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SUMMARY

1 Summary

Type 1 diabetes is an autoimmune disease that leads to the destruction of insulin-producing
pancreatic beta cells and consequently to hyperglycemia. In the last 60 years, the prevalence
of type 1 diabetes has been increasing constantly and is predicted to continue rising. About
80% of the disease risk is attributable to the genetic variation. Thanks to genome wide
association studies the number of known disease-associated polymorphisms climbed from
five to 53 in the last 10 years.

As these studies reveal possible candidate genes but not underlying mechanisms we strove to
take the next step and explore the association of two genes suggested by these studies with
type 1 diabetes.

As a method of choice we decided to use lentiviral RNAIi in non obese diabetic (NOD) mice,
a widely-used model for type 1 diabetes, introducing a shRNA directed against the target
message into the genome of this mouse strain via a lentivirus. This allowed us to study the
partial loss-of-function of the target gene within the context of diabetes, directly seeing its

effect on autoimmune mechanisms.

In this thesis we examined two different genes in this manner, Ctla4 and Clecl6a.

A type 1 diabetes associated polymorphism in the CTLA4 gene had been found to alter the
splicing ratio of its variants soluble CTLA-4 (sCTLA-4) and full length CTLA-4, the
associated allele producing less sSCTLA-4 than the protective allele. We mimicked this effect
by specifically targeting the sCtla4 mRNA via lentiviral RNAi in the NOD model. As a result
we could confirm the reduction of sCTLA-4 to accelerate type 1 diabetes development.
Furthermore we could show a function of sCTLA-4 in regulatory T cells, more specifically at

least partly in their ability to modulate costimulation by antigen presenting cells.

The second candidate gene, Clec/6a was targeted with the shRNA in a way that was designed

to knock down most splice variants. As the gene function and the effect of the associated
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polymorphism was unknown, we reasoned this method to be feasible to investigate its role in
type 1 diabetes. The knockdown of Clec/6a in NOD mice resulted in an almost complete
protection from diabetes development that could be attributed to T cells dysfunction.
However, as expression patterns and a study of the Drospophila orthologue suggested a
possible role of CLEC16A in antigen presentation we also examined antigen presenting cells
in the thymus and periphery. Although we did not detect any effect of the knockdown on
peripheral antigen presenting cells, thymic epithelial cells were clearly affected by the loss of
CLECI16A, rendering them more activated and shifting the ratio of cortical to medullary
epithelial cells in favor of cortical cells. We therefore suggest a role of CLEC16A in the

selection of T cells, that needs, however, to be further investigated.

In this thesis we provided a feasible and fast method to study function of genes and even of
single splice variants within the NOD mouse model. We demonstrate its usefulness on two
candidate genes associated with type 1 diabetes by confirming and unraveling the cause of

their connection to the disease.
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2 Zusammenfassung

Typ 1 Diabetes ist eine Autoimmunerkrankung, bei der es zur Zerstdrung von pankreatischen
beta-Zellen und daraus folgend zu einer Hyperglyk&dmie kommt. In den letzten 60 Jahren stieg
die Diabetes Pravalenz stetig an und Studien sagen voraus, dass sich dieser Trend in Zukunft
noch stérker fortsetzen wird. Man geht davon aus, dass ca. 80% des Erkrankungsrisikos fiir
autoimmunen Diabetes genetischer Natur sind. Dank Genom-weiter Assoziationsstudien
wurde dieser Beitrag gerade in den letzten zehn Jahren immer weiter aufgeklért und bis heute
wurden 53 mit Typ 1 Diabetes assozierte Polymorphismen identifiziert.

Da diese Studien es nur leisten konnen, mogliche Kandidatengene aufzuzeigen, allerdings
keine Aussagen iiber die zugrunde liegenden Krankheitsmechanismen machen kénnen, haben
wir es uns zum Ziel gesetzt diesen ndchsten Schritt zu gehen und zwei der durch diese

Studien vorgeschlagenen Gene auf ihre Rolle in der Typ 1 Diabetes Atiologie zu untersuchen.

Unsere Methode der Wahl war die lentivirale RNA Interferenz im Mausmodell der nonobese
diabetic mouse (NOD). Via lentiviralen Vektoren wird die Information fiir eine shRNA, die
an die mRNA des Zielgenes bindet, in das Empfiangergenom integriert. Die daraus folgende
Herabregulierung der Ziel-mRNA erlaubt es uns den Effekt dieser fehlenden Geninformation

auf die Immunregulation zu analysieren.

Auf diese Weise wurden in dieser Thesis zwei Kandidatengene untersucht, Ctla4 und
Cleclo6a.

Der mit Typ 1 Diabetes assoziierte Polymorphismus im C7LA4 Gen verursacht eine
Verschiebung im Splice Verhéltnis der beiden Isoformen im Menschen, soluble CTLA-4
(sCTLA-4) und full length CTLA-4, zu Gunsten der full length Variante. Im NOD
Mausmodell konnte diese Verschiebung durch eine Einfithrung einer gegen sCtla4
gerichteten shRNA nachgeahmt werden. In Folge dessen konnten wir bestétigen, dass eine

Reduzierung der sCTLA-4 Variante die Typ 1 Diabetes Entwicklung beschleunigt. Zudem

11
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konnten wir eine Rolle von sCTLA-4 in der Funktion von regulatorischen T Zellen, genauer
in deren Féhigkeit die Kostimulation durch Antigen prédsentierenden Zellen zu modulieren,

zeigen.

Bei dem zweiten Gen, das in dieser Thesis untersucht wurde handelte sich um Cleci6a. Es
wurde von einer shRNA herunterreguliert, die den Grof3teil der Varianten abdeckt, da die
Funktion des Genes, sowie die Auswirkungen des assoziierten Polymorphismus unbekannt
waren. Der Knockdown von Clecl6a in der NOD Maus verursachte einen fast vollstdndigen
Schutz vor Diabetes, der im weiteren Verlauf den T Zellen zugerechnet werden konnte.
Allerdings hatten das Expressionsmuster, sowie eine Studie am Drosophila Ortholog ema eine
Rolle von CLECI6A in Antigen préasentierenden Zellen impliziert. Folglich untersuchten wir
die Moglichkeit, dass diese Zellgruppe in der Peripherie oder im Thymus durch den
CLEC16A Mangel beeintrichtigt sein konnten. Tatsdchlich wies die Zellgruppe, die im
Thymus fiir die Selektion von T Zellen zustindig ist einen erhdhten Aktivierungsstatus auf,

was auf eine modifizierte T Zell Selektion hindeuten konnte.

Mit dieser Arbeit konnten wir eine praktikable und schnelle Methode, fiir die funktionelle
Analyse von Genen und sogar einzelnen Splice Varianten, aufzeigen. Wir konnten ihren
Nutzen weiterhin an zwei mit Typ 1 Diabetes assoziierten Kandidatengenen unter Beweis
stellen, indem wir so die Assoziation bestdtigen und Licht auf die zugrunde liegenden

Mechanismen werfen konnten.

12
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3 Introduction

3.1 Immune Regulation

In order to protect the body from pathogens, the immune system has to recognize a vast
variety of chemical structures, like proteins and peptides, lipids and carbohydrates.

There are two branches of the immune system, with different spectra of recognition. The one
mainly responsible for the fist line of defense possesses a large but still limited and invariant
receptor repertoire. It is called the innate immunity. On the other hand there is the adaptive
immunity with cells exhibiting an enormous array of specificities, with every cell having its

: 1
Very own antigen receptor .

Two mechanisms are contributing to the huge receptor repertoire of B and T lymphocytes,
which are the main cell types of the adaptive immunity.

First they undergo a process called V(D)J- recombination, during which the different
segments of the B cell or T cell receptor, V (variable), D (diversity), J (joining) and C
(constant) are combined in a unique way for every cell. This somatic recombination happens
during B and T cell development in the central lymphoid organs, bone marrow or thymus
respectively.

B cells additionally undergo a second round of receptor editing in the periphery, lymph nodes

and spleen, called somatic hypermutation.

In case of T cells the theoretical number of different receptors produced by somatic

recombination is 10'%?

. Since they are generated in a random process, a considerable number
(20-50%"°) of these receptors are not functional or have a potentially harmful affinity for
self-antigens. Nevertheless “only” 3-8% of the population suffers from autoimmunity’,

indicating that there are strategies to hold these self-reactive cells in check. These strategies

are described in the following sections for T cells.

13
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3.1.1 Central tolerance and T cell development

The first step of control takes place during T cell development in the thymus. Here T cells
with inoperative TCR or with high self-affinity die selectively®. These processes are called

positive and negative selection respectively and contribute to central tolerance.

The progenitors for T cells, like those for B cells, are hematopoetic stem cells (HSCs) and
arise in the bone marrow. Whether these are the cells that migrate directly into the thymus or
whether the cells entering the thymus are other downstream progenitors is not clear yet. Still
it was suggested that many progenitors are able to contribute to the T cell lineage if exposed

to Notch signaling in a hematopoetic environment”'’.

The progenitors enter the thymus in the corticomedullary junction and migrate to the

'""12 \where they proliferate extensively'’. As earliest progenitors in the

subcapsular zone
thymus several distinct populations were described, of which the double negative (DNI)
subsets a and b (CD3” CD8 CD4 CD44" c-kit" CD25" * °) showed the most substantial
proliferation and best potential as precursor for T cell lineage'®. They differentiate into DN2
cells (Lin" CD44" c-kit™ CD25") and then DN3 cells (Lin'® CD44" c-kit® CD25"), while

migrating from entry sites to the inner cortex'""

. The latter are already committed to the T
cell lineage and undergo somatic recombination of TCRp or & and vy loci, depending on
whether they are determined to the /- or v/8-T cell fate"”. Cells of the o/f-T lineage form a
pre-TCR after successful B-chain rearrangement, rescuing them from cell death'®.

After having passed the checkpoint of beta-selection by effective pre-TCR signaling, the cells
undergo extensive proliferation and differentiate into double positive (DP; CD4'CDS") T
cells'’. Now the a-locus is subject to rearrangement, resulting in o/B-TCR-expression. From
that point on all following checkpoints are based on interactions of the a/f-TCR with self

peptide/MHC (pMHC) ligands on stromal cells in the thymus'®.

14
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3.1.1.1 Positive Selection

The first of these points of control is called positive selection and takes place in the thymical
cortex, with cortical epithelial cells (cTECs) being the major antigen presenting cells. During
this process, a survival signal is delivered exclusively for cells having rearranged a functional
TCR that is able to recognize self-peptides bound to self MHC with an intermediate

affinity'”?’

. Not until then is the a-chain rearrangement terminated, allowing not yet selected
DP thymocytes to change their specificities during their 3-4 d lifespan, thereby increasing
their chances to receive a positive signal in the end®'. But despite this, and though the TCR
seems to be prone to recognize MHC®?*, around 90-95% of DP thymocytes die a death of
neglect®>*.

To date only little is known about the selecting peptide-MHC repertoire presented by cTECs
in vivo (reviewed in ref. 25). However it has been indicated that a complex pMHC repertoire

leads to a broad positively selected T cell repertoire®®?’

, even if the single peptides are only
present with low abundance®™. Also there have been reports that identified pathways to
generate peptide-MHC complexes in cTECs that are not applied in other thymic or peripheral
APCs (reviewed in 25).

Cathepsins are lysosomal proteases responsible for the degradation of the invariant chain of
MHC class II molecules. Moreover they are able to generate MHC ligands from proteins in
the lysosome™®. In contrast to mTECs and peripheral APCs, ¢cTECs use cathepsin L instead of
cathepsin S, suggesting the generation of a different set of peptides due to the usage of a
different protease (evaluated in *). Indeed a role of cathepsin L in positive selection of CD4 T
cells could be shown by silencing the gene coding for this protease, resulting in a 60-80%
reduction of the CD4 SP compartment™.

Further evidence for a distinct pMHC repertoire in ¢cTECs arose from the identification of a

30,31

cTEC specific gene, Prssi6, coding for the thymus specific serine protease™ . Its exact role

in the pathway of MHC ligand repertoire shaping is as yet unclear, its restriction to
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endosomal and lysosomal compartments however points to a role in the proteolytic generation
of MHCII peptides. Unlike cathepsin L, knockout of Prss/6 does not have a striking effect on
the CD4 SP compartment™, it does however alter the abundance of single TCR specificities®.
This may also be the reason why PRSS6 displays association with type 1 diabetes™,

TECs highly express MHCII but are unproductive in presenting exogenous antigens via the

33 Instead they exhibit an exceptionally high constitutional

endocytic pathway
macroautophagy activity, especially in the cortex, that allows them to present self-antigens on
MHCII*”?*, Macroautophagy, in general a mechanism that provides new resources in the case
of starvation, is a process in which part of the cytoplasm and /or organelles is enclosed in a
double membrane of about 1pm diameter that eventually merges with endosomes and

3941 It thus

lysosomes, thereby degrading its content and making it available for reuse
represents a further pathway by which cTECs are able to present unique pMHC complexes to
developing thymocytes.

All aforementioned cTEC mechanisms can largely be attributed to the MHCII pathway,
however these cells also feature unique MHCI loading processes. As sole cell subset they
employ the subunit B5t in their proteasome, thereby forming a thymoproteasome®. It is a
variation of the immunoproteasome of APCs and mTEC:s, that differs from the conventional
proteasome by replacement of some  subunits allowing them to produce peptides optimized
for MHCI binding**. It had been suggested that the thymoproteasome lowers the affinity of

25,44

the peptides for MHCI and makes the binding less stable™™". Knockout of the gene coding for
B5t, Psmbl1, reduces the CD8SP compartment by impaired positive selection of certain TCR
specificities and renders them less active®.

Taken together all these unique ways to produce MHC ligands point to a unique set of
peptides presented by cTECs and establishing positive selection. At least part of the necessity
for different ligands being presented by ¢cTECs and mTECs/DCs could be attributed to the

prevention of a reencounter of the same peptides in the medulla, thereby causing a higher

signal and negative selection”. However this theory would have to be reconciled with the
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postulated vital tonic homeostatic signal provided by T cells facing the same low affinity

pMHC complexes on peripheral APCs as previously in the cortex***’,

3.1.1.2 Negative Selection

Eventually, positively selected thymocytes migrate to the medullary part of the thymus. Here
they are subject to negative selection during their 4-5 day passage™, a process purging the
thymocytes of potentially dangerous auto-reactive cells. During this process about 50-70% of

positively selected thymocytes are reckoned to die**™

. They do so after high affinity contact
to medullary thymic epithelial cells (mTECs) or thymic dendritic cells'. This TCR signal
results in activation of apoptotic signal transduction pathways, presumably including the
MINK/p38/INK, MINK/Bim/Bcl-2 and ERK5/Nur77 pathways’'.

Among this large number of negatively selected thymocytes, there are however not only
thymus-specific T cells but also cells with TCRs recognizing peripheral self-antigens.
Already in 1989, it had been assumed that genes from different peripheral tissues are
expressed in the thymus, thus allowing the negative selection of those harmful thymocytes™*.
In 2001, the expression of those tissue restricted antigens (TRAs) was seen to be a unique
feature of mTECs>®. Moreover TRAs in the thymus were found to be not only spatially but
also temporally restricted’*, and their genes to be highly clustered in the genome, suggesting a
contribution of epigenetic mechanisms to regulation of their expression'®. Furthermore the
promiscuous gene expression (pGE) of TRAs by mTECs is at least partly regulated by the
autoimmune regulator (Aire)’’, though the mechanism of this regulation remains elusive.
TRAs can also be presented by thymic DCs™, in a process called cross-presentation, after
having taken up mTEC derived antigens®’ in a yet undefined manner (reviewed in 58 ).

In 2008 Aire expression was also detected in stromally derived cells in secondary lymphoid
organs, also expressing TRAs and thus likely extending the deletional tolerance to the

59-61

periphery
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Also during their passage through the medulla, double positive thymocytes differentiate into
single positive (CD4+ or CD8+) T cells. The lineage is dependent on whether the TCR is

MHC I (CDS8) or MHC II (CD4) restricted and is chosen during positive selection.

3.1.2 Peripheral Tolerance and regulatory T cells

In addition to recessive tolerance, provided by intrinsic processes like apoptosis due to
negative selection in the thymus and anergy of T cells chronically stimulated by pMHC
without costimulation, there is also a way to dominantly suppress auto-reactive T cells in the
periphery. This extrinsic mechanism is to the current knowledge carried out by Foxp3-
expressing regulatory T cells (Tregs)”. Also Foxp3 negative Tr1® and Th3%% cells have
been shown to act suppressive especially in the intestine, conveying oral tolerance, however

will not be discussed further in this thesis.

First evidence for the existence of Tregs was given after neonatal thymectomy (nTx) studies
by Nishizuka and Sakaguchi, revealing a regulatory cell population generated in the neonatal

thymus on day three®”®

. This finding laid the foundation for further characterization of that
population. In 1996, it was found that transfer of CD25" CD4" T cells can rescue neonatal
thymectomized mice from their normally autoimmune phenotype™. Later the more specific
marker Foxp3 was identified during studies on the genetic contribution to the human
autoimmune disorder IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-

7013 1 oss of function of that X-chromosome encoded

linked) and the mouse mutant scurfy
forkhead transcription factor leads to fatal lymphoproliferative immune mediated disease.
Together with its high and stable expression in regulatory CD25" CD4" T cells (Treg cells)
and its requirement for their differentiation and function this led to its declaration as marker

74-79
number one for Treg cells .
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3.1.2.1 Treg development

There are two types of Foxp3 positive regulatory T cells: thymus derived Treg cells, also
called natural Treg cells (nTreg cells) and adaptive Treg cells (iTreg cells), which are induced
from naive CD4 T cells in the periphery. But although they can be clearly differentiated due
to their development and TCR specificity, the actual differences in their field of function

remain elusive®’.

Natural Treg cells develop along with other T cell subsets in the thymus. The triggers that
lead to differentiation into the Treg lineage are still highly controversial. At present three

different models are discussed:

The instructive model assumes that the strength of the TCR-signal determines Treg
differentiation. As already described, low affinity for self causes death by neglect due to lack
of positive selection. Too high an affinity causes apoptosis through negative selection. It was
proposed that a slightly lower affinity for self would be responsible for Treg formation.

Support for this model came from studies on CD4/ CDS lineage decision mechanisms®"*,
activation marker expression on Tregs as sign for a strong TCR signal® | and Treg TCR

repertoire analysis, that showed only partially overlapping®*™®’

specificities with conventional
T cells that were also more self-affine *°.

These observations were supported experimentally by showing the necessity of endogenous
TCR-rearrangement for development of nTreg cells in TCR transgenic mice®. Yet later it was
found that coexpression of the cognate antigen can rescue Treg development in TCR

L . 87-89
transgenic mice which lack endogenous TCR rearrangement™ ™.

However negative selection was significantly increased in these studies, supporting a
stochastic-selective model, in which self-reactive Foxp3 expressing Treg precursors

selectively survive in the thymus rather than being “instructed” to express Foxp3”’. In line
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with that finding, molecules that support survival and attenuate TCR signaling, like CTLA-4,

display an increased expression in a Foxp3-dependent fashion .

An extension of the instructive model is the two-step model. This model hypothesizes a
second signal additional to TCR signaling, since there is evidence that the TCR signal alone is
not sufficient to cause Foxp3 upregulation and thus Treg cell lineage commitment: For
instance it is possible that Treg and non-Treg cells express the same TCR with increased
reactivity for self’'. Furthermore only some thymocytes in mice with transgenic TCR and
coexpression of cognate antigen become Treg cells, others turn into anergic non-Treg
cells*™™.

One essential second factor for Treg development was found to be IL2°%. Two other common

gamma-chain cytokines IL7 and IL15 can also contribute to the Treg cell fate decision but

have a weaker impact%.

Adaptive regulatory T cells are in contrast to nTregs generated in the periphery from naive T
helper cells under divers circumstances. However the basic requirements for Foxp3
upregulation in vitro as well as in vivo could be identified to be TCR stimulation plus
presence of TGFp and IL-2%*. Under these conditions the Foxp3 enhancer element is bound
by a cooperation of STAT3 and NFAT®*. 1L-2 additionally induces STATS that could also
drive Foxp3 expression’. Also unlike nTregs, iTregs require the upregulation of CTLA-4 for
their differentiation from naive Th cells”.

As aforementioned, iTregs develop in multiple microenvironments that are to date not fully
understood. So, they are found in the GALT (gut-associated lymphoid tissue) to convey oral

97.98 . . . . ..
% and as a reaction to microbiota and food antigens®. In addition they were seen to

tolerance
arise in chronically allergic inflamed tissues'® and in reaction to tumor'® and

transplantation' .
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Recently a potential marker to distinguish nTregs and iTregs was suggested to be Helios, a
member of the Ikaros transcription factor family only expressed by thymic derived Foxp3"

103

Tregs . This study also gave first insight into the importance of iTregs, as they amounted to

30% of Foxp3™ cells in the periphery.

3.1.2.2 Mechanisms of Treg function

Natural as well as induced regulatory T cells exhibit multiple processes through which they
suppress conventional T cells in vitro. Still despite all these candidate molecules and
pathways found through different approaches in vitro, it is still unclear which or if any of

. . . 104
these, are applied in vivo .

Most of the classic in vitro suppression assays include antigen presenting cells (APCs:
irradiated spleen cells or non-irradiated dendritic cells) and soluble anti-CD3 to stimulate T
cells. Others excluded APCs completely and included bead- or plate-bound CD3 and CD28
antibodies instead. It was shown that although the absence of APCs reduced the suppressive
activity of Treg cells, both CD4/CD8 T cells but also in particular APCs can be cellular
targets for Treg-mediated suppression'®*'"*.

As for targeting of conventional T cells, several studies have shown that Treg cells mediate
the inhibition of cytokine expression, especially IL2'°*'%7 Tt was also claimed that Treg cells
might act on conventional T cells by competing with them for IL2 with their high affinity
receptor (CD25, CD122, CDI132), thereby causing Bim dependent apoptosis of the
effectors'®. However some studies disagree and explain the IL2 deprivation by consumption
through contaminating activated conventional T cells in Treg preparations (both
CD4'CD25%)!0419,

Though it was demonstrated that Treg cells fail to suppress conventional T cells when
separated from them by a semipermeable membrane, cytokine mediated suppression was

106,110
d >

suggested to be still possible if cell-cell-contact is involve . Recently Collison and

21



INTRODUCTION

colleagues showed that only the induction of suppression and not the Treg function as such is

cell contact dependent in vitro'"

. They showed that cell contact with conventional T cells
induces expression of IL35, a novel inhibitory cytokine''*> and IL10, which then are able to
mediate suppression of T cells across a semipermeable membrane. Another candidate for
inhibition through secreted molecules is galectin-1 a member of the family of beta-galactoside
binding proteins, which could induce cell cycle arrest, apoptosis and inhibition of
proinflammatory cytokine production after binding'".

A further possibility for Treg cells to act on conventional T cells is direct cytolysis. Under
certain circumstances they can turn into “cytotoxic suppressor” cells and lyse target cells via

granzyme B, perforin or Fas-FasL interaction'®*"'*'",

Since it is a crucial task of Treg cells to suppress priming and differentiation of effector T
cells in vivo and in vitro, the APC is an important target.

One of the means to target them is the cytotoxic T-lymphocyte antigen 4 (CTLA-4), which is
constitutively expressed on Treg cells and interacts with the costimulators CD80 and CD86
on APCs. This interaction was seen to be able to cause downregulation of the expression of
these costimulators in mouse and human DC in vitro''*"'®, The function of CTLA-4 in Treg
cells was further elucidated by a recent study of Wing and colleagues''”’. They specifically
deleted CTLA-4 in Treg cells and could show that the deficiency in this one cell type alone is
sufficient to cause fatal lymphoproliferative disease. Their explanation is the impaired
suppressive ability of these cells, in particular in their ability to downregulate CD80/86 on
DCs. A possible mechanism by which this downregulation could be explained is trans-
endocytosis during which Tregs take up surface molecules from APCs in the immunological
synapse and that are degraded subsequently'>*'*!. Additionally interaction of CTLA-4 with
CD80/86 has been claimed to induce indoleamine 2,3-dioxygenase (IDO), a potent regulatory
molecule, expression in DCs'*.

Other molecules thought to be involved in APC regulation by Treg cells are LAG-3

(lymphocyte activation gene 3)'*, a CD4 like molecule binding MHCII with high affinity,
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CD39'*, an ectoenzyme hydrolyzing ATP thereby inactivating extracellular ATP an indicator

125

of tissue destruction and the fibrinogen-like protein 2 (FLG2) ~°, which was also shown to be

able to reduce CD80/86 expression on DCs.

All in all the immune system developed, along with its astounding repertoire to recognize
foreign antigens, several effective regulatory pathways to prevent this large repertoire from
harming the own body. But still as already mentioned, autoimmune disorders are one of the
most common diseases with 3-8% incidence and more than 60 different known disorders
(Deutsche Gesellschaft fiir Autoimmunerkrankungen e.V.), meaning that there are also

multiple pitfalls where the control can fail.
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3.2 Type 1 Diabetes

One of the many different autoimmune disorders is type 1 diabetes, a disease caused by the
destruction of insulin producing beta cells in the pancreatic islets of Langerhans'*’. The cells
held mainly responsible for the destruction are auto-reactive cytotoxic T cells. They infiltrate
the islets together with other leukocytes in the first stage of disease, called insulitis'>’. The
second stage, overt diabetes is seen when about 80% of the beta cells have been destroyed.
The remaining cells cannot produce enough insulin to provide for a proper regulation of blood
glucose level, resulting in hyperglycaemia.'”” In the course of the disease this can lead to
severe symptoms like ketoacidosis, kidney failure, heart disease, stroke or blindness'**. Onset
of disease typically happens in the youth, but also adult forms of disease development are
possible. Since the 1920s diabetes has been treated by administration of exogenous insulin, so

that the ultimate shortening of life expectancy was decreased to about 10 years'*®.

There is still controversy about how beta cell antigens are initially exposed to APCs, which
can then present them to auto-reactive T cells. One theory is physiological cell death, since a
wave of beta cell death can be observed in young rodents at 14-17 days of life and also
perinatally in humans'?’. But also the contribution of viruses, especially the coxsackivirus, to
onset of diabetes has been widely discussed'”’. However, incidence in animal models of type
1 diabetes is highest under germ-free conditions, arguing against the requirement of an
environmental trigger for disease onset’’. Interestingly, coxsackivirus infection only

triggered diabetes in NOD mice with already preexisting insulitis"'"**

, suggesting that a
similar scenario could be true for humans.

Somehow peptides from beta cells themselves or peptides mimicking them are subsequently
presented to CD4 and CD8 T cells in the islets, draining lymph nodes or even at distant sites.
There, T cells specific for antigens derived from insulin, glutamic acid decarboxylase,

tyrosine phosphatase 1A-2 and 1A-28 and possibly other proteins are getting activated.

Through activation they gain the ability to migrate into the islets, where they reencounter
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their antigen and induce beta cell death either under direct T cell/beta cell contact or as a

bystander effect after T cell/APC contact'?’

presenting cells in type 1 diabetes etiology'**

. B cells are proposed to act mainly as antigen

, as autoantibodies whose occurrence can be

leveraged for early diagnosis are most likely not pathogenic'*’

The correlation between failing regulatory mechanisms and pathogenesis of T1D is summed

up in figure 1:
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Correlation of control mechanisms of the immune system and T1D; from
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Over the second half of the twentieth century the incidence of type 1 diabetes has been
increasing rapidly. Predictions estimate a 40% rise of incidence in children under 15 years of
age from 2005 to 2020, with the largest increase of about even 70% in children under the age
of 5'%. Although the phenomenon of increasing incidence is seen worldwide there are vast
geographical differences. While there are 40 new cases of type 1 diabetes per 100.000
inhabitants per year in Finland, only 0.1 new onsets per 100.000 occur in Asia and South

America, representing the two extremes of a north-south divide'*®.

Type 1 Diabetes develops as a result of a combination of environmental and genetic factors.
The environment is assessed to contribute approximately 20% of overall disease risk '*°. Over
40 genetic loci have been identified to associate with Type 1 diabetes and many of them also
with other autoimmune diseases'*.

The most important susceptibility locus is the HLA region on chromosome 6p21.3. Its
variants determine the way peptides are presented to the immune system via MHC and it

contributes to about 50% to the genetic susceptibility of TID'*'"'*

. To date it is agreed that
the major susceptibility markers for T1D are HLA class I DQB1*0302 on the DR4 haplotype

and DQB1*0201 on the DR3 haplotype'*.

<
[}
s
>
5 61
a
Q
3 5
>
%]
Q 44
'_
[}
= 3 -
8
2 2
o
n
© 1 A
e}
O N9 D P> DO X PN
Q" Qv N 5 SV
\{bc_,6 \e&qé 00 ,\‘],& \,]/0 «Qe Q"b &\,v QO \Q«\
O 3 T ¥ ©
v &
\2\\/
Figure 2: Odd ratios for susceptibility alleles of selected T1D-associated loci; Mehers
. - 146 143
and Gillespie " adapted from Todd et al.

26



INTRODUCTION

Polymorphisms in the insulin (INS), PTPN22, CD25, PTPN2, CLECI16A (KIAA0350),
CTLA4, IFIHI genes also contribute to T1D susceptibility, albeit to a lesser extent. This
thesis focuses on the role of CTLA4 and CLECI6A in T1D, thus only they will be addressed
in more detail, as it would go beyond the scope of this report to elaborate on all candidate

genes.

3.2.1 CTLA-4 and Type 1 Diabetes

CTLA4 was shown to be associated with several autoimmune disorders, including type 1

diabetes'?’

. Here the association was attributed to a single nucleotide polymorphism (SNP) in
the 3° UTR (CT60). Depending on which allele of that polymorphism one carries, the
susceptibility to TID becomes higher (G allele) or lower (A allele). This polymorphism
affects expression levels of a particular splice isoform of CTLA-4: the soluble CTLA-4
(sCTLA-4). Its mRNA expression is already reduced in the heterozygous state and is least
with homozygous susceptibility allele'*.

CTLA-4 is encoded by 4 exons and is expressed in two different isoforms in humans: the full

length form, consisting of all 4 exons and the soluble form, lacking the exon coding for the

transmembrane domain (exon 3).

Iz 3w full length (fl) CTLA-4
[ 2 soluble (s) CTLA-4

Exon 1: Leader peptide Exon 3: Transmembrane domain
Exon 2: Ligand binding domain Exon 4: Cytoplasmatic tail
Figure 3: Splice isoforms of CTLA-4 in humans

As already described in section 3.1.2.2 CTLA-4 plays an important regulatory role in the
immune system and is expressed in Treg cells and activated conventional T cells. Some of the
processes that CTLA-4 is proposed to be involved in are also mentioned in section 3.1.2.2. So

far, no information is available as to which extent the two isoforms contribute to the
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regulatory function, but the complete knockout of CTLA-4 in mice results in a massive

lymphoproliferative disorder.

3.2.2 CLECI16A and Type 1 Diabetes

Association of the genetic locus on chromosome 16 in the region of CLECI16A4 (KIAA0350)
with type 1 diabetes was found later than C7TLA4 in a genome-wide association study carried

149

out by The Wellcome Trust Case Control Consortium in 2007 ™. This region was further

142,143,150-154

validated by several follow up studies and eventually also claimed to be associated

with other autoimmune diseases like primary adrenal insuffiency'>’, multiple sclerosis'>*"*%"’
and crohn’s disease'*®.

In humans CLECI64, a gene that spans over 237kb, is alternatively spliced into 14 variants,
only half of them coding for proteins between 1053aa to 118 aa of length
(www.ensembl.org). SNPs found to be associated with different diseases are all intronic and
so far no alteration of regulatory elements by them has been revealed (www.emsembl.org).
However transcription ratios of two variants in the thymus have been found to be altered by
SNP rs12708716 that was previously shown to be associated to T1D and MS'*’.

The function of CLECI6A is still unknown, but its nearly exclusive expression in immune
cells indicates a function in immune processes (biogps.org). Computational analysis further
identified a putative ITAM' (immunoreceptor tyrosine-based activation motif),
transmembrane domain (www.ch.embnet.org) and a proposed C-type lectin domain"' in the
human protein that is however disrupted in all other orthologues (prosite.expasy.org).
Recently a study on abnormal synaptic overgrowth and protein trafficking at the
neuromuscular junction of Drosophila melanogaster revealed a role of the CLECI6A4

orthologue ema in endosomal maturation and function'®

. The authors of this study further
showed that this effect was partly due to ema’s role in abrogating BMP signaling in the
endosomes. Notably they were successful in rescuing the phenotype of the ema mutant by

introducing human CLECI16A, thereby showing that the essential function of ema is highly

conserved in its orthologues. This is also supported by the presence of highly conserved
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160
and

CLEC164 orthologues from mouse to Zebrafish, Xenopus, C. elegans and Arabidopis (
www.ensembl.org). Strikingly no orthologue is present in Yeast, suggesting a role for

CLECI16A in multicellularity'®.

3.2.3 Non obese diabetic (NOD) mice as model organism

The non obese diabetic (NOD) mouse strain was developed in 1980 emerging from the
JcI:ICR outbred strain'®"'®*. NOD mice spontaneously develop autoimmune diabetes between

three and six months of age163

. The disease incidence is gender specific and lies around 60-
80% in females and 20-30% in males'®*'®*, probably due to an estrogen induced Thl skewing
of immune responses' . However both time of onset and incidence are intrinsic to each

individual animal housing facility'®

. In NODs the course of diabetes is commenced by non-
destructive insulitis with infiltrating macrophages and dendritc cells and subsequently also B
and T cells'®. The infiltrating T cells finally destroy beta cells and the disease thus progresses
to overt diabetes, finally even forming tertiary lymphoid structures at the site of
inflammation'®’.

In spite of this more aggressive course of diabetes, NOD mice otherwise develop a disease
that shares a lot of characteristics with human type 1 diabetes, like the presence of
autoantibodies and auto-reactive CD4 and CD8 T cells. Since the genetic linkage to the

disease is also comparable to that in human patients'®®, this strain is an extremely suitable

model to study T1D and has been used in an extensive number of studies so far.

3.3 Lentiviral RNAi

As aforementioned, genome wide association studies (GWAS) have already revealed 53 loci
associated with type 1 diabetes (www.tldbase.org). The information that can be drawn from
these studies does however not point out specific unequivocally responsible genes, it rather
results in one or more candidate genes possibly influenced by the associated SNP, especially

since these are often found in non-coding regions'®”. Determining these genes and the
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underlying pathways responsible for T1D incidence though is crucial to further understand
etiology and thus ultimately improve treatment.

As SNPs in most cases have a moderate effect'”’

and only seldom completely abrogate gene
expression, knockout (KO), albeit being an effective method to assess the basic gene function,
is often a too crass an approach to elucidate the effect of the polymorphism in disease. Also,
until recently it was hardly feasible to generate a KO on the NOD background, due to the lack
of ES cells'”' and the problem of introducing foreign flanking DNA in the process of
backcrossing'”?.

A more flexible and physiological approach to find the pathway behind an association is RNA

interference (RNAI1).

3.3.1 RNAIi

RNA interference regulates gene expression post-transcriptionally. On the prerequisite of
sequence complementarity of short RNAs with target mRNAs, the target gene function is
silenced by ablation of translation or degradation of the mRNA. RNA:I is a highly conserved

173 and attributed to

mechanism in eukaryotes, that was initially detected in C.elegans in 1991
dsRNA in 1998'7* by Andrew Fire and Craig Mello, who were honored with the nobel prize
for medicine / physiology in 2006 for this discovery.

Endogenous microRNAs (miRNAs) of 22 nucleotides length or exogenous small interfering

175,176

RNAs (siRNAs) are analogically generated from precursors by nuclear (Drosha) and

77 RNases. Mature mi- and siRNAs then associate with the RNA-induced

cytoplasmic (Dicer)
silencing complex (RISC), a protein complex of the argonaute-family'”®'”. Only the guide
strand, determined by its thermodynamically more instable 5’ end, remains in the complex,
the passenger strand being degraded'®*'®. The manner of silencing is subsequently defined
by the degree of complementarity of the guide strand with the target mRNA. A perfect match,

mostly the case with siRNAs, leads to degradation of the target mRNA by Ago2. Mismatches

in the binding, more common with miRNAs, lead instead to inhibition of translation'®.

30



INTRODUCTION

Even with the experimental application of siRNAs, a complete loss of expression of the target
mRNA is unlikely. It rather leads to a diminished amount of expressed protein, a knockdown
(KD), thereby providing the possibility to tune the expression in a more physiological manner

than with the KO technology.

3.3.2 Lentiviral trangenesis

By establishing DNA-coded shRNAs'®* and the possibility of them being carried by retro- or
y g P y g

: cs 185,186
more specific lentiviruses

, it became practicable to generate animal models with
constitutive or also induced RNAi. Plasmids coding for small hairpin RNAs (shRNAs) are
introduced in modified, replication-deficient, lentiviral particles that allow the integration of a
long terminal repeat (LTR) flanked DNA sequence into the host genome. By infecting single
cell embryos of mice with this virus, the integrated DNA and thus the DNA coding for the
shRNA is passed along into every cell of the animal, including the germ line. ShRNAs are
recognized by Drosha and Dicer in the host cells and thus processed into siRNAs, mediating
stable RNAI that is passed on to the progeny.

This very fast and straightforward approach however also involves some difficulties.
Although the degradation of mRNA is only possible on the prerequisite of perfect
complementarity, unspecific effects could be due to impaired translation of non-targets'™’.
Thus controls with a second shRNA are needed if applicable to compass these specific oft-
target effects and to exclude effects caused by the integration. Also nonspecific off-target
effects were described, as long dsRNAs activate the anti-virus response in cells and can also
have other toxic effects. However shRNAs have been shown to be less immunogenic than
siRNAs, since they are generated by the endogenous processing machinery'*®.

As lentiviral transgenesis is not integration site-specific, the so-called position-effect
variegation has to be taken into account. Depending on the site of integration, the overall

. . . .. : 189
expression and the expression in distinct cell subsets can vary considerably = .
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Still the advantages of this method for our purpose to analyze candidate genes in the NOD
mouse model outweigh these pitfalls, that can be addressed by carefully applying controls,
and give us the possibility to explore the pathways behind the TID associated

polymorphisms.
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4 Aims

4.1 Functional study of sCTLA-4 in type 1 diabetes

One susceptibility gene of human T1D is CTLA4. The susceptibility allele reduces the
expression of sCTLA-4. Using lentiviral gene transfer, we are targeting the splice isoform
sCTLA-4 specifically in NOD mice by RNAi and thereby mimicking the human
susceptibility locus in these mice. This will give us the opportunity to explore the outcome of
reduced sCTLA-4 on the development of T1D and the role of SCTLA-4 in the immune

system in general.

4.2 Functional study of CLEC16A in type 1 diabetes

Not much is known about CLEC16A except that it is associated to several autoimmune
diseases and it is expressed in immune cells, including DCs, B cells and natural killer cells.
Again by the use of lentiviral RNAi we aim to downregulate the mRNA expression of that

gene to be able to study its function in the NOD background.
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5 Material

5.1 Antibodies

5.1.1 Cell culture

MATERIAL

Antigen Clone Concentration Supplier
CD16/32 (FcgR3/2) 93 1 mg/ml eBioscience
CD28 37.51 1 mg/ml eBioscience
CD3¢ 145-2C11 0,5 mg/ml eBioscience
CD40 HM40-3 0,2 mg/ml eBioscience
IgM eB121-15F9 0,5 mg/ml eBioscience
5.1.2 Flow Cytometry

Antigen Fluorochrome Clone Dilution Supplier
Annexin V APC 1:100 BD
Annexin V PE 1:100 BD
B220 (CD45R) APC RA3-6B2 1:300 BD
B220 (CD45R) PE RA3-6B2 1:300 BD
B220 (CD45R) APC eFluor 780 RA3-6B2 1:400 eBioscience
CDl11b PE MI/70 BD
CDl11b PECy7 MI/70 1:800 BD
CDl11b eFluor 450 MI/70 1:1600 eBioscience
CDll1c APC HL3 1:300 BD
CDll1c PECy7 HL3 1:1600 BD
CDllc eFluor 450 N418 1:200 eBioscience
CD16/32

APC 93 eBioscience
(FcgR3/2)
CD19 eFluor 450 1D3 1:1600 eBioscience
CD25 Biotin 7D4 BD
CD25 PECy7 PC61 BD
CD25 PerCP-CyS5.5 PC61 BioLegend
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MATERIAL

CD25 APC PC61.5 eBioscience

CD25 PerCP-Cy5.5 PC61.5 1:300 eBioscience

CD3e FITC 145-2C11 BD

CD3e PE 145-2C11 1:300 BD

CD3e PerCP 145-2C11 1:200 BD

CD3e¢ V500 500A2 1:800 BD

CD3e PerCP-Cy5.5 145-2C11 BioLegend

CD3e Brilliant Violet 421 145-2C11 BioLegend

CDh4 Alexa 647 RM-4-5 BD

CDh4 APC-Cy7 GKI1.5 1:800 BD

CDh4 PerCP-Cy5.5 RM4-5 1:800 BD

CDh4 V500 RM4-5 1:1600 BD

CD4 Brilliant Violet 421 GK1.5 BioLegend

CD4 APC RM4-5 1:800 eBioscience

CD40L (CD154) | PE MRI1 BD

CD44 PECy5 M7 1:3000 BD

CD45 eFluor 450

CD45RB PE C363.16A 1:1600 eBioscience

CD5 PE 53-73 1:300 BD

CD62L FITC MEL-14 BD

CD62L PE MEL-14 1:200 BD

CD62L APC-Cy7 MEL-14 BioLegend

CD69 PECy7 H1.2F3 1:300 eBioscience

CD80 Biotin 16-10A1 BD

CD80 APC 16-10A1 1:1600 eBioscience

CD86 Biotin GL1 BD

CD86 APC GL1 1:1600 eBioscience

CD86 PE GL1 1:1600 eBioscience

CD8a APC 53-6.7 1:800 BD

CD8a PE 53-6.7 1:800 BD

CD8a PECy7 53-6.7 1:800 BD

CD8a eFluor 450 53-6.7 1:1600 eBioscience
Intra-

CTLA-4 (CD152) | PE UC10-4F10-11 BD

cellular:1pg
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MATERIAL

CTLA-4 (CD152) | PE UC10-4B9 fntra- eBioscience
cellular:1pg

EpCAM PE-Cy7 G8.8 1:3200 eBioscience
F4/80 PECy5 BMS 1:400 eBioscience
F4/80 APC BMS eBioscience
Foxp3 APC FIK-16s eBioscience
Fox