer); f = 4) Student's-test)
(B andC) Percentage of CD4T cells after transfer of WT T cells in indicatedgans and fractions 5 days
(B) and 21 daysQ) after transferB andC: one representative of at least three indepenelguegriments is
shown 6 = 3).

In contrast, when WT T cells were transferred iRagl’ Ccr4”™ mice, a significantly
reduced colitis induction compared Ragl” mice could be detected (Figure 14). This
protection ofRagl”Ccr4” mice indicated that a different cell type than dlls which
failed to respond to CCL17 in the absence of CCRabk wrobably responsible for

7E/ E

protection ofRagl” Ccl17%F mice.
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Figure 14: Course of bodyweight oRagl” and Ragl’Ccr4” mice after transfer of WT T cells. WT T
cells were transferred inRagl” andRag1l”’ Ccr4” mice and bodyweight was measured at the indidites]
points after transfer.P < 0.05; 6 = 4)

Thus, the possibility that a different recruitmenDCs might be this factor was tested. For
this purpose, the distribution of DCs in untreateide was assessed. In Figure 15A it is
shown that no initial differences in the present®Gs were detectable in mLNs as well
as IEL and LPL fractions of the colon in the steadgte. Along this line, although a
general increase in frequencies of DCs was dete2ledays after T cell transfer, no
difference betweerRagl” and Ragl”Ccl175F mice was measurable at this time point
(Figure 15B), indicating that the lack of CCL1d dhot affect the recruitment of total DCs
in both, mLNs or colon fractions. Furthermore, pmreal lavage was used to investigate if
differences in the recruitment of DCs, or otheeetbr cells of the innate immune response
like CD11b5 macrophages might be occurring in the absenceQif1C. However, as
shown in Figure 15C, using this method no diffeemnwere observed between WT and
Ccl175F mice.
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Figure 15: Steady state distribution and recruitmat of DCs in WT and CCL17 deficient mice.(A and
B) Percentage of CD11dendritic cells in steady state mide)(n = 4) andRagl”™ andRagl”"Ccl175 mice
21 days after T cell transfeB) (n = 3). C) FACS plots of peritoneal lavage cell isolatesjrstd with
CD11c and CD11b, 4 days after 1 ml 4 % thioglyalsd been injected intraperitoneally.

In summary, altered recruitment of total DCs ongfarred T cells is not the mechanism
that accounts for the protection of mice lackingLLZ This was demonstrated by: (1)
transfer ofCcr4”™ T cells; (2) analysis of the distribution of D@sthe mLNs and colon

fractions; and (3) by peritoneal lavage to testegahrecruitment of immune cells to sites

of inflammation upon thioglycolate treatment.
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4.5 Enhancement of DC-cytokine production by CCL17

In recent publications, it was suggested that chkames can act like cytokines by directly
inducing activation of target cells expressing ttmeresponding receptor. For example,
CX3CL1 and CCL2 have been shown to induce IL-12 pridnén macrophages and bone
marrow derived dendritic cells (BMDCs), respectyv&l' **® Since | showed that the
recruitment of T cell via CCRA4, the receptor forlAC did not influence colitis induction
in the T cell transfer model, and no differencehia recruitment of DCs could be detected,

the hypothesis that CCL17 might directly induce pheduction of cytokines was tested.

Hence, BMDCs, expressing the receptor CCR4, wemaukited with LPS (TLR4 ligand)
or PamCys (TLR2 ligand). As shown in Figure 16, no diffieces in the expression of the
costimulatory molecules CD40, CD80 and CD86, ad a®IMHCII-expression could be
detected after stimulation with LPS for 24 h intbgtoups.
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Figure 16: Expression of costimulatory moleculesro BMDCs stimulated with LPS. BMDCs were
stimulated with 100 ng/ml LPS for 24 h. Expressidnthe costimulatory molecules CD40, CD80 and CD86,
as well as MHCIl was measured by FACS analysishi_gray histograms represent fluorescence minus 1
staining. Dark gray histograms represent staininge@indicated markers. MFI of the markers of plositive
cells is indicated in each histogram, including pleecentage of positive cells. Representative FAGSyses

of three independent experiments are displayed.

However, when BMDCs were stimulated with LPS or g@ys for 6 h, markedly reduced
induction of 1L-12p35, 1L-23p19 and IL-10 mRNA caube detected in BMDCs isolated
from Ccl17%F mice Ccl175F DCs) compared to BMDCs isolated from WT mice (Fégu
17).

49



RESULTS

A B

= 800 - e 4007

ke 2

T 600 1 T 3001

= =

2 400 - 22001 =

< 200 = e S 100 I"‘L N

14

E 0 Ilh [ E o [Chia

IL-12 IL-6 IL-23 IL-10 IL-12 IL6 IL-23 IL-10

o C57BL/6 = Col7EE

Figure 17: Induction of cytokine mRNA after stimulation of BMDCs with TLR2/4 agonists.BMDCs
were stimulated with either 100 ng/ml LP&) (or 100 ng/ml PagCys B) for 6 h. mRNA was isolated using
TRIzol. Real-time qPCR was performed as descrilmeiaterial & Methods section 3.2.8 and induction
levels were calculated relative to unstimulatedtas. mean + SD is shown & 3); (P < 0.05;” P < 0.01)

Moreover, wherCcl175E DCs were stimulated with LPS in the presence obmeinant
mouse (rm) CCL17, a dose dependent induction 0o12p40 by rmCCL17 could be
detected. Yet, this induction was only detectablenvLPS was present (Figure 18). In

conclusion, these stimulation experiments sugdedt €CL17 has an autocrine effect on

the DCs which were producing the chemokine in it place.
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Figure 18: Stimulation of Ccl17¥F DCs with combinations of rmCCL17 and LPS.Ccl17¥5-DCs were
stimulated with or without 10 ng/ml LPS and in tpeesence of increasing amounts of rmCCL17 as
indicated. Mean = SD of stimulations performed iiplicates are displayed. One of two independent
experiments is shown.
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This autocrine effect of rmCCL17, driving the intioa and production of cytokines,
might be directly mediated via its receptor CCR4.t&st this, LPS-induced induction of
cytokines in BMDCs isolated fronCcr4” mice Ccr4d” BMDCs) was compared to

induction in WT BMDCs. As shown in Figure 19A,educed induction of I1L-23p19 and
IL-10 mRNA in Ccr4” BMDCs compared to WT BMDCs could indeed be detkcte
However, this was not true for IL-12p35 mRNA atstimepoint. But, as shown in Figure
19B, a reduced production of IL-12p40 was deteate@cr4” BMDCs compared to WT

BMDCs.
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Figure 19: Comparison of cytokine production/indudion in Ccr4” BMDCs compared to WT BMDCs.

Ccr4” BMDCs and WT BMDCs were stimulated with 100 ngdRIS for 6 h A) for mRNA induction of
the indicated cytokines, or for 24 B)(for production of IL-12p40. Mean + SD of stimutats performed in
triplicates are displayed. One representative ofitWdependent experiments is shown.

Taken together, tha vitro stimulation experiments using BMDCs showed that.CC
can act in an autocrine manner on the DCs thenselUBis autocrine effect drives
cytokine production by DCs, and is, at least irt,p@@pendent on CCR4 expression on the
DCs.
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4.6 T cell activation by WT and Ccl17¥F DCs

The autocrine effect of CCL17 seenimvitro stimulation experiments using BMDCs
(depicted in Figure 17, Figure 18 and Figure d@monstrates that CCL17 is driving the
production of proinflammatory cytokines. T celle activated and influenced by DCs and
the cytokines secreted by them. Therefore, coailexperiments were performed to get
insights whether the reduced induction of cytokirias Ccl175F DCs affects the

differentiation and activation of T cells.

Indeed, as shown in Figure 20A, reduced amouniSNfy were detected in supernatants
of T cells cocultivated wittCcl17¥F BMDCs. This was in line with a slightly reduced
induction of T-bet, a transcription factor crucial foryI T cell differentiation (Figure
20B). In contrast, no difference in IL-17 producticould be detected in T cell cocultured
with WT compared t€cl17¥F BMDCs (Figure 20C).
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Figure 20: Differentiation of T cells cocultivated either with WT-BMDCs or Ccl17¥5-BMDCs.
CD4'/CD62L" MACS isolated T cells were cocultivated with eith@T-BMDCs orCcl17¥5-BMDCs in the
presence of 5 pg/ml pOVA and 100 ng/ml LPS for ¥sd#A) IFN-y production was measured in coculture
supernatants after 4 days of culture by ELISB) fhRNA expression levels of cell pellets were cldtad
relative to expression level in untreated CID62L" MACS isolated T cells.) IL-17 production was
determined in coculture supernatants after 4 daysilture by ELISA. A) Mean £ SD of 4 experiments is
displayed. B andC) One representative of two independent experimsngsown. (P < 0.05; Student’s-
test)

If the autocrine effect of CCL17 also affects thH#edentiation of IL-17 producing 17
cells can only be investigated iin vitro coculture systems with BMDCs or splenic DCs

when additional cytokines, drivingyI7 differentiation, are added. However, as it was
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hypothesized that the autocrine loop of CCL17 a$febe cytokine production itself, a
different approach was chosen. DCs isolated dyrdiciin mLNs (mLNDCs) of either WT
(WT mLNDCs) orCcl17% mice €Ccl17¥F mLNDCs), pretreated with LPS for 16 h, were
cocultivated with T cells. In Figure 21A, it is@lin that T cells cocultivated with WT
mLNDCs produce higher amounts of IL-17 than T caltultivated with Ccl175/F
MLNDCs. Additionally, these T cells show a highgpeession ofrorc encoding ROR,
the transcription factor drivinggll7 differentiation (Figure 21B). In contrast tcetim
vitro coculture system, no effect on IRNproduction could be detected in thas vivo
setting (Figure 21C).

A ) B C
500 4 — =
j_ S 250 - 10 -
_, 400 8 o0 | — = g
€ 300 - 3 - £
"2 £ 150 - g 6 -
= 200 - g . > 4
~ 2 100 z 4
- 100 £ 50 - L 2.
0 % 0 N 0 1M .
(14
o C57BL/6 = Ccl17EE

Figure 21: Differentiation of T cell cocultivated with either WT mLNDCs or Ccl17¥F mLNDCs.
CD4'/CD62L" MACS isolated T cells were cocultivated with eith@T mLNDCs orCcl17¥F mLNDCs in
the presence of 5 ug/ml pOVA and 100 ng/ml LPS 4odays. A) IL-17 production was measured in
coculture supernatants after 4 days of culture hYySE. (B) mMRNA expression levels of cells were
calculated relative to the expression level in emtied CDYCD62L" MACS isolated T cells.@) IFN-y
production was measured in coculture supernatdtes 4 days of culture by ELISAA() Mean + SD of 4
experiments is displayedB (and C) One representative of two independent experimenshown. (P <
0.05; Student's-test)

Thesein vitro results which show that CCL17 drives T ceffetentiation, most probably
by influencing cytokine production of DCs (as showrfigure 17, Figure 18 and Figure
19) gave first insights into the mechanisms resjpmsfor the colitogenic effect of
CCL17. Further evidence that this actually take@in vivo is provided by the increased
MRNA levels of IL-17 and IFN-found inRagl” mice compared t&agl”Ccl175F mice
(Figure 12). More evidence that this difference dise to an enforced yL/Tyl7

differentiation of the transferred T cells in CCL&@mpetent mice could be obtained by
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direct analysis of the T celis vivo. In fact, as demonstrated by FACS analysis (Figure
22A), increased percentages of IFNind IL-17 producing T cells could be detected in

Ragl”Ccl175""T mice, compared tBagl”’ Ccl175F mice.
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Figure 22: Intracellular IL-17 and IFN-y staining after T cell transfer. (A) Cells of the mLNSs, colonic
fractions (IELs & LPLs) and the spleen were staif@dhe membrane bound T cell markers CD4 and £D3
and intracellularly for the cytokines IFNand IL-17. CD4/CD8 double positive gated T cells are shown in
the representative dot plots with percentages atelic in the respective quadrantB) (Data of three
independent experiments were pooled and statistizalysis was performed € 9-12;"P < 0.05;” P <0.01).

Especially, IFNy single positive T cells were significantly moreminent in mLNs (38.4
+8.2vs. 27.1 £ 10.3), the IEL fraction (13.1 + 5.4 v90 & 6.2) and the LPL fraction (30.6
+ 14.8vs. 16.7 + 9.0) of the colon and the spleen (29.515 ¥s. 10.4 + 6.5) ofRagl”
Ccl175"" mice thanRagl”Ccl175F mice. IL-17 single positive cells were only pretsien
higher numbers in IEL fractions of the colon (1.8.#vs. 0.5 £ 0.2) and the spleen (2.0 £
0.8vs. 1.1 + 0.3) ofRagl”Ccl175"'" mice. However, IL-17/IFN- double positive cells
were significantly more prominent in the mLNs (&2.2vs. 4.1 + 1.7), the spleen (2.1 +
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1.5vs 0.4 £ 0.2) and the LPL fraction of the colon (X2.4vs. 1.3 £ 1.2) ofRagl"'
Ccl 175" mice, tharRagl” Ccl175"F mice (Figure 22B).

Taken together, the results obtained throughousthey lead to the model that CCL17 is
produced by DCs, acts on DCs in an autocrine anpéwacrine loop leading to the
production of proinflammatory cytokines, which afally inducing T41/Tyl7

differentiation of naive T cells (Figure 23).

e —
o oan . CCL17

_________________ >
DCs

ttt COLITIS

Figure 23: Proposed model of colitis driving effetcof CCL17. CCL17, which is produced by DCs acts in
an autocrine loop on the DCs themselves. Thisiiéndy the production of the cytokines IL-12 and 623,
leading to an increased differentiation of inflantomg Ty1/Ty17 cells. All over, this chain of events is
amplifying the induction of colitis.

55



RESULTS

47  Foxp3-dependent longterm protection oRagl’ Ccl17%F

mice

So far, it could be demonstrated tRatyl” Ccl175"F mice are protected from severe colitis
at the timepoint, wherRagl” mice were severely ill. This was shown by analysfis

bodyweight and histology, as well as immunologealysis (MRNA expression analysis
and intracellular staining of cytokines). Howevire differences might only be due to a
delayed onset of colitis iRagl”Ccl17F mice. To investigate this possibility, longterm
experiments were performed. As demonstrated by weyt assessment (Figure 24),
Ragl’"Ccl17'F mice were protected from severe colitis up to dysdafter T cell transfer.

Although the mice slightly lost bodyweight, theyddiot reach sacrificing criteria, namely
a loss of 20 % of their bodyweight. In addition, atber signs of severe colitis like visible

blood in the feces or heavy diarrhea developed.
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Figure 24: Course of bodyweight irRagl”™ and Ragl”’Ccl17¥F mice. Colitis was induced ifRagl” and
Ragl”Ccl17¥F mice by T cell transfer. Colitis activity was mtoried by bodyweight assessmemt 3 mice
per group.

Taken together, these results indicate Reml”Ccl175F mice are indeed protected from

severe colitis.

It is known that regulatory T cells ] cells) are very important in keeping immune
responses in balance. For examplg, dells limit the proinflammatory responses eflTas
well as T417 cells, leading to an overall downregulation obipflammatory mediators,

which results in a termination of immune responggtectively, Teq cells can limit tissue
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damage caused by an overreactive immune respoosg3{fexpressing I cells are very
well characterized, especially in this contextrdgstinal immune regulation. As shown in
Figure 5, a fraction of around 6-8 % of FoXpi3eq cells was detectable in COED62L
MACS sorted T cells which were transferred. Thscfion was stable after one day of
transfer in mLNs, but very rapidly decreasedRagl’”™ mice to 1.4 % + 0.2 (day 21). In
contrast, this fraction only decreased to a sigaiftly lower extend irRagl” Ccl17%F
mice to 3.8 % + 1.2. Moreover, the percentage ofpBb Ty cells further increased in
Ragl”"Ccl175E mice to 14.8 % + 2.4 at day 47 (Figure 25A).
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Figure 25: Foxp3 T cells in mLNs as well as colon fractions and FoxpBRNA expression in the
colon of Ragl” and Ragl”Ccl17%F mice reconstituted with T cells.(A) Percentage of Foxp3r cells
before transfer (day 0) and at indicated time [@iRercentages were determined by FACS analysis 3|
(B) Representative FACS plots of intracellular Foxp®ression in T cells in IEL and LPL fractions bét
colon. C) Foxp3 mMRNA expression in the colon relative toSPntrol mice irRagl” andRagl’ Ccl175F
mice at the indicated time pointa. £ 5). (*P < 0.05; **P < 0.01)

The differences observed on day 21 after tranaféré mLNs could also be detected in the
colon fraction by FACS analysis (Figure 25B). HigiImRNA expression levels &bxp3
were detected in the colon (after 21 days), witsigmificant increase on day 47 (Figure

25C), consistent with expansion of thegpopulation at this site. Moreover higher levels
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of mMRNA of tgf-p1, csf2 (GMCSF) andaldhla2 (enzyme converting retinaldehyde to
retinoic acid) could be detected in colon tissuagl” Ccl175F mice 21 days after T cell

transfer (Figure 26).

tgf-B1 csf2 aldh1a2
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c
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Figure 26: Expression of Foxp3-driving transcriptbn factors in colon tissue ofRagl’and Ragl™
Ccl17%F mice. mMRNA was extracted from colon tissue and real-tqgR€R was performed as described in
Material & Methods section 3.2.9. Induction of mRNAcalculated relative to the induction in PBSates

mice. Mean + SD offi = 3 mice is displayed.

The factors described and analyzed above have sfe®mn to be produced by CDI03
DCs, which were described to have a high capacityntiuce Foxp3 T cell$® %7

Analysis of CD103 expression on DCs in the IEL &fd fractions of the colon revealed
that higher frequencies were presentRis[gl"'Ccl17E’E mice in the LPL fraction (65.7 %
vs. 20.8 %) as well as the IEL fraction (92.6 % 45.3 %) when compared to the
frequencies irRagl” mice (Figure 27) at day 47 Ragl”’Ccl17%F mice compared to day

21 inRagl” mice.
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Figure 27: CD103 expression on DCs d®agl”’and Ragl’Ccl17%F mice. CD103 expression on CB3
/CD11¢ colonic DCs was determined by FACS analysis airttizated time points after T cell transfer into
Ragl’andRagl”Ccl17%F mice. Light gray histograms represent negativerobstaining. Numbers indicate
percentage of CD103ells. One representative staining from 4 micednh group is shown.
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Figure 28: Foxp3 expression in T cells cocultivate with mLNDCs under T.g4 driving conditions.
CD4'/CD62L" MACS isolated T cells were cocultivated with eith&T mLNDCs orCcl17¥F mLNDCs in
the presence of 5 pg/mCD3¢, 200 U/ml IL-2 and 5 ng/ml TGB-for 4 days. Foxp3 expression in CDR
cells is shown in the dot plots. Numbers reprepententage of gated Foxp3 cells. One of 4 independent
experiments with comparable differences is shown.
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Furthermoregx vivo coculture of CDXCD62L" T cells with mLNDCs revealed a higher

7%"E mice to induce Foxp3 expression in T cells

capacity of mLNDCs isolated frorf@cll
under Teg driving conditions (5 pg/mi-CD3e, 200 U/ml IL-2 and 5 ng/ml TGB-added

to the coculture) (Figure 28).

Additionally, a higher steady state mMRNA expressibRoxp3 could be detected in mLNs
of untreatedCcl175"F compared to C57BL/6 mice (Figure 29).

Foxp3 mRNA induction
O = N W b O O N

mLN colon

oC57BL/6 » Ccl17FE

Figure 29: Steady state=oxp3 mRNA expression in C57BL/6vs. Ccl17¥F mice. Real-time qPCR was
performed from single cell suspensions of mLNs @whdle colon tissue on total RNA isolated using TdRlz
Expression irCcl17%F mice is calculated relative to the expressionSTBL/6 mice. (P < 0.05;n = 3)

The observed expansion of the Fokd&g population in the colon and the mLNs, might

75 mice in longterm

be responsible for the prevention of severe colitifRagl’ Ccll
experiments. To investigate this, Foxp3-depletecklls were transferred inteagl’ and
Ragl’Ccl17'F mice. For this purpose, DEREG 23.2 mice were u$bdse mice express
the diphteria toxin (DT)-receptor in Foxp8ells. Thus, by injecting DT all FoxpZells
are depleted. As shown in Figure 30, only 0.6 %thaf initially 6-8 % Foxp3 cells

remained in the MACS sorted T cells after DT trezuin
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Figure 30: CD4/CD62L" MACS sort of WT and diphtheria toxin treated DEREG 23.2 mice. Left
panel: Percentage of FoxpED4/CD62L" T cells after MACS sorting from WT mice. Right @n
Percentage of FoxpaCD4'/CD62L" T cells after MACS sorting from DEREG 23.2 mice B@after i.p.
injection of 500 ng diphtheria toxin.

As shown in Figure 31, the transfer of these Fed@@leted T cells resulted in a more
rapid colitis induction irRagl”™ mice compared t&agl’ Ccl175F mice (difference at day
17), which was in accordance to the previous dfiees detected whenedcontaining T

cells were transferred. HoweveRagl”’ Ccl17%E

mice were no longer protected from
severe colitis at later timepoints, demonstratecabyeight loss to 85.2 % + 3.9 of the
initial bodyweight at day 25, which was significgntess bodyweight compared to the
bodyweight ofRagl”’ Ccl175F mice (100.4 % + 3.1P = 0.006) which had received T cells

containing initially 6-8 % Foxp3T cells.
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Figure 31: Course of bodyweight oRagl’and Ragl’Ccl17%F mice reconstituted with Foxp3-depleted

T cells or Ragl”Ccl175F mice reconstituted with WT T cells. White filled diamonds represefagl”
mice reconstituted with Foxp3-depleted T cells; ygfdled diamonds represenRagl’ Ccl175F mice
reconstituted with Foxp3-depleted T cells; bladledi diamonds represeRagl” Ccl17%F mice reconstituted
with WT T cells. P < 0.05;Rag1”Ccl17¥F vs. Rag1l” mice, both reconstituted with Foxp3-depleted Tscel
##P < 0.01; Ragl’Ccl17¥F mice reconstituted with Foxp3-depleted T celis Ragl’”Ccl17%F mice
reconstituted with WT T cells.
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In line with the similar loss of bodyweight, noféifences in the levels of mMRNA induction
of cytokines could be detected any more (day 17Ragl” mice; day 25 forRagl”
Ccl17%E mice; Figure 32).
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Figure 32: mRNA expression of cytokines ifRagl” and Ragl”Ccl17¥F mice after transfer of Foxp3-
depleted T cellsmRNA was extracted from colon tissue and real-tifRER was performed as described in
Material & Methods section 3.2.9. Induction of mR€Arelative to the induction in PBS treated miRagl

" mice were sacrificed after 17 days a&atjl”Ccl17%F mice after 25. Mean + SD of= 3 mice is displayed.

To further investigate if the high frequencies okp3' T cells detected iRagl” Ccl175F

mice after 47 days (Figure 25A and C) are genérhede novo induction of Teg cells
rather than an expansion of the cotransferred dipul Foxp3 expression was analyzed
in T cells after transfer of Foxp3-depleted T celBne would expect an increase in
frequencies of Foxpg3Trg cells if a de novo induction is responsible for the high
frequencies found at day 47. However, as shownigure 33, no increase could be
detected, indicating that an expansion of the osfared T4 cells accounts for the high

frequencies observed at day 47.
On the basis of the results presented here, itbeaconcluded that CCL17 has a dual

function in experimental colitis in mice. First, i driving the proinflammatory

mechanisms leading to tissue damage.
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Figure 33: Frequencies of Foxp3-expressingf cells after transfer of Foxp3-depleted T cells(A)
FACS analysis of CD4CD62L" MACS sorted T cells isolated from DEREG 23.2 m&® h after i.p
injection of 500 ng/ml DT (gated on CD4ells). 8) FACS analysis of Foxp3-expression of Clifated T
cells isolated from colon fractions or mLNs at thdicated time points. Dot plots are representati¥/&
individual mice.

This action is achieved by an autocrine loop, incwlCCL17 is produced by DCs and acts
on DCs enhancing the capacity of DCs to producekayes, such as IL-12 and IL-23,
which is in turn enforcing J1/Ty17 differentiation of T cells, which finally leads an
enhanced colitis development. Secondly, CCL17esqmting the induction and expansion
of Foxp3-expressingdy cells. This is most probably again caused by titecaine loop,
which in this case prevents the maintenance of Boaxpression by modulating the
cytokine milieu. This effect affects colitis devploent by inhibiting the immune

regulatory mechanisms Foxp3-expressingcCElls are mediating.
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5 DISCUSSION

Research in the last two decades has shed mudholighathophysiological mechanisms
influencing the course of IBD. However, up to date, defined single trigger could be
identified. Nonetheless, intensive research ledh® development of new therapeutic
approaches that are efficient in keeping patiemteemission. One of the most successful
attempts was and still is the use of anti-TBntibodies, blocking TNIle-signaling and
subsequent downstream activation of the immunesysAlthough this treatment does not
eliminate the putative cause of the disease, einmemission and mucosal healing can be
achieved. Nevertheless, not all patients respondtht® treatment with anti-TNE-
antibodies and with some patients the therapeuticess vanishes over time. Therefore,
more research is needed (1) to find new treatnfentfiose patients that do not respond to
the drugs which are available at the moment anda(2)efine the molecular and cellular

mechanisms that lead to disease onset for a pienesftthe disease in the first place.

CCL17, a C-C chemokine that is predominantly predulby conventional DCs, has been
shown to be upregulated in atopic diseases likmattis®"?°>and astm®°, as well as in
the microenvironment of tumors and has been de=ttrib attract §2 cells and &g cells

in these cases, respectively. Few publications st CCL17 is also induced during
Crohn’s disease in patieAt§ or experimental colitis in mié& 2% Thus, it remains to be
investigated whether CCL17 might play a role foDIBevelopment and thus might be a
potential target for treatment of IBD patients.

To address the question if CCL17 has a role duroliis development in mice, | used an
eGFP knock in mouse model. In this model, eGFRgeried into the second exon of the

Ccl17 locus. In heterozygous mic€q 175"

this results in a reporter system in which all
cells that express CCL17 are also expressing e@irFhomozygous knock in mice
(Ccl1755), all cells that would express CCL17 then expe@&P instead, resulting in a
global loss of CCL17 production. This mouse modelsvestablished by the group of
Irmgard Férster and published in 2603 To investigate the role of CCL17 in murine IBD
models, colitis was induced in mice in two waysstiby adding DSS, a chemical agent,
to the drinking water and secondly, by transferrimgve CDZ#/CD62L" T cells into
lymphopenic mice lacking thRagl gene Ragl™). In both modelsCcl17-deficient mice
were protected from severe colitis. Colitis acyivivas measured by bodyweight
64



DiscussIioN

assessment and histological analysis of colonitanmihation. Furthermore, cytokine
profiling was performed on mRNA level in the mLNs well as colon tissue. In both
models, proinflammatory cytokines were markedly uaa in Ccll7-deficient mice.

Additionally, in the T cell transfer model infilttian of effector T cells (f1/Ty17) into the

spleen, the mLNs and colon fractions was reduce@dd7-deficient mice. Functional
analysis of the CCL17 producing DCs was perfornmeih vitro stimulation experiments,
and the effects of CCL17 on T cell differentiatimere examined imn vitro andex vivo

coculture setups, demonstrating a proinflammatotg for CCL17. Longterm immune
regulation inCcl17-deficient mice was assessed and functionally aseck using DEREG
23.2 mice (described in section 3.2.1), reveallmay fl.e4 cells are essential for longterm

protection inRag1”Ccl175'F mice.

51 Colitis induction method

Colitis can be induced in mice in several ways tnone hand there are model systems in
which a genetic manipulation of the mice leadsgonganeous colitis development over
time. This is the case if**"F mice, that lack mMRNA stability control of TNEMRNA,
leading to uncontrolled overproduction of TNF-and subsequent induction of
inflammation foremost in the ileal part of the istia€'*>. On the other hand, colitis can be
induced in mice by causing injury to the epitheljusulting in bacterial infiltration and
consequential induction of inflammatory procesgdss can be achieved by adding DSS
to the drinking water. Another approach uses thesfier of naive T cells into lymphopenic
mice, which lack T cells

In this thesis, the DSS and the T cell transferuaedl colitis models were used to
investigate the role of CCL17 in intestinal inflamation. These two models will be
discussed in the following.

511 T cell transfer colitis

In 2000, it was shown by Atreyet al., that the transfer of CDACD62L" T cells into
recipient mice led to a rapid loss of bodyweight2(-% after 18 days) as well as severe
colonic inflammatio”®®. In contrast to the model system previously phigiisby Powriest

al. in 1993, in which the transfer of CHED45RB"" T cells led to a loss of bodyweight
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within 12 week¥?® the CD4/CD62L" T cells transfer model established by Atreyal. is
faster. This might be caused by a more effectivesihg and entry of the transferred T
cells into mLNs and colon lamina propia via CD62laddCAM or CD62L-GlyCAM
interactions at high endothelial venules, which arecial in this proce$& Another
difference between the models is the percentagBo@p3 Teq cells that are initially
cotransferred. In the CDACD45RE"" T cells transferred by Powrig al. very few T
cells are present initially (< 0.5 ¥, while the CD#/CD62L" T cells harbor a fraction of
around 6 to 8 % (f, cells. This is of special interest becaugg dells have been shown to
be able to inhibit colitis induction by T cell trsfier, when about 30 % of the transferred T
cells are Toq cells®’, or to reverse an established colitis when traresfleat later time
points’. However, as demonstratedRagl” mice, the cotransfer of around 6 to 8 Yoy T
cells did not prevent colitis induction in the erpeents conducted during this project. For
instance, this might be caused by a rapid decrieate proportion of Foxp3Teq cells or
even conversion of dy cells into effector T cells, detected in the mLay&l colon fractions
of Ragl”™ mice, or simply because the numbers were too wfficiently suppress the
induction and proliferation of proinflammatory celike T41/Ty17 cells. In general, the
cotransferred [y cells are not expanded along with effector T celfgl thus, their
frequency decreases, allowing colitis developmé€his model, however, offers the chance

to assess the role ofefcells in T cell mediated colitis.

5.1.2 Dextran sulfate sodium (DSS) colitis

While one published protocol suggests to add 2 %)(SS to the drinking water for 8
days, which results in colonic inflammation witHass of bodyweight first detectable 8
days after starting DSS applicatfdoh | used a dose of 4 % (w/v) DSS for a period of 5
days. Recent publications reported that colitisugtebn by DSS varies a lot between
mouse strairf$® and colonization state of the nfitk ?*2 In our experiments, using 4 %
(w/v) DSS for 5 days led to reproducible resulthisTsystem is characterized by a rapid
loss of bodyweight starting already 5 days aftetiahDSS application. Consequently
C57BL/6 wild type mice lost up to 20 % bodyweigfieaapproximately 7 days and had to
be sacrificed, according to German animal careedhids legislation.

The two models, the T cell transfer colitis modedahe DSS model, were used to

investigate the role of CCL17 in murine experimémwmilitis. The T cell transfer model
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was chosen because the function of CCL17 was mgpaot be the attraction of T céfts
197-199, 203, 2041y, potential effects of CCL17 on T cells dgrivlitis development could
be investigated in a more sophisticated way udisyrhodel. The DSS model was used to
investigate if CCL17 might have other effects apeoin effects on T cells, for example
such as on innate immune regulation during intektinflammation, which can be
investigated in the DSS model, as this model a&#stmmal inflammation was described to

be independent of the adaptive immune sy&tém

5.2 CCL17-dependent colitis activity

5.2.1 Clinical and histological assessment of colitis awtty

In order to investigate the role of CCL17 duringuction and maintenance of intestinal
inflammation in mice, it was of fundamental importa to demonstrate that CCL17 is
indeed upregulated on protein level during inflartomaprocesses in the intestine, as well
as the mLNs, draining the intestine. Previous rspdiad shown thaCcll7 mRNA
expression is upregulated in the colon tissue duriturine experimental colifi$%
Using the reporter mouse system | could show tf@tX7 expression in DCs is in fact
upregulated in both models, the DSS and the Ttikfer induced colitis. While a basal
CCL17 expression was measurable already befor@scmlduction, a strong increase was
measured during active disease, reflected in aehiglercentage of DCs expressing
CCL17-eGFP. This correlation was clearly demonstran the T cell transfer model,
where no CCL17 upregulation was detectable 5 dfigs taansfer when no signs of illness
were visible. Furthermore, | could show that CCLI/ exclusively produced by
CD11¢/CD11B/MHCII*/F4/80°"" DCs in the colon, which is in line with previous
reports, showing that CCL17 is produced by CD1ldbtaneouS® and mLN'’ DCs, as

well as in DCs within atherosclerotic lesiés

In both colitis models, CCL17 was crucial for thaduction of severe colonic
inflammation. This could be demonstrated by highess of bodyweight, stronger
inflammation in the colon, as well as higher indoictof proinflammatory cytokines in
mice capable of CCL17 production. Assessment ofylwetght was the primary clinical
endpoint applied to assess disease activity thmutghhe experiments. In general,

bodyweight loss in murine models of colitis is cadi®y heavy diarrhea, resulting in water
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loss, accompanied by a loss of the integrity ofithiestinal tract®> % In the DSS model,
mice lacking CCL17 are not completely protectedrfrsmduction of this inflammatory
processes. This is reflected by the finding @eitl75'F mice also lose weight during the
experiment (93.8 % + 2.7 % of initial bodyweightdaty 7). Similarly, in the T cell transfer
model of colitisRagl” Ccl17¥F mice do not gain weight (100.1 + 6.4 at day 2&raft cell
transfer), as would be expected in completely hgadnimals and inflammatory cytokine

production was induced, although at much lowerletian inRagl™ mice.

In the DSS as well as the T cell transfer modedtatogical scoring of colon sections was
performed to demonstrate that reduced colitis agtwas in fact the basis for reduced
weight loss inCcl17¥ mice. While nearly no signs of inflammation wereserved in
Ragl”Ccl175F mice 21 days after T cell transfe@cl17-deficient mice exposed to DSS
showed signs of inflammation at day 7. This differe can be caused by the different
impact the two models have. In the DSS model, DSfally causes damage to the
intestinal epithelial layer by inducing apoptosis épithelial cell$*®. This leads to
infiltration of bacteria into the mucosa due torirbreak down with subsequently acute
inflammation as the result. While CCL17 seems tonpte the resulting inflammatory
processes leading to bodyweight loss, the initerhdge, which is also reflected in the
histological score, cannot be entirely preventedhgyabsence of CCL17. In comparison,
the T cell transfer model of colitis is driven bgtigation of the naive T cells transferred
into recipient mice, reflecting an immunologicaligduced model. Thus, histological
changes could be prevented Qcl17-deficient mice in the T cell transfer model where

inflammatory cytokines and chemokines are the dgvJactors of inflammation.

5.2.2 Role of cytokines and T cell differentiation

In the DSS model, especially TNEZ? #2° |L-6%, but also IL-13%%, IFN<y**® and IL-23%°
have been implicated to drive disease severity. éd@w neither TNFe nor IL-6 nor 1L-23
were differentially regulated on mRNA levels in @76 compared toCcl17¥F mice
treated with DSS. Yet, IL-12 in the mLNs as welllgbl-y in the colon were significantly
stronger induced in C57BL/6 mice, but note versa. On the one hand, one might argue
that the increased levels of IL-12 in the mLNs nagglan enhanced activation gfITcells.
These Ti1 cells might then migrate to the colon, the sitenflammation, where they

produce IFNy. Although acute DSS colitis can be induced in ésence of T and B
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cell€®, one report showed reduced susceptibilitRagl’ mice to low dose DSS (1.5 %
w/v)*2 In line with this report, recent publications ailly implicate a role for F1/T17
cells in this modéf:. On the other hand, high levels of IFNsould also be produced by
macrophages, which have been reported to be atfilty the colonic mucosa during acute
DSS induced colitis in mice and to produce high am® of the cytokin@ Another
source for IFNy might also be NK celf§®, which have been reported to be present in the

intestinal lamina proprfa”.

Since the T cell transfer model resembles a morenat inflammation, it is suitable to
investigate longterm effects on T cell differenbatas well as regulatory mechanisms. In
this model, many cytokines could be demonstratebetapregulated in colon and mLNs
during colitis as observed in the DSS model. Atlutlays (= 2 days) after T cell transfer,
when Ragl”™ mice had to be sacrificed due to severe weighé frsd showed severe
intestinal inflammation, higher levels of IL-12p3@&d IFNy could be detected in mLNs of
Ragl” mice, which have both been implicated to drivetisotievelopmerit®. However,
although IL-17A and IL-23 have also been associafigl colitis inductiof®®, IL-17A and
IL-23 mRNA levels in mLNs were at comparable levels athbgroups. In colon tissue,
however, mRNA levels ofL-6, IL-17, IL-22, IFN-y and TNF-a, as well adL-23R were
either much stronger induced, or at least not deguated, respectively, ilRagl”

7E mice.

compared tdRagl” Ccll
As mentioned abovelNF-o has been shown to be upregulated and crucialanD@&S
model of colitis. Furthermore, induction of TNFhas also been implicated in T cell
transfer colitis and treatment with anti-TNFantibodies in this setting resulted in reduced
T cell infiltrates in colon tissue as well as reddcsigns of disea$€. In line with these

7E/ E

results, reduced inflammation Regl” Ccl1 mice correlated with reduced induction of

TNF-oo mRNA in colon tissue in my study.

Although recent reports show that IL-12 is not #msential factor driving intestinal
pathology** *** the Ty1 differentiation pathway, which is triggered by-12*, strongly
supports the finding that the elevatdeN-y mRNA levels in the mLNs as well as the
colon, are caused by induction qfIlcells. Indeed, high frequencies of IFNproducing T
cells could be detected in both organs as welhaspleen, which were strongly reduced in

Ragl”"Ccl175F mice.
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Another very important T cell differentiation pathy in experimental colitis is the
development of IL-17 producingyI7 cells as well as IFMAL-17 double producing T
cells. Both cell types, T cells exclusively procgilL-17 or both IFNy/IL-17, have been
shown to depend on IL-23 signaling via its recepte?3R on T cell*® 218 238 Although
IL-23 mRNA was not differentially regulated Ragl” mice compared t&agl” Ccl175F
mice, diminished levels of IL-23R expression wemtegted inRagl’ Ccl175F mice,
correlating with lower percentages of both, T cebslusively producing IL-17 and IFN-
v/IL-17 double producing T cells. However, the roleTy17 cells has been a matter of
debate lately and is controversially discussed eRereports suggested that IL-17A has a
protective role in T cell transfer colit® and DSS coliti§*, while IL-17F-deficient mice
showed reduced susceptibility to DSS calftisin my experiments, reduced proportions of
both, T cells exclusively producing IL-17 as wedl &N-+/IL-17 double producing T cells
could be detected inRagl”Ccl17¥F mice, correlating with diminished signs of
inflammation. These results provide further evideti@at these cell types are mediating the
inflammation inRagl” mice and demonstrate that CCL17 is critically ined in the

regulation of ;1/Ty17 cell differentiation and/or maintenance.

As the deficiency of CCL17 resulted in reduced petages of {1, Ty17 as well as IFN-
y/IL-17 double producing T cells, it might be argudt CCL17 has either a direct or
indirect influence on T cell differentiation. Totgasight into this questionn vitro andex
vivo experiments were performed. Although no differean@e the expression of the
common maturation markers of DCs could be deteictaf T DCs compared t€cl175F
DCs, reduced cytokine mRNA expression of IL-12p86 #.-23 could be measured in
Ccl17%F DCs after stimulation with TLR ligands. Recombihanouse CCL17 directly
enhanced LPS triggered IL-12p40 production ®g1175F DCs in a dose dependent
manner, suggesting that signaling downstream ofsTisRamplified by an autocrine action
of this chemokine. IL-12p40 production in response.PS was also reduced @cr4”
DCs, emphasizing that CCL17 truly acts in an aimecmanner on DCs. Moreover, in
cocultivation experiments using BMDCs or mLNDCs andaells, a higher induction of
Twl and {17 cells could be detected when T cells were oedtuvith WT DCs than
Ccl17-deficient DCs. This effect can be explained by gheater capacity of WT DCs to
produce the proinflammatory cytokines IL-12 and2®-which have been shown to drive
Tul and {17 differentiation, respectively *° The novel finding that the DC-specific

chemokine CCL17 acts on DCs in an autocrine matmenhance inflammatory cytokine
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production is consistent with other reports showagimilar enhancing activity of the
chemokines CCL2 and GKR1 (fractalkine), accompanied by reduced -

expressioft™ %1

5.2.3 Recruitment of inflammatory cells

Apart from a reduced induction of pathogenic Tsallthe mLNs and the colon, an altered
recruitment of inflammatory cells to the colon wibildeem reasonable as an explanation
for the differences detected Ragl” and Ragl’Ccl17¥F mice. This is likely, as the
predominant action attributed to chemokines is #igaction of cells bearing the
corresponding chemokine receptor. In previous s&)dCCL17 has been shown to be
produced by cutaneous D€5and to direct recruitment of T cells to the $kin

Thus, the possibility that the reduced inflammatitetected irRagl”’ Ccl175"F mice might

be due to a lack of recruitment of the transfe€&R4 expression T cells or DCs to mLNs
and/or the colon was investigated. However, theas wo difference detectable in the
percentages of T cells in mLNs as well as the caliowarious time points. This was also

true for DCs in untreateRagl”™ and Ragl”Ccl175F

mice, despite a massive increase in
the frequencies of DCs mLNs as well as colon foasti Furthermore, no differences
between C57BL/6 an€cl17%F could be detected with regard to recruitment ofate
immune cells to the peritoneal cavity after indostof inflammation. In 2007, Yuast al.
showed thaCcra™ Treg Cells failed to accumulate in mLNs at early stagher transfer
and argued that this lack of recruitment was caesdor the loss of protection from
induction of T cell transfer colit>. Thus, the possibility that the transfer Gér4™
CD4'/CD62L" T cells might alter the outcome of disease indurctivas analyzed.
However, no alteration in disease induction betwibentransfer of WT o€cr4” T cells
could be detected. Quite contrary to this assumptioe lack of CCR4 in recipient mice
even prevented disease induction, promoting thenaegt that CCR4 expression on innate
immune cells in recipient mice is required to ingllgtrong inflammation after T cell
transfer. This result supports the interpretatibat tCCL17 drives pathogenic T cell

differentiation via its autocrine action on the D@#ich produce CCL17.
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5.3 Longterm regulation of inflammation in the absenceof
CCL17

While the results discussed above, clearly dematestr proinflammatory role of CCL17
during the development of murine colitis by drivifgl/Ty17 differentiation, another very
important aspect, the regulation of intestinal hostasis by &g cells, has not been
addressed so far. To get insights into this pdgsibihe T cell transfer model was used.
The advantage of T cell transfer model is that @ah®unt of T4 cells transferred into

Ragl” andRag1”Ccl175"F mice can be manipulated.

And in fact, investigation of this aspect reveatleat the fraction of k4 cells which were
cotransferred with the CDACD62L" T cells into Ragl” and Ragl’Ccl17¥F mice
developed differently over time. Interestingly, ectkase in the percentage qfgcells
could be detected in both groups, whereas afted&/%, this decrease was significantly
less pronounced iRagl” Ccl175" mice, suggesting that.g, cells are maintained in the
absence of CCL17. This difference correlated withér mRNA levels ofgf-5 (TGF),
csf2 (GMCSF) andaldhla2 (Aldhla2) 21 days after T cell transfer in col@sste ofRagl
"Ccl17%F mice. TGFB has been shown to directly drive the proliferatiom maintenance
of Foxp3-expressingdy cells in the gdf. This report also showed that retinoic acid (RA)
is crucial in this process, which was confirmecitairf*>. The production of RA by DCs
has in turn been shown to be mediated by the attelighydrogenase 1A isoform 2
(Aldhla2) and GMCSFc§f2) directly triggers the expression alidh1a2?*2. Furthermore,
GMCSF has been implicated to suppagt €xpansion, function and tolerance induct{dn
244 whereas 1L-23 and IL-6 have been shown to coantdfoxp3 T, generatior” 14 12
Both, IL-6 and IL-23 are much stronger inducedRagl’™ mice 21 days after T cell
transfer, correlating with lower percentages @f; Tells. The role of CCL17 as a key
player in this scenario is strongly supported by Higher capacity o€cl17F DCs to
induce Teq cellsin vitro. In line with this, high percentages ofglcells could be detected
in mLNs 47 days after T cell transfer Ragl”Ccl17¥F mice, correlating with higher
levels of CD103 DCs in the colon, which have been described tonpte Ty cell$® 24
Additionally, significantly higher levels dfoxp3 mRNA could be detected at that time
point in the colon, compared to the levels dete@ediays after transfer iRagl™ mice,
reflecting an actual increase irglcell numbers. Whether the high percentagegfcElls

at day 47 is due tde novo generation or due to expansion of thg, €ells that were still
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detected on day 21 was addressed by transferriggldpleted T cells. Thus, it could be
shown that at day 25 after T cell transfer, neadyT,q cells could be detected in mLNs as
well as colon tissue, indicating that the high petage at day 47 is due to expansion of the
Treg cells. SinceRagl”™ mice had to be sacrificed when they had lost 2®f%heir
bodyweight, Teq cells could not be investigated Regl’” mice at that late timepoint.
However, the transfer of drdepleted T cells clearly demonstrated that, €ells were
essential for longterm survival dtagl’Ccl175F mice. HoweverRagl” mice still lost
bodyweight more rapidly, indicating that the préamimatory effect of CCL17 discussed

above might be independent of the effects ggpCcElls.

A recent study by Webest al.’® investigated the role of CCL17 in an atherosckeosi
model, using as well th€cl17¥F mouse model. Similar to the results | obtain€d17-
deficient mice showed reduced signs of diseas@isnrmodel. This was accompanied by
higher percentages of FoxXpJ,g cells, detected in peripheral lymph nodes and in
atherosclerotic aortas @cl175FApoe’ mice, compared t€cl17"*Apoe’ mice. It was

7E/ E

also shown that Foxp3Tq cells expanded to a higher extentdd 17-"= mice and higher

75E mice in the

proportions of Foxp3 T cells were detected in anti-CCL17 treateal
atherosclerosis model. This report supports theiriop that the longterm protection from
colitis detected irRagl”’ Ccl175F mice is indeed mediated by expansion and maintenan
of Foxp3 Treg cells in the absence of CCL17. Thus, CCL17 isanfiammatory mediator
and regulator of (kg cell homeostasis and as such may be a promisiggttéor IBD

therapy.
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54 Proposed model for the role of CCL17 in intestinal

inflammation

The role of CCL17 during intestinal inflammationnmce as revealed in this study can be

summarized in a three-step model.
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Figure 34: Proposed model of the dual function of CL17 in experimental murine colitis. At first, DCs
are stimulated by bacterial products via their TI(Rs LPS stimulated TLR4) in the colonic mucosd ¢he
mesenteric lymph nodes leading to the productio€©@t17 by DCs. CCL17 then acts in an autocrine or
paracrine loop on the DCs themselves resultingnire@hanced production of proinflammatory cytokines,
such as IL-12 and IL-6/23. On the one hand, thimdates the development of,.T and H17 T cells, which
are directly driving colitis development. On théh@t hand, the production of proinflammatory cytasn
counteracts the induction of regulatory mechanissush as preventing the expansion of Foxp3-exprgssi
Teg Cells. This absence off cells in turn results in the lack of regulatorgrsls, again favoring colitis
development.

The first step is the activation of dendritic ce{[3Cs) in the colonic mucosa or the
mesenteric lymph nodes by bacterial triggers viZlor TLR4 activation, leading to the
upregulation of CCL17. The second step is an ergshmeduction of proinflammatory
cytokines by an autocrine or paracrine loop of CTLActing on the DCs via CCR4The
third step is then on the one hand the inductiondiTy17 differentiation by the resulting
proinflammatory cytokine milieu and on the othentighe inhibition of Ty expansion
and maintenance by this milieu.

Finally, these steps, driven by CCL17, are promotig intestinal inflammation, leading

to colitis development.
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In conclusion of the data obtained in this studgah be anticipated that the chemokine
CCL17 might be a promising new target for treatnmedriBD patients. Moreover, targeting
CCL17 might even be favorable in comparison to iotdeigs, such as anti-TNd-
antibodies which are already available. This camaigeed because (1) although CCL17 is
expressed in DCs constitutively, it is not exprdssbiquitously in all organs, thus
blocking CCL17 with antibodies would not affect tivole organismy, avoiding side-
effects like increased risk of infections. (2) CCLIs reported to be upregulated and
crucial only in a limited number of diseases imeally restricted manner, thus blocking
CCL17 would probably not affect the immune responselicated in various other
diseases. (3) CCL17 might also be favorable becaalfsough CCRS8 is suggested as
additional receptor for CCL17, CCR4 is the onlyegtor that was confirmed for CCL17.
Consequently the cell types that would be affettea@ blockade of CCL17 are limited to
those expressing CCR4 (and maybe CCRS8), againirggtie potential for side-effects by
CCL17 targeting.

In summary, this study demonstrates for the firseta fundamental role of the chemokine

CCL17 in the development of murine experimentaltisolThese data provide evidence
that CCL17 might be a new target for the treatnoé¢hBD.
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6 SUMMARY

Inflammatory bowel disease is an idiopathic diseafsthe gastrointestinal tract and has
two major forms, ulcerative colitis (UC) and Croslisease (CD). Its incidence is rising,
especially in Northern Europe and North Americajlevkhe lowest incidence is seen in
continental Asia. In the last two decades, mucbretias been made to identify factors
driving the disease. However, up to date, no ddfitregger could be identified to be
essential for disease onset. Nonetheless, intemsrestigation led to the development of
various drugs with the main goal to induce and ma&nremission. One of the most
effective targets is TNl; although treatment with anti-TN&-antibodies is only effective
in about 50 % of the patients. In recent yeargetamg leukocyte recruitment has come
into focus for the treatment of IBD. This approaglems to be preferable, because specific
blocking of recruitment of immune players to thee af inflammation, where subsequent
damage takes place, could reverse these procassée igut while leaving protective
inflammatory processes of the host against invadpajhogens unaltered. Crucial
mediators in such homing processes to the gutaarexamplendp?, an integrin involved
in entry processes at mLNs and in the gut mucasavedl as CCL25-mediated attraction
of immune cells via CCR9 to the gut. Subsequerdie$, using humanized monoclonal
antibodies targeting these processes are ongofdgl a chemokine demonstrated to be
upregulated in inflammatory processes in the sldnvall as in the intestine has been
shown to be overexpressen on mRNA level in thestirtal mucosa of active CD patients,
as well as in murine colitis models, thus implingta potential role as novel player for the
development of colitis. However, functional datessécting whether CCL17 could play a
disease promoting or protective role, or if CCLIY just a bystander of general

inflammation was missing when this study was starte

In the present study, | could show that CCL17 esgimn in DCs is upregulated during
intestinal inflammation in colon tissue in two mMmeimodels of colitis, DSS induced colitis
as well as T cell transfer colitis. Furthermordemonstrated that the absence of CCL17 in
these models led to a significant decrease in sisegverity. This was detected by
bodyweight assessment and histological scoringlainctissue as well as cytokine mRNA
levels in the colon. Moreover, this was accompaigdeduced §1/Ty17 differentiation

of infiltrating T cells in the T cell transfer cté model. UsingCcr4” T cells to initiate T

cell transfer colitis demonstrated that diseaseudtidn was not dependent on CCR4-
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CCL17 mediated recruitment of T cells to mLNs c& tolon, as this did not alter disease
induction compared to WT T cells. Quite contraryhis, CCR4 expression in the host was
essential for the induction of T cell transfer tisli Inin vitro andex vivo culture systems,
this effect could be ascribed to an autocrine oagrane mechanism of CCL17, amplifying
proinflammatory cytokine production by DCs, whickdl to increased {L/Tyl7
differentiation in coculture setups. Additionallpngterm protection of CCL17-deficient
mice from disease induction by T cell transfer \gaswn to be mediated by.e{ cells,

which are initially maintained and then greatly axgded in CCL17-deficient mice.

Taken together, the data obtained throughout thigsysclearly demonstrate a causal

proinflammatory role of CCL17 in murine experimdraalitis.
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