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1.INTRODUCTION

1.1 MECHANISMS OF IMMUNE TOLERANCE

The human immune system is in continuous contact with foreign and self-antigens. Antigens
derived from pathogenic microorganisms are recognized by B and T cells that mount an
adequate immune response against the pathogen to eliminate it. However, the adaptive
immune response should not be excessive and deleterious for the host. Therefore, the
adaptive immune system is unresponsive to certain foreign and self-antigens, a state that is
called immunological tolerance. This state of unresponsiveness is generated by clonal
deletion of self-reactive lymphocytes, by rearrangement of the T cell receptor (TCR) that
recognize the self-antigen or by induction of a state of anergy. A failure of these mechanisms
can trigger an aberrant immune response against self-antigens, and the development of
autoimmune disease. Immunological tolerance can be induced during T cell development in
the thymus (central tolerance) or in maturated T cells in the periphery (peripheral tolerance)

(1,2).

1.1.2 Thymic tolerance

T cell maturation occurs in the thymus, where self-reactive lymphocytes are eliminated in a
process called negative selection. Thymic epithelial cells present self-antigens on class | and |l
MHC molecules to CD4 CD8 double positive T cells. T cells that bind to the presented antigens
with high affinity undergo apoptosis (negative selection), whereas T cells with intermediate
affinity survive and become single positive CD4 or CD8 T lymphocytes (figure 1a and b) (2,3).
Some high affinity T cells do not undergo apoptosis, but instead become thymus-derived
regulatory T cells (tTreg) (figure 1a). tTreg suppress autoreactive T cells that may have
escaped thymic deletion (2,3). Medullary epithelial cells present tissue-restricted antigens
(TRA) in order to favor negative selection of T cells that bind with very high affinity to TRA.
The expression of TRA is regulated by the transcription factor autoimmune regulator (AIRE)

(2,3).



a) Apoptosis

High affinity recognition of
MHCII peptide complex

b)

Low affinity recognition of
MHCII peptide complex

Figure 1. a) High affinity interaction between self-antigen presented on MHC molecules and
TCR leads to deletion of autoreactive T cells or tTreg induction in the thymus. b) Low affinity
interaction between self-antigen presented on MHC molecules and TCR leads to generation of

CD4 or CD8 single positive (SP) T cells.

1.1.3 Peripheral tolerance
Self-reactive T cells can escape negative selection, especially when the antigen is not

presented in the thymus. Peripheral tolerance mechanisms are therefore required to control
the lymphocytes that encounter the antigen for the first time outside the thymus. Several
mechanisms of peripheral tolerance have been described, including anergy, deletion and
induction of peripheral Treg (3). T cell activation requires TCR signaling together with co-
stimulation mediated by CD28 ligation, which leads to the production of interleucin-2 (IL-2). In
the absence of co-stimulation, T cells become functionally inactivated/anergic upon self-
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antigen encounter (figure 2). Moreover, the threshold of activation may be raised by the
expression of inhibitory receptors such as programmed cell death protein (PD-1) or Cytotoxic
T-Lymphocyte Antigen 4 (CTLA-4) (1-3). Tolerogenic dendritic cells can contribute to
peripheral tolerance by presenting self-antigens to T cells without adequate co-stimulation
necessary for T cell activation (3). Autoreactive T cells can also be deleted in the periphery by
apoptosis, mediated by activation of the death receptors Fas and Bim. Finally, generation of

peripherally induced Treg (pTreg) helps to suppress self-reactive T cells (figure 2)(1-3).

/'

Figure 2. Mechanism of peripheral tolerance. Naive CD4 T cells undergo apoptosis, or become

pTreg or become anergic.

1.1.4 Regulatory T cells
In 1995, a population of suppressive CD4 T cells, named regulatory T cells (Treg), was

discovered. Treg cells are characterized by constitutive expression of the IL-2 receptor a-chain
(IL-2Ra) (CD25) (4,5). These cells have a critical role in maintaining immune tolerance as their
depletion caused various organ-specific autoimmune diseases (4,5). The generation, function
and maintenance of Treg is regulated by the forkhead box protein p3 (Foxp3). Scurfy mice,

which lack the Foxp3 gene, develop autoimmune lymphoproliferative disease similar to the
9



human syndrome X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy
(IPEX)(5). Treg suppress effector immune responses via different mechanisms that target T
cells or antigen presenting cells. Treg produce various tolerogenic cytokines like TGF-B, IL-10
or IL-35, which suppress effector cells. Another mechanism of Treg-mediated suppression is
the competition for IL-2, which can lead to Bim-mediated apoptosis of effector T cells. Treg
can also produce cytotoxic molecules like perforin and granzymes, which directly kill the
target cell. Moreover, Treg can block cell cycle progression of effector T cells (6) (figure 3).
Recently, it has been reported that Treg can deplete peptide-MHCII from dendritic cells in an

antigen-specific mechanism. (7)
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Suppressor cytokine

. Cell-cycle arrest

Consumption of IL-2
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Apoptosis

Secreted/cell surface molecules

\ Cell-cycle arrest

Figure 3. Different mechanisms used by Treg to exert their suppressive function. Modified from
6.
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1.1.5tTregvs pTreg
Treg can be divided in two distinct populations based on their origin. Thymic induced Treg

(tTreg) which originate in the thymus, and peripherally induced Treg (pTreg) which originate
in the periphery. These two populations are phenotypically similar as both express FOXP3, but
they have different stability and epigenetic modifications (8). tTreg are formed in the thymus
upon high avidity MHCII interaction with T cell receptors (TCR). pTreg are generated from
conventional CD4+ CD25- T cell in the presence of TGF-f and IL-2 (8). It has been reported
that Helios and Neuropilin-1 are highly expressed on tTreg, but not on pTreg (9-11). tTreg
have a pivotal role in protecting from autoimmune disease. The importance of tTreg is
highlighted by the fact that newborn mice develop a polyautoimmune disease after
thymectomy (12). Adoptive transfer of Treg in thymectomized mice protected from disease
development (12). pTreg are generated from naive CD4+CD25- T cells in the presence of TGF-
B. The importance of pTreg is highlighted by adoptive transfer experiments in a mouse model
of colitis showing that pTreg are necessary for protection from diseasese development (13).
The suppressive mechanisms exerted by tTreg and pTreg are similar and they act in a

synergistic way.

1.2 EFFECTOR T CELL RESPONSE
Upon antigen stimulation and in the presence of certain cytokines, naive CD4 T cells can

differentiate into diverse helper cell subtypes. The pro-inflammatory Th1 cells, which are
induced by IL-12, are important for cellular immunity to intracellular pathogens by producing
IFN-y and IL-2. Th2 cells, which are induced by IL-4, are involved in humoral immunity by
producing mainly the cytokines IL-4, IL-5, IL-10 and IL-13 that regulate antibody production by
B cells. The combination of the cytokines IL-6, TGF-f and IL-21 drives naive CD4 T cells to
differentiate into Th17 cells, which are mostly involved in the response to extracellular
pathogens by controlling the activation of neutrophils. Th17 cells produce mainly IL-17 and IL-
22 (14,15, figure 4). The differentiation into the various helper subsets is regulated by
different transcription factors: Thx21 drives differentiation into Thl cells, Gata-3 drives

differentiation into Th2 cells and RoRyt drives differentiation into Th17 cells (16-18).

12



Antigen

| IL-6

IL-4 TGF-B
IL-21

Figure 4. After antigen encounter and different cytokine milieu, naive CD4 T cell differentiate

in Thl, Th2 or Th17 cells.

1.3 HEPATIC IMMUNE TOLERANCE
The liver has been regarded mostly as a metabolic organ. However, it is now recognized also

as an immune organ often promoting immune tolerance (14). The mechanisms that lead to
hepatic tolerance are similar to the mechanisms of peripheral tolerance described above.
Hepatic APCs can induce formation of pTreg, produce tolerogenic cytokines such as
transforming growth factor-p (TGF-B) or interleukin-10 (IL-10) that suppress effector T cell
responses, and they can inhibit T cell activation via CTLA-4 and PD-1. In addition, hepatic APCs
preferentially induce the expansion of Th2 cells, which produce IL-10 and IL-4, instead of Th1
(INF-y producers) or Th17 cells (IL-17 producers) in a process called immune deviation (14).
Hepatic tolerance is not only acting locally but systemically. For example, liver allografts can
elicit the acceptance of otherwise rejected skin grafts derived from the same donor (14,19).

However, liver immune tolerance can be broken leading to autoimmune liver diseases.
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1.4 AUTOIMMUNE DISEASES
Autoimmune diseases result from activation of a tissue-damaging response by self-reactive

lymphocytes. More than 70 different autoimmune diseases have been described, including
type 1 diabetes, multiple sclerosis, rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE) and Sjogren's syndrome (SS). There are three main autoimmune liver diseases: primary
sclerosing cholangitis (PSC), primary biliary cholangitis (PBC) and autoimmune hepatitis (AlH)
(20). The causes of autoimmune diseases are not clear. Genetic predisposition as well as
environmental factors may play an important role. Several data indicate that infections may
be the first trigger of an autoimmune disease (21). Indeed, similarities between self and
foreign antigens may cause activation of self-reactive T and B cells by the foreign peptide. This

hypothesis is called molecular mimicry (21,22).

1.4.1 Autoimmune hepatitis
Autoimmune hepatitis (AIH) is a chronic inflammatory liver disease affecting both adults and

children, with a female preponderance (23). Currently, there is no specific treatment for
patients with AlH; the standard treatment is a general immunosuppression regimen with
corticosteroids and azathioprine (24). Diagnostic criteria are increased serum transaminases,
elevated serum immunoglobulin G or hypergammaglobulinemia, presence of autoantibodies,
plasmalymphocytic periportal infiltrates with histological interphase hepatitis, and absence of
viral hepatitis (25,26). The different patterns of autoantibodies enable the classification of AlH
in two sub-categories. Anti-nuclear antibodies (ANA) as well as anti-smooth muscle actin
antibodies (SMA) are often detected in patients with AlH type 1. AlH type 2, which affects
mainly children, is characterized by the presence of anti-liver/kidney microsomal antibodies

type 1 (anti-LKM1), anti-LKM3 or antibodies against liver cytosol type 1 antigen (23-26).

1.4.2 Pathogenesis of AlH

The etiology of AlIH is not known. However, environmental triggers and genetic predisposition
seem to play a role in disease pathogenesis. Up to 50% of the Caucasian patients show HLA
haplotypes DRB1+0301 and DRB1%0401. The HLA DRB1%1501 seems to be protective (26-28).

These associations suggest a pathogenic T-cell mediated recognition of one or more hepatic
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autoantigens in the context of MHCII. Several mouse models further corroborated the role of

T cell in pathogenesis of AlH.

1.4.3 Mouse models of AIH
Several mouse models of AlH suggested a pathogenic role of T cells. In one such model,

syngeneic liver homogenates (LH) and lipopolysaccharide (LPS) were injected monthly into
spinal muscular atrophy mice (29,30). After 11 months, 60 to 80 % of the mice showed
hepatic plasma cells and lymphocyte infiltration together with hepatocyte necrosis. The
authors showed also that the disease was transferable by T lymphocytes. After cessation of
the treatment, the mice gradually recovered. In another model, administration of 1.5 mg/kg
of concanavalin A (Con A) intravenously to BALB/c mice led to liver damage associated with
high serum transaminases, liver infiltration and necrosis (29,31). Mice lacking B and T cells
were protected, as well as athymic nude mice that lack T cells. Interestingly, administration of
CD4 but not CD8 monoclonal antibody protected mice from Con A induced hepatitis. Another
mouse model expressing the allogeneic K® MHC class | molecule exclusively on hepatocytes
was generated in which the cognate KP-specific TCR was expressed as a transgene (29,32).
The autoreactive CD8 T cells were not deleted in the thymus, but no sign of autoimmunity
was observed. IL-2 administration was not sufficient to break tolerance. However, infection
with L. monocytogenes led to autoimmune liver infiltration and elevation in serum ALT levels.
Another model has been described in which ovalbumin was expressed by hepatocytes (TF-
OVA) and adoptive transfer of cognate OT-1 (CD8) or OT-Il (CD4) cells resulted in the priming
of autoreactive T cells and development of acute hepatitis. CD8 T cells proliferated in the liver
of TF-OVA mice. CD4 T cells were activated in the spleen and liver-draining lymph nodes of TF-
OVA mice (29,33). However, hepatitis was only transient and disappeared after 15 days. A
mouse model featuring expression of the viral protein hemagglutinin (HA) under the albumin
promoter and a transgenic HA-specific TCR on CD8 T cells showed development of
autoimmune hepatitis characterized by elevated serum transaminases, hepatic lesions and
fibrosis (29,34). However, autoreactive CD8 T cells that accumulated in the liver were anergic
and downregulated the TCR resulting in transient disease. TGF-B1 knock out mice on a BALB/c
background develop strong liver inflammation and necrosis accompanied by elevated ALT
levels. (29,35). One potent immune activator seems to be IL-12. Indeed, human CYP2D6 or

FTCD plasmids or DNA were injected into C57/BL6 mice together with IL-12 (IL-12 was
15



necessary to boost the immune system) (29,36,37). After 9 months, mice developed AlH type
ll-like symptomes, i.e. periportal inflammation, antibodies against CYP2D6 and FTCD as well as
hepatocyte necrosis. CD4 T cells dominated the infiltrates. Moreover, transient expression of
IL-12 broke immunological tolerance to hepatocellular antigens and induced development of
AIH due to pathogenic activation of autoreactive T cells (38). These mice showed liver
infiltrates, elevated transaminases, hypergammaglobulinemia, ANA and ASMA. The important
role of T cells in AlH is further confirmed by the finding that conditional depletion of the
ubiquitin ligase Traf6 in murine thymic epithelial cells led to autoimmunity in the liver, with
histological and immunological features of human AIH (39). In these mice, defective
medullary thymic epithelial cells that normally express TRA, were not able to eliminate
autoreactive T cells in the thymus. Moreover, these mice had a low frequency of tTreg, with

however normal peripheral pTreg induction.

1.4.4 Effector immune response in AlH
CD4 T cells represent the majority of the infiltrating cells in the liver of patients with AIH (40).

Upon antigen stimulation and in the presence of certain cytokines, naive CD4 T cells can
differentiate into diverse helper cell subtypes. In AlH, the production of IFN-y and IL-2 by Th1
cells lead to up-regulated expression of MHC | and Il molecules by hepatocytes, and activation
of macrophages to produce IL-1 and TNF-a which activate cytotoxic CD8 T cells. In addition,
autoantibody production by B cells is regulated by IL-4, [L-13, IL-10-producing Th2 cells (41).
These mechanisms together with complement activation lead to hepatocellular damage. Th17
cells are also expanded in AlH patients (41). Interestingly, difficult-to-treat patients with AlH
responded well to treatment with the humanized chimeric anti TNF-a antibody Infliximab
(42). This finding indicated that the hepatic T cells in AIH may have a Th1 inflammatory
phenotype. The authors speculated that the beneficial effect of the drug was due to a pro-
apoptotic effect of Infliximab on T cells, highlighting the importance of a suppressed effector

T cell response in AlH.
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1.4.5Tregin AlH
Treg in patients with AIH were found to be present in a normal frequency and they were

functional in an in vitro suppression assay (43). It was however possible that the hepatic
milieu rendered Treg unable to suppress effector T cells properly (44). One other possible
explanation for the failure of Treg to prevent AIH development is the generally low level of IL-
2 in the liver. Treg constantly need IL-2 to survive and in AIH most of IL-2 is possibly consumed
by effector cells (48). Accordingly, low dose IL-2 treatment was increasing the survival of Treg
and upregulated CTLA-4 expression in patients with AlH (44,45). However, it was reported
that successful expansion of Treg with IL-2 treatment did not lead to improved liver pathology
in a mouse model of PSC, because the expanded Treg up-regulated IL12rb2, which impaired
their immune suppressive capacity (46). Thus, increased IL-12 signalling may enable hepatic
autoimmunity and explain why hepatic expression of IL-12 leads to autoimmune hepatitis in

mice (38).

1.5 ROLE OF ECTOPIC LYMPHOID TISSUE IN AUTOIMMUNE DISEASE
Immune activation in autoimmune diseases often occurs within ectopic lymphoid tissue (ELT).

ELTs are inducible structures formed in affected organs resembling the organization of
lymphoid follicles with typical clusters of B and T cells (47,48). Within these structures,
dendritic cells, plasma cells and high endothelial venules are also present (49). The formation
of these structures is often associated with poor disease prognosis and low response to
therapy. ELTs favor affinity maturation of B cells in an antigen dependent way and promote
their differentiation into antibody-producing plasma cells. For example, in RA, ELTs drive the
formation of high-affinity plasma cells from autoreactive B cells, which produce
autoantibodies against citrullinated antigens (47,48). The mechanisms governing the
formation and the maintenance of ELTs are complicated and involve many immune cell types,
cytokines and chemokines. Some important cytokines and chemokines are LT-a and LT-B,
which, when over-expressed, lead to the production of CXCL13 and CCL21. These chemokines
foster the migration of T cells to the target organ making the development of ELTs possible
(47,48). In patients with rheumatoid arthritis, anti TNF-a treatment was found to revert ELT
formation, showing the importance of this cytokine in the maintenance of ELTs (50). The
formation of ELTs in the liver is observed in chronic liver diseases (HBV or HCV) (51). Notably,
presence of ELTs in liver cancer is associated with a poor prognosis (51,52). In autoimmune
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liver diseases, the formation of ELTs is observed mainly in PSC and PBC patients (51,52). The

association between the development of ELTs in the liver and AIH remains unclear.

1.6 AIMS OF THIS STUDY
The mechanisms that lead to a breach of hepatic immune tolerance in autoimmune liver

diseases are not fully understood, and in the existing mouse models, autoimmune liver
disease is often only transient due to counter-regulatory mechanisms. Autoreactive T cells are
normally eliminated in the thymus or in the periphery by central and peripheral tolerance
mechanisms. Autoreactive effector T cells that escape negative selection can also be
suppressed by tTreg and pTreg. Thus far, it is not known how autoreactive effector T cells in
autoimmune liver diseases can escape deletion and suppression. Moreover, the signals that
drive the pathogenic activation of autoreactive effector cells in the tolerogenic environment

of the liver are also unclear.

The overall aim of this study is to understand the immunological mechanisms underlying the

breach of hepatic tolerance in autoimmune hepatitis. Specific aims are:

1) To establish a new mouse model of AIH, which is driven by CD4 T cells specifically
recognizing hepatocyte antigen, and which recapitulates the main features of the human

disease.

2) To elucidate the mechanisms that enable the escape of autoreactive T cells from deletional

and suppressive tolerance in AlH.

3) To elucidate the mechanisms that enable the pathogenic activation of autoreactive T cells

in AlH.
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2. MATERIALS AND METHODS

2.1 INSTRUMENTS

BZ-1I Analyzer

Keyence, Neu-Isenburg

Centrifuge: 5417 R, 5810 R, 5920 R

Eppendorf AG, Hamburg

Centrifuge, Megafuge 2.0

Heraeus Instruments GmbH, Osterode

CO; incubator

Sanyo Biomedica, Munich

Cryostat, Microm HM550

Microm, Walldorf

Flow cytometer: LSR Il, LSR Fortessa

BD Biosciences, Heidelberg

Fluorescence microscope, Biorevo BZ-9000

Keyence, Neu-Isenburg

Laminar flow cabinet (BDK)

Luft und Reinraumtechnik GmbH,

Sonnenblhl-Genkingen

Light microscope

Olympus, Hamburg

Luminex xMAP

Merck Millipore, Darmstadt

Macs MultiStand

Miltenyi Biotec, Bergisch Gladbach

Microtome

Slee medical, Mainz

Microwave

Bosch, Stuttgart

Neubauer chamber

Optik Labor Frischknecht, Balgach

Perfusion pump

[smatech, Wertheim

Pipettes

Eppendorf AG, Hamburg

Scissors

VWR International GmbH, Darmstadt

Slide warmer

Stoerk Tronic, Stuttgart

Thermocycler ViiA 7

Thermo Fisher Scientific, Darmstadt

Thermomixer Comfort

Eppendorf AG, Hamburg

Tissue cool plate COP 20

Medite, Burgdorf

Transaminase analzyer, COBAS INTEGRA 400
PLUS

Roche Diagnostic GmbH, Mannheim

Tweezers

VWR International GmbH, Darmstadt

Vortex, GENIE 2

Roth, Karlsruhe
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Waterbath

GFL, GroBburgwedel

2.2 MATERIALS

[-A(b) LCMV GPes.77 APC-labelled tetramer

NIH Tetramer Core Facility, Atlanta, USA

96-well cell culture plates

Sarstedt, Neumbrecht

Anti-APC MicroBeads

Miltenyi Biotec, Bergisch Gladbach

Anti-CD25 Clone PC-61.5.3

BioXcell, West Lebanon, USA

Anti-FITC MicroBeads

Miltenyi Biotec, Bergisch Gladbach

Anti-IL-2 antibody, Clone Jes6-1A12

BioXcell, West Lebanon, USA

Anti-PE MicroBeads

Miltenyi Biotec, Bergisch Gladbach

BD Golgi Plug

BD Pharmingen, Heidelberg

BD Golgi Stop

BD Pharmingen, Heidelbergn

Bovine serum albumin (BSA)

Sigma-Aldrich, Steinheim

CD4 MicroBeads

Miltenyi Biotec,Bergisch Gladbach

CD11c MicroBeads

Miltenyi Biotec,Bergisch Gladbach

Cell strainer 100um, 40um

greiner bio-one, Frickenhausen

Centrifuge tube 15ml, 50ml

greiner bio-one, Frickenhausen

Complete Freund’s Adjuvant (CFA)

Difco Laboratories, Detroit, USA

Entellan mounting medium

Merck, Darmstadt

Eosin

Roth, Karlsruhe

Fc Block, Anti mouse CD16/CD32

eBioscinece, Frankfurt

Fetal calf serum

Thermo Fisher Scientific, Darmstadt

Fluorescent mounting medium

Dako, Hamburg

Haemalun

Roth, Karlsruhe

Hydrogen peroxide 30%

Merck, Darmstadt

IMDM Thermo Fisher Scientific, Darmstadt
lonomycin Sigma-Aldrich, Steinheim
Isopropanol Sigma-Adrich, Steinheim

KAPA PROBE FAST Universal

KAPA biosystems, Munich

Ketamin

aniMedica GmbH, Senden
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LCMV peptide GPs1.80
(GLKGPDIYKGVYQFKSVEFD)

Panatecs, Heilbronn

LS-Columns

Miltenyi Biotec, Bergisch Gladbach

MACS Pre-separation filters

Miltenyi Biotec, Bergisch Gladbach

Microscope slides Glaswarenfabrik  Karl Hecht  GmbH,
Sondheim

MS-Columns Miltenyi Biotec, Bergisch Gladbach

Murine IL-2 eBioscience, Frankfurt

Needles, BD Microlance

BD Biosciences, Heidelberg

Optiprep

Sigma-Aldrich, Steinheim

Panserin 401

PAN BIOTECH Gmbh, Aidenbach

Paraformaldeyde (PFA) 4%

Roth, Karlsruhe

Penicillin/streptomycin

Thermo Fisher Scientific, Darmstadt

Petri dish

Sarstedt, Neumbrecht

Phorbol 12-Myristate 13-Acetate (PMA)

Sigma Aldrich, Steinheim

Reaction tubes 1.5, 2ml

Sarstedt, Neumbrecht

Rompun 2%

Bayer Vital GmbH, Leverkusen

Saponin

Sigma Aldrich, Seinheim

Trypan blue (0,4%)

Thermo Fisher Scientific, Darmstadt

Xylene

O.Kindler GmbH, Freiburg

Kits

Company

Foxp3 staining buffer set

eBioscience, Frankfurt

Autoantibodies

EUROIMMUN, Lubeck

High Capacity cDNA Reverse Transcriptase
Kit

Thermo Fisher Scientific, Darmstadt

In situ Cell Death Detection Kit (TUNEL)

Roche Diagnostic GmbH, Mannheim

MILLIPLEX MAP mouse cytokine/chemokine

magnetic bead panel

Merck, Darmstadt

NucleoSpin® RNA isolation kit

Macherey-Nagel, Dueren

lgG mouse ELISA Kit

Abcam
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Antibody (flow cytometry) Isotype Company

B220 Pe-Cy7 Rat 1gG2a,k Biolegend
CD11c Rat IgG2a,k Biolegend

CD3 PE-Cy7 Rat IgG2b,k BD Pharmingen
CD4 PE-DAZZLE Rat IgG2a,k Biolegend

CD4 PE Rat IgG2a,k Biolegend

CD8 PE Rat IgG2a,k BD Pharmingen
CD19 PE Rat 1gG2a,k Biolegend
CD25 PE Rat 1gG1 Biolegend
CD38 APC-Cy7 Rat 1gG2a,k Biolegend
CD44 PE Rat 1gG2b,k BD Pharmingen
CD45 AF700 Rat 1gG2b,k Biolegend
CD45.1 AF700 Mouse lgG2a,k Biolegend
CD45.2 FITC Mouse lgG2a,k Biolegend
CD69 BV785 Armenian Hamster IgG Biolegend
CD95 BV605 Mouse 1gG1,k Biolegend
CD138 BV650 Rat 1gG2a,k Biolegend
CXCR5 PE Rat 1gG2a,k Biolegend
FOXP3 FITC Rat 1gG2a,k eBioscience
GL7 PerCP-Cy5.5 Rat IgM, k Biolegend
Helios PE-Dazzle Armenian Hamster IgG Biolegend

IFN-y AF700

Rat 1gG1,k

BD Pharmingen

lgG PE-Texas Red

Goat polyclonal IgG

Biolegend

IL-4 PE Rat 1gG1 BD Pharmingen
IL-17 PE Rat 1gG1,k Biolegend
lgM BV711 Rat LOU BD Pharmingen
MHC Il BV421 Mouse BALB/c IgG2a,k BD Pharmingen
Neuropilin-1 PE Rat 1gG2a,k Biolegend
PD-1 BV421 Rat 1gG2a,k Biolegend
TNF-a BV421 Rat 1gG1,k Biolegend
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Antibody (histology) Clone Company

Purified rat anti-mouse B220 | RA3-6B2 eBioscience
Purified rat anti-mouse CD4 | 4SM95 eBioscience
Purified rat  anti-mouse | FIK-16s eBioscience

FOXP3

Purified rat  anti-mouse | FDC-M1

follicular dendritic cell

BD Biosciences

Purified rabbit anti- | Polyclonal

mouse/human CD11c

Thermofisher

Purified rat anti-mouse PNA- | MECA-79 eBioscience
d

CD4 AF647 GK1.5 Biolegend
CD8 PE 53-6.7 Biolegend
CD11c AF488 N418 Biolegend
2.3 BUFFERS

1x PBS, pH 7.4
KCl 2.7 mM
KH2PO4 1.5 mM
NaCl 137 mM
Na;HPO4 6.5 mM

1x ACK

NH4Cl 150 mM
KHCO3 10 mM
EDTA 100 mM

MACS-Buffer
1x PBS
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0.5% BSA
2.5 mM EDTA

Saponin
1xPBS

1%BSA

0.5% Saponin

Sirius red 0.1%
8 g Picric Acid in 400 ml H,0
+ 0.4 g Sirius Red

50 mM TrisHCI, pH 7.5
0.788 g Tris-HCl in 90 ml ddH,0

+100 ml ddH20

2.4 MOUSE MODELS
Animal experiments were approved by the review board of the State of Hamburg, Germany.

Mice were kept under specific pathogen-free conditions with access to water and food ad

libitum.

2.4.1 Generation of invariant chain GP (iGP) mice
The targeting vector ROSA26STOPIIMOG (53), was used to generate the targeting vector

ROSA26STOPIGP by replacement of the MOG peptide encoding gene sequence with a gene
sequence encoding the immunodominant GP peptide of lymphocytic choriomeningitis virus
(LCMV). To that end, we generated the mutant invariant chain (iGP) by assembly PCR on the
liMOG template cDNA (53), replacing the coding sequence of the MOG peptide with that of
GP61-80 peptide in the correct reading-frame. This was done by amplifying two fragments of

either the 5' or the 3' part of the invariant chain sequence using one of the two external
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primers li-fwd (5'-GGATCTGACATGGTAAGTAA-3') and li-rev (5'-CGTATAGCATACATTATACG-3'),
in conjunction with one of two internal primers that were used to replace the MOG sequence
by the GP sequence: (GP-fwd: 5'-CCCCGACATCTA
CAAGGGCGTGTACCAGTTCAAGTCCGTGGAGTTCGACGATAACATGCTCCTTGGGCC-3', and GP-
rev: 5'-
CGGACTTGAACTGGTACACGCCCTTGTAGATGTCGGGGCCGTTCAGGCCCTTCATGCGAAGGCTCTCC
A-3'). The two fragments were assembled by PCR using the external primers li-fwd and li-rev
to obtain one iGP minigene (886 bp) introducing one Ascl restriction site to the 5" end and
one Fsel restriction site to the 3’ end. The thus obtained iGP minigene was amplified after
cloning into the pGEM-T Easy vector (Promega, Mannheim, Germany). The original targeting
vector ROSA26STOPIIMOG, as well as the iGP minigene were restricted with Ascl and Fsel,
followed by ligation of the two resulting gene fragments of 750 bp and 14.2 kb. The targeting
vector was linearized with Pvul and electroporated into ES cells, which were cultivated as
described (54). Homologous recombinants were identified by Southern blot analysis using a
700bp genomic EcoRI-Pacl fragment after EcoRI digest (data not shown). Chimeras were
generated from two homologous recombinant clones by injection into blastocysts. Germline
transmission was confirmed by Southern blot analysis after EcoRl digest using a 1-kb Sacll-
Xbal fragment (probe 1; p1) from pROSA26-1. This construct was made before the project

started.

The following transgenic mice with C57BL/6J background were used:

Line Description
Smarta Transgenic T cell receptor specific for GPs1-g0
Smarta CD45.1 Transgenic T cell receptor specific for GPe1-30

and CD45.1 congenic

Alb-iGP Alb-Cre driven conditional iGP expression
and GPe1g0 presentation on MHCIl by

hepatocytes

Cdh5-iGP Cdh5-Cre driven conditional iGP expression
and GPe1s0 presentation on MHCIl by

endothelial cells

ltgax-iGP ltgax-Cre driven conditional iGP expression
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and GPe1go presentation on MHCII by

dendritic cells

Lyz2-iGP Lyz2-Cre driven conditional iGP expression
and GP61-80 presentation on MHCIlI by

macrophages

CD19-iGP CD19-Cre driven conditional iGP expression

and GPe1-0 presentation on MHCII by B cells

Alb/Itgax-iGP Alb-Cre and Itgax-Cre driven conditional iGP
expression and GPe1-g0 presentation on

MHCII by hepatocytes and dendritic cells

Alb-iGP_Smarta GPs1-80  presentation on  MHCIl by
hepatocytes and transgenic T cell receptor

specific for GPs1-g0

Cdh5-iGP_Smarta GPs1-s0  presentation on  MHCIl by
endothelial cells and transgenic T cell

receptor specific for GPe1-s0

ltgax-iGP_Smarta GPs1-80 presentation on MHCII by dendritic
cells and transgenic T cell receptor specific

fOI’ G P61—80

Lyz2-iGP_Smarta GPs1-g0  presentation on  MHCIl by
macrophages and transgenic T cell receptor

specific for GPs1-g0

2.5 ISOLATION OF PRIMARY CELLS

2.5.1 Isolation of splenocytes
Mice were killed by intraperitoneal injection (15 mL/kg mouse) of 12 mg/mL Ketamine + 1,6

mg/mL Xylazine, followed by cervical dislocation. The spleens were surgically removed and
strained through a 100 um cell strainer using the plunger of a syringe. Cell strainers were
washed with PBS and cells were eluted into 50 ml tubes. The obtained cell suspensions were
centrifuged at 400g for 5 minutes. The supernatant was discarded, and erythrocytes were

lysed by resuspending the cell pellet in 1 ml of ACK buffer for 1 minute. The ACK reaction was
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stopped by adding 30 ml of PBS, the resulting cell suspension was passed through a 40 um
cell strainer and subsequently centrifuged at 400g for 5 minutes. Splenocytes were

resuspended in 1 ml of PBS and counted.

2.5.2 Isolation of splenic CD25CD4 T cells
Splenocytes were isolated as described in 2.5.1, washed with PBS and sorted by Magnetic

Activated Cell Sorting (MACS). Cells were resuspended in MACS buffer (1 ml/108 cells) and
incubated with anti-CD25 PE antibody for 15 minutes at 4°C (10 pl/108 cells). After a washing
step, cells were incubated with anti-PE microbeads (100 pl /108 cells) for 15 minutes at 4°C.
Cells were washed again, and, meanwhile, LS columns were clamped in the magnetic stand
and equilibrated with 3ml of MACS buffer. The washed cells were resuspended in 500 ul of
MACS buffer and added to the column. The column was washed 3 times with 3ml MACS
buffer. Magnetically labeled CD25* cells remained in the column and CD25  cells were
collected in 15ml tubes. CD25 cells were incubated with anti-CD4 microbeads (10ul/108 cells)
for 15 minutes at 4'C. Cells were washed again, and meanwhile, LS columns were clamped in
the magnetic stand and equilibrated with 3ml of MACS buffer. The washed cells were
resuspended in 500 pl of MACS buffer and added to the first column. The column was washed
3 times with 3ml MACS buffer. CD4 T cells retained by the column were subsequently eluted
after removal of the column from the magnetic stand and loaded onto a second column to
increase purity. The column was subsequently removed from the magnetic stand and purified
cells were eluted into a 15ml tube. Purity of CD25CD4 T cells was determined by flow

cytometry and was between 95-98%.

2.5.3 Isolation of thymocytes
Mice were sacrificed as described in 2.5.1. Thymus was surgically removed and strained

through a 100 um cell strainer using the plunger of a syringe; cells were collected in a 50 ml
tube. The cell suspension was centrifuged at 400g for 5 minutes. The supernatant was

discarded and thymocytes were resuspended in 1 ml of PBS.
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2.5.4 Isolation of hepatic non-parenchymal cells
Mice were sacrificed as described in 2.5.1. The peritoneum was opened, and the portal vein

exposed. A hypodermic needle was put in the portal vein and the vena cava was cut. The liver
was then perfused for 30 seconds with PBS (10 ml/min), taken out and the gall bladder was
removed. Using a 100 um cell strainer, the liver was strained using the plunger of a syringe.
The cell strainer was washed with PBS and cells eluted into a 50 ml tube. The cell suspension
was collected and twice subjected to centrifugation at 40g for 4 minutes to discard
hepatocytes that collected in the pellet. The resulting supernatant was then washed,
centrifuged for 7 minutes at 400g, resuspended in 4.5 ml of PBS, mixed with 2.5 ml of
Optiprep and covered with 1 ml of PBS in a 15ml tube. Cells were centrifuged for 20 minutes
at 400g without break and the hepatic NPCs cumulating at the interphase were collected and
subsequently washed with 50 ml PBS. The cells were then centrifuged for 7 minutes at 400g.
The cell pellet was treated with 1 ml ACK buffer for 1 minute to remove residual erythrocytes.
The ACK reaction was stopped by adding 30 ml of PBS, and the cell suspension was

centrifuged at 400g for 5 minutes. NPCs were resuspended in 1 ml of PBS and counted.

2.6 CELL CULTURE

2.6.1 Determination of cell numbers
Cells were diluted appropriately and resuspended in a dilution of Trypan blue (1:10 in PBS)

and pipetted into a Neubauer chamber. Cell number was determined by counting two of four
quadrants, and dead cells colored in blue were excluded. The total cell number was calculated

by using the formula:

Total cell number = counted cell number / 2 x dilution factor x volume of cell suspension x

chamber factor (10%)

2.6.2 Cell culture medium
Cells were resuspended in Panserin medium supplemented with 5% of FCS and 1%

penicillin/streptomycin.
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2.6.3 Restimulation for intracellular cytokine production
Up to 3x10° cells were resuspended in 1ml Panserin medium supplemented with 5% of FCS

and 1% penicillin/streptomycin. Brefeldin A (Golgi Plug, 1 pl/tube), a protein transport
inhibitor, was added to the cell suspension. Alternatively, for determination of IL-4
production, monensin (Golgi Stop, 1 ul/tube), a second protein transport inhibitor was added.
Cells were then stimulated by adding phorbol 12-myristate 13-acetate (PMA)/lonomycin (50
ng/ml/ 1 pg/ml) for 5 hours at 37°C.

2.7 MULTICOLOR FLOW CYTOMETRY

2.7.1 Determination of cell viability
Cells were stained with Pacific Orange-NHS (PacO-NHS). This dye penetrates dead cells and

bindsk to amine groups; therefore, dead cells can be distinguished by their high fluorescence
intensity. 200 pl of 1:1000 PacO-NHS in PBS were added to the cells and incubated for 20

minutes at 4° C. Cells were then washed and tetramer staining was performed.

2.7.2 Tetramer staining
Cells were resuspended in PBS/2%FCS (1x10°-3x10° cells/100 pl). 0.4 pl of APC-conjugated I-

A(b) LCMV GPge.77 tetramer was added for 1.5 hour at 37 C. Tetramers were used to detect
and quantify antigen-specific cells and consisted of 4 monomers of peptide-MHCII, which
were recognized by specific TCRs. In addition, each tetramer was conjugated with a

fluorochrome, which enabled flow cytometric measurement.

2.7.3 Cell surface marker staining
Cells were resuspended in PBS/2%FCS (1x10°-3x10° cells/100ul). 1 ul of each fluorochrome-

conjugated antibody was added and incubated for 10 minutes at 4°C. Cells were washed and
resuspended in PBS/2%FCS and measured immediately by flow cytometry or fixed with 1%

PFA and measured the subsequent day.
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2.7.4 Intracellular staining
Cells were stained for intracellular antigens using the FOXP3-staining buffer set (eBioscience).

Cells were fixed for 30 minutes, permeabilized and incubated with 1ul of each antibody in 50
ul of permeabilization buffer for 20 minutes at 4°C. Cells were then washed with 500 pl

permeabilization buffer and resuspended in PBS.

2.8 IMMUNOHISTOCHEMISTRY

2.8.1 Organ preparation
Mice were sacrificed as described in 2.5.1. One portion each of the liver central lobe, spleen,

kidney, lung, colon, and duodenum was surgically removed and put in 4% PFA for 24 hours.
Samples were then processed and paraffin-embedded at the Department of Pathology at the
University Medical Center Hamburg-Eppendorf. One portion of the hepatic central lobe and

spleen was immerged in Tissue-Tek© O.C.T. compound and cryopreserved at -80°C.

2.8.2 Haemalum and eosin staining
Formalin-fixed paraffin embedded 2 um sections were deparaffinized in Xylene and hydrated

in changes of 100%, 90%, 70% and 50% ethanol. Slides were then rinsed in distilled water.
Later, slides were immerged for 10 minutes in hemalum for 10 minutes, washed with tap
water for 15 minutes and put in eosin for 1-2 minutes. Sections were washed and dehydrated
in changes of 50%, 70%, 90% and 100% ethanol and xylene and mounted with entellan

mounting medium.

2.8.3 Sirius red staining
Formalin-fixed paraffin embedded 2 um sections were deparaffinized in Xylene and hydrated

in changes of 100%, 90%, 70% and 50% ethanol. Slides were then rinsed in distilled water.
Section were then incubated in Sirius red solution for 1,5 hours. Finally, samples were

dehydrated in ethanol, xylene and mounted with entellan mounting medium.
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2.8.4 CD4, B220, Foxp3, PNAd and CD11c staining
Formalin-fixed paraffin embedded 2 um sections were deparaffinized in Xylene and hydrated

in changes of 100%, 90%, 70% and 50% ethanol. Slides were then rinsed in distilled water.
Antigen retrieval was performed in citrate buffer for 25 minutes at 680 Watt in a microwave.
Slides were cooled down at room temperature for 30 minutes. Next, 10 minutes incubation
with blocking buffer was required to reduce background staining. Primary antibodies were
applied at the concentration of 1:100 in Zytomed buffer and incubated overnight a 4°C. On
the next day, slides were washed with PBS and incubated with rabbit anti-rat biotin (1:200 in
Zytomed buffer) for 30 minutes. After another wash in PBS, slides were incubated with anti-
rabbit AP Komplex Polap Kit for 30 minutes at room temperature. Slides were washed, and
the staining reaction was developed by incubating with AP Permanent Red Kit solution for 10
minutes in a dark chamber. The reaction was stopped by immersion of the slides in distilled
water, followed by 2 immersions in 0.1% HCl and distilled water again. Slides were
counterstained with hemalum then dehydrated and mounted with entellan mounting

medium.

2.8.5 CD4/CD8/CD11c immunofluorescence staining
6 um frozen sections were fixed for 10 minutes with acetone. Subsequently, the slides were

washed 3 times in PBS for 3 minutes; the sections were next encircled with a hydrophobic
PAP Pen (DAKO). Blocking of unspecific staining was performed with 0.1% BSA plus FcBlock
(1:50) in PBS for 30 minutes at room temperature. AF647 anti mouse CD4 (1:100), and PE anti
mouse CD8 (1:100) or AF488 anti mouse CD11c (1:100) were then added for 1 hour at room
temperature in a dark and humid chamber. Slides were washed with PBS for 3 times,
incubated with Hoechst 33258 (1:10000 in PBS) for 2 minutes. At the end, sections were

washed with PBS and mounted with fluorescent mounting medium.

2.8.6 Modified Hepatic Activity Index (mHAI)
H/E stained paraffin sections were evaluated in a blinded fashion by a pathologist (Soren

Weidemann, Department of Pathology; University Medical Centre Hamburg-Eppendorf) to

assign a score according to the modified histological activity index (mHAI; 55). The mHAI score
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determines the level of interface hepatitis (0-4), confluent necrosis (0-4), portal inflammation

(0-4) and apoptotic bodies (0-4).

2.9 AUTOANTIBODY DETECTION
Autoantibodies were detected by indirect immunofluorescence using the TITERPLANE

technique (EUROIMMUN). Briefly, onto a michrochip are loaded rat kidney, liver and stomach
tissue and human Hep2 cells. Different autoantibodies bind to the specific tissue and are
visualized by microscopy. Serial dilutions of mouse sera in PBS+0.01% Tween were applied
into the reaction fields of a reagent tray. Subsequently, the BIOCHIP slides (EUROIMMUN)
were applied on top of the reagent tray to incubate the sera with the BIOCHIP for 1 hour at
room temperature. Next, the BIOCHIP was washed 3 times in PBS+TWEEN 0.01% and
incubated for 30 minutes at room temperature with goat anti-mouse AF488 secondary
antibody (1:500 in PBS+TWEEN 0.01%). The BIOCHIP slides were washed and mounted with

fluorescent mounting medium.

2.10 MOLECULAR BIOLOGY

2.10.1 RNA purification
RNA purification from liver tissue was performed using the NucleoSpin® RNA kit (Macherey-

Nagel). Liver tissue was disrupted, and cells were lysed with a solution of 350 pl of Buffer RA1
and 3.5 ul of B-mercaptoethanol. The lysate was then filtered with NucleoSpin® Filters and
centrifuged (1 minute, 11000 g). The filter was discarded and 350 ul of 70% ethanol was
added to the lysate which was then loaded onto a NucleoSpin® RNA Column) and centrifuged
(30 seconds, 11000 g). The silica membrane was desalted by adding 350 ul of Membrane
Desalting Buffer (MDB), followed by a centrifugation step (1 minute, 11000g) to dry the
membrane. DNase reaction mixture was added to digest DNA and incubated for 15 minutes at
room temperature. Next, the membrane was washed 3 times (250 pl of Buffer RAW2, 600 pl
of Buffer RA3, 250 ul of Buffer RA3), dried and RNA eluted in 60 pl of RNase-free H,0.mRNA

concentration was determined with nanodrop.
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2.10.2 cDNA synthesis
High capacity cDNA Reverse Transcriptase Kit (Thermo Fisher Scientific) was used to

synthesize cDNA. 6.8ul of master mix (10x Reaction Buffer, dNTPs, Random primer 10X,
reverse transcriptase and RNA inhibitor,) were added to 13.2ul of RNA (0.5ug/ul) and samples
were reverse transcribed in the thermocycler according to the manufacturer’s protocol. The

final cDNA was diluted 1:4 in H,0.

2.10.3 Real Time PCR
KAPA PROBE FAST gPCR Master Mix (Sigma-Aldrich) containing KAPA Taq Hotstart DNA

Polymerase, reaction buffer, dNTPs and MgCl, was put with the primer for Bcl6
(MmO00477633_m1, Thermofisher), Gata3 (Mm00484683 m1, Thermofisher), Rorc
(Mm01261022_m1, Thermofisher), Tbx21 (Mm00450960, Thermofisher), [l12a
(Mm00434169_m1), /112b (Mm01288989 m1), /l12rb1 (MmO00434189 m1) and /l12rb2
(Mm00434200_m1) in a 96-well plate. Subsequently, 4.3 ul of cDNA were added into the mix

and the plate was run in the thermocycler ViiA 7.

2.11 IN VIVO EXPERIMENTS

2.11.1 In vivo enrichment of regulatory T cells
Mice were treated with repeated intraperitoneal injections of a complex of IL-2 (1 ug) and

anti-IL-2 antibody (5ug), which has been described to selectively expand regulatory T cells

(60-62). Mice were treated with IL2/IL-2Ab complex on three consecutive days for 4 weeks.

2.11.2 CD25CD4* T cell transfer
10% CD25°CD4* T cells were isolated as described in 2.5.2 from Smarta_CD45.1 mice and

injected intravenously into recipients of the lines Itgax-iGP, Alb-iGP or Itgax/Alb-iGP. Mice

were sacrificed 7 days after cell transfer.
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2.11.3 Statistics
All the data are shown as mean + standard deviation. The parametric Student’s t test or the

non-parametric Mann-Whitney test were performed. Data were analyzed using GraphPad
Prism®. For multiple comparison analyses, one way ANOVA test was performed, followed by
Tukey 's post test. Survival curve was analyzed using the Mantel-Cox test. Values of p<0.05

(*), p<0.01(**), p<0.001(***) and p<0.0001(****) were considered as significant.
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3. RESULTS

3.1 Generation of mouse models
We constructed a mutated invariant chain molecule (CD74) in which the CLIP peptide

sequence was replaced by the LCMV GP61-80 peptide sequence, and inserted the mutated
gene flanked by loxP sites into the Rosa26 gene (56), as has been done before with a similar
construct (53) (figure 5). Conditional expression in hepatocytes was subsequently achieved by
breeding with Alb-Cre_Smarta mice that were also transgenic for the Smartal T cell receptor
recognizing the GP61-80 peptide (57) (figure 5). Conditional expression in dendritic cells was
achieved by breeding with ltgax-Cre_Smarta mice, condtional expression in macrophages or
endothelial cells was achieved by breeding with Lyz2-Cre_Smarta or Cdh5-Cre_Smarta,
respectively. We thereby generated four different genetically modified mice in which MHC ||
molecules were conditionally loaded with a virus-derived CD4 T cell epitope in different cell
types. Due to different extent of thymic deletion, these four lines manifested different
degrees of abundance of the cognate CD4 T cells that specifically recognize the viral epitope.
These mice present the recognized antigen by different cell types which enable us to study
the different possible fates of antigen-specific CD4 T cells. These mice were further analyzed

here for the development of autoimmune disease.
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Figure 5. A) Replacement of the CLIP peptide with LCMV GP61-80 and presentation on MHCII.

B) Expression of GP61-80 under the ROSA26 locus upon Cre-mediated recombination.

3.2 Characterization of the autoreactive T cell pool in mice with conditional autoantigen
expression
To assess whether autoreactive CD4 T cells were subjected to deletion in the thymus or in the

periphery, thymocytes and splenocytes of the different transgenic mouse lines that
concomitantly express the autoantigen LCMV GPso-g0 and the corresponding transgenic T cell
receptor were isolated and stained with LCMV GPegs.77 I-Ab specific tetramer. Autoreactive
CD4 T cells in Smarta control mice, which do not express the autoantigen, were not deleted in
the thymus (mean=92.6%; SD=2.084; figure 6) and in the spleen (mean=80.6%; SD=2.385;
figure 6). In Itgax-iGP_Smarta mice expressing the antigen in DCs, and in Lyz2-iGP_Smarta
mice expressing the antigen in monocytes/macrophages, autoreactive CD4 T cells were
deleted in the thymus (mean=0.85% and 0.765%; SD=0.725 and 0.134; figure6) and not
detectable in the periphery (mean=5.96% and 2.08%; SD=11.84 and 3.3; figure 6). In Cdh5-
iGP_Smarta mice in which the antigen is expressed by endothelial cells, autoreactive CD4 T
cells were partially deleted in the thymus (mean=13.7%; SD=24.12; figure 6). In the spleen,

antigen-specific CD4 T cells were still detectable (mean=18.95%; SD=20.09; figure 6). In Alb-
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iGP_Smarta mice expressing the antigen in hepatocytes, autoreactive CD4 T cells were only
deleted to a small extent in the thymus (mean 73.1%; SD=6.241; figure 6) and in the periphery
(mean=85.25; SD=14.48; figure 6). These mice had a significantly higher frequency of antigen-
specific CD4 T cells compared to Cdh5-iGP_Smarta in thymus (p<0.0001) and spleen
(p<0.0001), as well as compared to Itgax-iGP_Smarta and Lyz2-iGP_Smarta in thymus
(p<0.0001) and periphery (p<0.0001).
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Figure 6.a) Representative dot plot showing the frequency of autoreactive GPess-77 specific CD4 T
cells in the thymus and in the spleen of the different strains with conditional autoantigen
expression. Gated on viable, CD45, CD4 single positive cells. b) Quantification of autoreactive
CD4 T cells in the thymus of Smarta (mean=92.6%; SD=2.084), Itgax-iGP_Smarta (mean=0.85%;

SD=0.725), Lyz2-iGP_Smarta (mean=0.76%; SD=0.134), Cdh5-iGP_Smarta mice (mean=13.7%;
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SD=24.12), Alb-iGP_Smarta (mean=73.1%; SD=6.241) and C57BL/6 mice (mean=0.06%;
SD=0.08). N=4-15 mice per group. c) Quantification of autoreactive CD4 T cells in the spleen of
Smarta (mean=80.6%; SD=2.385), Itgax-iGP_Smarta (mean=5.96%; SD=11.84), Lyz2-iGP_Smarta
(mean=2.08%; SD=3.3), Cdh5-iGP_Smarta (mean=18.95%; SD=20.09), Alb-iGP_Smarta
(mean=85.25%; SD=14.48) and C57BL/6 mice (mean=0%; SD=0). N=4-15 mice per group.

3.3 Thymic and peripheral Treg frequency
The frequency of Treg in the thymus and in the spleen of the different transgenic mouse lines

was analyzed. Smarta mice, which do not express the antigen, showed no detectable Treg in
the thymus (mean= 0.0%; SD=0.0) and low frequency in the periphery (mean=1.6%; SD=0.6).
In Itgax-iGP_Smarta mice, where the antigen is expressed by DCs, and in Lyz2-iGP_Smarta
mice, where the antigen is expressed by monocytes/macrophages, Treg were detectable in
the thymus (mean=9.7% and 7.6%; SD=7.9 and 2.7; figure 7) and in the periphery
(mean=14.1% and 10.7%; SD=4.8 and 2.8). In Cdh5-iGP_Smarta mice in which the antigen is
expressed by endothelial cells, Treg were present in the thymus (mean=9.6%; SD=4.4; figure
7) and in the periphery (mean=15.2%; SD=7.1; figure 7). In Alb-iGP_Smarta mice that express
the antigen in hepatocytes, Treg were present in a very low frequency in the thymus
(mean=0.2%; SD=0.3; p<0.0001; figure 7), but increased in the periphery (mean=6.11%,
SD=2.6, p<0.0001, figure 7). These data suggested that Treg may be induced in the periphery

in Alb-iGP_Smarta mice.
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Figure 7. a) Representative dot plot showing the frequency of Treg in the thymus and in the

spleen of the different strains with conditional autoantigen expression. Gated on viable, CD45,

40



CD4 single positive cells. b) Quantification of autoreactive CD4 T cells in the thymus of Smarta
(mean=0.0, SD=0.0), ltgax-iGP_Smarta (mean=9.7, SD=7.9), Lyz2-iGP_Smarta (mean=7.6%;
SD=2.7), Cdh5-iGP_Smarta mice (mean=9.6%; SD=4.4), Alb-iGP_Smarta (mean=0.2%; SD=0.3)
and C57BL/6 mice (mean=3.2%; SD=1). N=4-15 mice per group. c) Quantification of Treg in the
spleen of Smarta (mean=1.6%; SD=0.6), Itgax-iGP_Smarta (mean=14.1%; SD=4.8), Lyz2-
iGP_Smarta (mean=10.7%; SD=2.8), Cdh5-iGP_Smarta mice (mean=15.2%; SD=7.1), Alb-
iGP_Smarta (mean=6.11%; SD=2.6,) and C57BL/6 mice (mean=7.9%; SD=0.9). N=4-15 mice per

group.

3.4 Phenotype of peripheral CD4 Smarta T cells
As the basic analysis of the T cell repertoire had revealed that, in contrast to the other strains

tested, Alb-iGP_Smarta mice seemed to feature plenty of autoreactive T cells, we focused on

Alb-iGP_Smarta mice in our further studies.

Splenocytes and liver NPCs of Alb-iGP_Smarta and Smarta mice were isolated and stained for
the memory and homing markers CD44 and CD62L. In the spleen, Alb-iGP_Smarta mice had a
higher frequency of antigen-specific CD44Me"CD62L"e8 effector T cells compared to Smarta
control mice (mean=3.9% vs 1.4%; SD=1.9 vs 0.57; p=0.0038, figure 8a), which indicated
previous activation and differentiation. Correspondingly, the frequency of antigen-specific
cells with a naive CD44"eCD62LMe" phenotype was slighlty higher in the spleen of Smarta
controls compared with Alb-iGP_Smarta mice (mean=74.04% vs 60.52%; SD=13.8 vs 17.91;
p=0.1002, figure 8c). In the liver of Alb-iGP_Smarta mice, a majority of antigen-specific CD4 T
cells manifested a CD44"8"CD62L"e8 effector phenotype, compared to Smarta controls
(mean=17.98% vs 4.0%; SD=8.2 vs 2.8; p=0.0005, figure 8b). Accordingly, Smarta controls
showed a higher frequency of antigen-specific CD4 T cells with a naive CD44"eeCD62LMen
phenotype in the liver (mean=28.2% vs 19%, SD=10.4 vs 8.7; p=0.0483, figure 8d).
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Figure 8. a) Frequency of effector CD44"e"CD62L"8 Smarta cells in the spleen of Alb-
iGP_Smarta (mean=3.9, SD=1.9, p=0.0038) and Smarta control mice (mean=1.3, SD=0.57) b)
Frequency of effector CD44"e"CD62L"# antigen-specific cells in the liver of Alb-iGP_Smarta
(mean=17.98, SD=8.2) and Smarta controls (mean=4.06, SD=2.8). c) Frequency of naive
CD44"eCD62LMeh antigen-specific cells in the spleen of Alb-iGP_Smarta (mean=60.5, SD=17.9)
and Smarta controls (mean=74.0, SD=13.8). d) Frequency of naive CD44"eCD62L"e" antigen-
specific cells in the liver of Alb-iGP_Smarta (mean=18.96, SD=8.74) and Smarta controls

(mean=28.2, SD=10.4). N=7-13 mice per group.

3.5 Clinical monitoring of Alb-iGP_Smarta mice
All the transgenic mouse lines were monitored up to 52 weeks of age to assess any clinical

symptoms of autoimmune disease. As expected, ltgax-iGP_Smarta and Lyz2-iGP_Smarta mice

in which the vast majority of antigen-specific T cells had been deleted in the thymus, did not
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develop any signs of liver inflammation and autoimmunity (data not shown). Interestingly,
Cdh5-iGP_Smarta mice did also not show any clinical sign of autoimmunity despite the
remaining antigen-specific CD4 T cells in the periphery (data not shown). However, Alb-
iGP_Smarta mice developed autoimmune liver inflammation resembling human AIH. These
mice showed some AlH features already at 8 weeks of age but no clinical manifestations were
evident (early stage). With disease progression, the symptoms became evident (late stage).

Because of this reason, Alb-iGP_Smarta mice were examined in more detail.

3.5.1 Increased serum transaminase levels in Alb-iGP_Smarta mice
Serum ALT levels of Alb-iGP_Smarta mice in an early and late disease stage as well as ALT

levels of control Alb-iGP mice were measured. At an early disease stage, Alb-iGP_Smarta mice
had low ALT levels (mean=79.75 U/L; SD=19.36). However, in the late disease stage, ALT levels
increased (mean=521.8 U/L; SD=639.7; figure 9) compared with early disease stage Alb-
iGP_Smarta mice (p=0.0430) and Alb-iGP controls (mean=54.06 U/L; SD=16.02), indicating

increased liver damage.
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Figure 9. Serum ALT (U/L) measurement of early diseases stage (mean=79.75 U/L; SD=19.36)
and late disease stage Alb-iGP_Smarta mice (mean=521.8 U/L; SD=639.7) compared to Alb-iGP

control mice (f).

3.5.2 Hepatic infiltration of inflammatory cells in the livers of Alb-iGP_Smarta mice
, Alb-iGP_Smarta mice developed only small periportal infiltrates in the early disease stage

(figure 10a). In the late stage, mice with clinical manifestations showed interphase hepatitis
and portal and parenchymal infiltrates (figure 10a). Alb-iGP control mice did not develop any
sign of hepatic inflammation (data not shown). H/E stained liver sections of early and late
disease stage Alb-iGP_Smarta mice as well as control Alb-iGP mice were scored by a
pathologist in a blinded fashion. Alb-iGP_Smarta mice showed an elevated mHAI score at an
early disease stage compared to Alb-iGP controls (figure 10b). The mHAI further increased in
a later disease stage, when clinical manifestations became evident, indicating the presence of
liver damage including interface hepatitis, confluent necrosis, portal inflammation and

apoptotic bodies (p<0.0001).
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Figure 10. (a) Representative H/E staining of early and late disease stage of Alb-iGP_Smarta
mice (100X magnification). (b) mHAI score of liver sections of early and late stage Alb-

iGP_Smarta and Alb-iGP controls. N=4-13 mice per group.

3.5.3 Autoantibody detection
Antinuclear antibodies (ANA) are commonly detected in patients with autoimmune hepatitis

as well as in other autoimmune diseases. The presence and the titer of autoantibodies in the

sera was therefore investigated in early and late disease stage in Alb-iGP_Smarta mice and
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compared with Alb-iGP controls (figure 11 a and b). In the early disease stage (8 weeks), the

majority of Alb-iGP_Smarta mice developed ANAs at relevant titers (>1:80; figure 11 a and b).

In the late stage (30 weeks), ANAs were still detectable at high titers. In contrast, Alb-iGP

controls showed low titers (<1:40) or no ANAs.
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Figure 11. a) ANA titers at early (8 weeks) and late (30 weeks) disease stage in Alb-iGP_Smarta

mice and Alb-iGP controls. b) Representative images of ANA detection in Alb-iGP_Smarta and

Alb-iGP mice. Images were acquired at 10X magnification.
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3.5.4 1gG quantification
lgG serum levels were measured in Alb-iGP_Smarta mice in an early and late disease stage as

well as in Alb-iGP control mice. The levels of IgG were higher in Alb-iGP_Smarta mice in an
early disease stage compared to Alb-iGP controls (mean=345.8 vs 143.7; SD=137.4 vs 69.14 ;
p=0.0285; figure 12). With disease progression, IgG levels remained high (mean=400.4;
SD=239.9; p=0.0174; figure 12).
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Figure 12. IgG serum levels of Alb-iGP_Smarta mice in an early (mean=345.8; SD=137) or late
disease stage (mean=400.4; SD=239.9) and in Alb-iGP controls (mean=86.4; SD=10.2;). N=5-9

mice per group.

3.5.5 CD4 T cells dominate the hepatic infiltrate
A CD4/CD8 immunofluorescence staining was performed on liver sections of Alb-iGP_Smarta

mice as well as of Alb-iGP control mice in order to characterize the composition of the hepatic
inflammatory infiltrates. An increased frequency of CD8 T cells was observed in the liver of
Alb-iGP_Smarta mice compared to Alb-iGP controls (figure 13). However, most of the
infiltrates, notably in the periportal area, was composed of CD4 T cells, presumably the

autoreactive cells.
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Figure 13. Representative CD8 (green) and CD4 (pink) immunofluorescence staining of liver

sections. Nuclei were counterstained with Hoechst (blue).

3.5.6 Ectopic lymphoid tissues (ELT)s
We detected ELTs in the liver of Alb-iGP_Smarta mice, which were characterized by the

segregation of CD4 T cell and B cell (B220+) zones, as well as the presence of high endothelial
venules (figure 14). These structures were surrounded by collagen as indicated by sirius red
staining. At 30 weeks of age, Alb-iGP_Smarta mice showed autoimmune liver inflammation
dominated by CD4 T cells and B cells. At this stage, ELTs were not detectable anymore as they
were merged into the large hepatic infiltrates (figure 14). ELT formation was not observed in

the other strains (data not shown).
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Figure 14. Representative histological pictures showing H/E, CD4, B220, PNAd and Sirius red
staining of 4, 8 and 30-week old Alb-iGP_Smarta mice.

3.5.7 Impaired survival of Alb-iGP_Smarta mice
Alb-iGP_Smarta mice and Alb-iGP controls lacking autoreactive T cells were monitored for 52

weeks. After showing AIH symptoms, Alb-iGP_Smarta mice rapidly developed a
lymphoproliferative disease, resulting in 50% mortality at 30 weeks (n=13 mice per group;
p<0.0001; figure 15). In contrast, none of Alb-iGP control mice developed any clinical

symptoms during that period.
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Figure 15. Survival of Alb-iGP_Smarta compared to Alb-iGP control mice. N= 13 mice per group.

49



The lymphoproliferative disease led to lymphoadenopathy and splenomegaly (figure 16a and
b). At young age (8 weeks), no alteration in liver and spleen size as well as no signs of

lymphoadenopathy were observed.
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Figure 16. a) Mice with clinical disease manifestation showed a significant increase in spleen
weight (n=5-8 mice per group). b) Representative image showing increased size of lymph node,
spleen and liver of Alb-iGP_Smarta mice compared to age- and sex-matched control Cdh5-

iGP_Smarta mice.
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Alb-iGP_Smarta mice with and without clinical manifestations were subjected to histological
evaluation of lung, kidney, duodenum, colon and spleen to determine the cause of death. Alb-
iGP_Smarta mice in a late disease stage showed massive lymphocyte infiltration in the lung

and in the kidney. The spleen architecture was lost. In the ileum and colon, only small

infiltrates were detected (figure 17).
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Figure 17. Representative H/E stainings of different organs of Alb-iGP_Smarta mice before and

after clinical manifestation.
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3.6 Study of the effector T cell immune response in Alb-iGP_Smarta mice

3.6.1 Cytokine analysis
Liver NPCs and splenocytes of 8 weeks old Alb-iGP and Alb-iGP_Smarta mice were isolated

and stimulated for 5 hours in the presence of the Golgi inhibitor Golgi Stop. Subsequently,
cells were stained for TNF-a, IFN-y, IL-17 and IL-4. CD4 T cells of Alb-iGP_Smarta mice
produced higher levels of IFN-y in the spleen compared to Alb-iGP controls (mean=11.72% vs
1.96%; SD=7.27; vs. 0.61; p=0.0038; figure 18). Also in the liver of Alb-iGP_Smarta mice, CD4 T
cells produced higher amounts of IFN-y than hepatic CD4 T cells of Alb_iGP controls
(mean=37.51 vs 8.58%; SD=18.81 vs. 5.34; p=0.0018; figure 18).
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Figure 18. Frequency of IFN-y positive CD4 T cells in the spleen (mean=11.72% vs 1.96%;
SD=7.27 vs. 0.61) and in the liver (mean=37.51 vs 8.58%; SD=18.81 vs. 5.34) of Alb-iGP and Alb-

iGP_Smarta mice. N=7-8 mice per group.

CD4 T cells of Alb-iGP and Alb-iGP_Smarta mice produced comparable and very high levels of
TNF-a in the spleen (mean=48.64% vs. 42.14%; SD=14.61 vs. 10.28; p=0.3317; figure 19) as
well as in the liver (mean=46.39% vs. 58.1%; SD=14.43 and 15.16; p=0.1411; figure 19).
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Figure 19. Frequency of TNF-a positive CD4 T cells in the spleen (mean=48.64% vs. 42.14%;
SD=14.61 vs. 10.28) and in the liver of Alb-iGP and Alb-iGP_Smarta mice (mean=46.39% vs.
58.1%; SD=14.43 and 15.16). N=7-8 mice per group.

Interestingly, IFN-y and TNF-a double positive CD4 T cells were increased in Alb-iGP_Smarta
mice in the spleen (mean=12.86% vs 2.27%; SD=5.38 vs. 0.69; p=0.0002) and in the liver
(mean=30.7% vs. 8.2%; SD=15.97 vs. 6.1; p=0.0039; figure 20).
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Figure 20. Frequency of IFN-y and TNF-a double positive CD4 T cells in Alb-iGP_Smarta mice
and Alb-iGP controls in the spleen (mean=12.86% vs 2.27%; SD=5.38 vs. 0.69) and in the liver
(mean=30.7% vs. 8.2%; SD=15.97 vs. 6.1). N=7-8 mice per group.

The production of IL-17 by CD4 T cells was also evaluated. IL-17 production in CD4 T cells was
higher in the spleen of Alb-iGP_Smarta mice compared to Alb-iGP controls (mean=7.1% vs.
1.0%; SD=3.7 vs. 0.68; p=0.0009; figure 21). In the liver, Alb-iGP_Smarta CD4 T cells produced
also higher amounts of IL-17 compared to Alb-iGP control mice (mean=14.8% vs.2.2%;

SD=6.74 vs. 0.86; p=0.0003; figure 21).
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Figure 21. Frequency of IL-17 producing CD4 T cells in the spleen (mean= 1.0% vs. 7.1% SD=0.68
vs. 3.7) and in the liver (mean=2.2% vs. 14.8%; SD= 0.86 vs. 6.74) of Alb-iGP_Smarta and Alb-iGP

control mice. N=7-8 mice per group.

The production of the Th2 cytokine IL-4 was evaluated. The level of IL-4 was low in the spleen
of both Alb-iGP_Smarta and Alb-iGP control mice (mean=1.77; SD=0.70 vs. mean=20.2;
SD=0.44; p=0.8571; figure 22). In the liver, the level of IL- 4 was also low and comparable
between the two lines (mean=3.47; SD= 1.26 vs. mean=5.45; SD=1.42; p=0.2286; figure 22).
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Figure 22. IL-4 production of CD4 T cells in the spleen (mean=1.77; SD=0.70 vs. mean=20.2;
SD=0.44) and in the liver (mean=3.47; SD= 1.26 vs. mean=5.45; SD=1.42) of Alb-iGP_Smarta

mice compared to Alb-iGP controls. N=3-4 mice per group.

Taken together, these data suggest that Alb-iGP_Smarta mice, even at the preclinical stage,

show a Th1l-dominated effector response.
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3.7 Regulatory T cells
CD4 FOXP3 regulatory T cells were analyzed in the spleen and liver of Alb-iGP_Smarta mice

before and after development of clinical disease symptoms. At an early disease stage, Alb-
iGP_Smarta mice had detectable levels of regulatory T cells in the spleen (mean=6.11;
SD=2.63; figure 2 and 23 a) and c) as well as in the liver (mean=6.36; SD=1.61), and nearly
50% were antigen-specific as indicated by tetramer staining (figure 23 a). However, in the late
disease stage, FOXP3+ regulatory T cells were not detectable any longer in the spleen
(mean=0.71, SD=2.63, p=0.0016, figure 23 a) and c) as well as in the liver (mean=0.28,
SD=0.54, p=0.0079, figure 23). These data suggest that the loss of Treg may be important in

disease progression of Alb-iGP_Smarta mice.
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Figure 23. a) Representative dot plot showing splenic FOXP3+ Treg frequency in Alb-iGP_Smarta
mice with and without clinical manifestations. b) Representative immunohistochemical staining

of FOXP3 in Alb-iGP_Smarta mice at an early and late disease stage. c) Frequency of Treg in the
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spleen of Alb-iGP_Smarta mice with (mean=0.714%, SD=0.86) and without (mean=6.11, SD=
2.63) clinical manifestations (left); frequency of Treg in the liver of Alb-iGP_Smarta with
(mean=0.710, SD=0.86) and without (mean=6.36, SD=1.61) clinical manifestations (right). N=5-8

mice per group.

3.7.1 Antigen-specific Treg
GPss-77 specific Treg frequency was analyzed in Alb-iGP_Smarta and compared to Cdh5-

iGP_Smarta mice expressing the autoantigen peptide in endothelial cells. These lines both had
detectable levels of potentially pathogenic autoreactive CD4 T cells (figure 1). However,
whereas Alb-iGP_Smarta mice developed severe autoimmune disease over time (figure 4),
Cdh5-iGP_Smarta mice did not show any symptoms, although autoreactive GPes-77 specific T
cells were present in the periphery (figure 1). This might be explained by the much higher
antigen-specific Treg numbers in Cdh5-iGP_Smarta mice (mean=39.5%; SD=24.25) as
compared to Alb-iGP_Smarta in the periphery (mean=4.55%; SD=1.61; p=0.0009, figure 24).
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Figure 24. a) Dot plot showing the frequency of antigen specific Treg in the spleen of Alb-
iGP_Smarta and Cdh5-iGP_Smarta mice. b) Quantification of splenic antigen specific Treg in
Alb-iGP_Smarta (mean=4.55%; SD=1.61;) and in Cdh5-iGP_Smarta mice (mean=39.5%;
SD=24.25). N=8-10 mice per group.

56



3.7.2 Thymus-derived Treg (tTreg) versus peripheral derived Treg (pTreg)
Thymically generated Treg have been shown to be more stable then peripherally induced

pTreg. It was possible that the predominance of less stable pTreg in the Treg pool of Alb-
iGP_Smarta mice might have accounted for the loss of Treg in the severe phase of
autoimmune inflammation. Indeed, the number of Treg in the thymus of Alb-iGP_Smarta
mice was neglible (figure 2), indicating that the majority of the Treg found in the periphery
were induced from non-Treg. tTreg can be distinguished from pTreg by the surface markers
Neuropilin-1 and Helios. To investigate whether there were differences in frequency of tTreg
or pTreg in Alb-iGP_Smarta and Cdh5-iGP_Smarta mice, thymocytes and splenocytes were
isolated and Helios and Neuropilin-1 expression was analyzed by flow cytometry. Cdh5-
iGP_Smarta mice had significantly higher numbers of Helios and Neuropilin-1 expressing Treg
in the thymus (mean=73.6; SD=7.07; p=0.0159; figure 25) as well as in the periphery
(mean=92.9; SD=3.4; p=0.0159; figure 25) compared to thymus (mean=10.47; SD=2.42) and
spleen (mean=28.48%; SD=13.06) of Alb-iGP_Smarta. These data suggest that the majority of
Treg in Alb-iGP_Smarta mice were probably induced in the periphery. Taken together, the
significant differences in frequency and composition of antigen-specific Treg between Cdh5-
iGP_Smarta mice and Alb-iGP_Smarta mice may be one explanation for the sustained

tolerance in the former and the exacerbation of autoimmune disease in the latter.
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Figure 25. a) Helios and Neuropilin-1 expression on thymic Treg of Alb-iGP_Smarta mice
(mean=10.47; SD=2.42) compared to Cdh5-iGP_Smarta mice (mean=73.6; SD=7.07). b) Helios
and Neuropilin-1 expression on splenic Treg of Alb-iGP_Smarta mice (mean=28.48%; SD=13.06)
compared to Cdh5-iGP_Smarta mice (mean=92.9; SD=3.4). N=4-5 mice per group.

3.7.3 Mean fluorescence intensity (MFI) of FOXP3
The intrahepatic and splenic Foxp3+ Treg were analyzed in the early disease stage. In the

liver, the expression of Foxp3 was selectively reduced in GP61-80 specific Treg (Figure 26), as
indicated by the significantly decreased mean fluorescence intensity (MFI) of Foxp3 in
comparison to the Foxp3 MFI of non-specific Treg (686.8 vs. 1086, p<0.0001). In the spleen,
the expression of Foxp3 was selectively reduced in GP61-80 specific Treg was found (568 vs.
835; p=0.0015, figure 26). Note that reduced Foxp3 expression is linked to Treg instability and
reduced Treg function (59, 60).
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Figure 26. FOXP3 MFI of GP66-77 specific Treg and non-specific Treg in the spleen (568 vs. 835)
and liver (mean=686.8 vs. 1086) of Alb-iGP_Smarta mice. N=4 mice per group.

3.7.4 In vivo short-term Treg enrichment
In some disease context such as experimental autoimmune encephalomyelitis and

experimental type 1 diabetes, selective enrichment of Tregg using IL-2/IL-2Ab complex was
protective (60,61). We tested whether such Treg enrichment may protect Alb-iGP_Smarta
mice from disease development. Therefore, Alb-iGP_Smarta mice were treated for three
consecutive days with IL-2/IL-2Ab complex, which should promote Treg function and survival
due to their high expression of the IL2Ra, or with PBS as control, to assess the expansion of
Treg and disease development. Treg failed to expand in the spleen of IL2/IL-2Ab complex
treated Alb-iGP_Smarta mice (mean=7.69 vs 2.03; SD=1.74 vs. 3.93; p=0.62; figure 27) but
were significantly enriched in the liver (mean=11.83 vs 5.6; SD= 1.60 vs.1.6, p=0.0286, figure
27).
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Figure 27. Splenic and hepatic Treg frequency 7 days after anti IL-2/IL-2Ab complex treatment
for three subsequent days. Treg failed to expand in the spleen (mean=7.69 vs 2.03; SD=1.74 vs.
3.93) but were significantly enriched in the liver as compared to PBS treated controls

(mean=11.83 vs 5.6; SD=1.60 vs.1.6). N=4 mice per group.

Antigen-specific Treg were also enriched in the liver (mean=10.31 vs. 5.3; SD=2.49 vs. 2.72,
SD=2.49, p=0.0286, figure 28).

Spleen
P Liver

151

% FOXP3 of LCMV GPg¢.,; I-Ab tetramer
% FOXP3 of LCMV GPgs 4, I-Ab tetramer

Figure 28. Splenic and hepatic antigen-specific Treg frequency. Treg failed to expand in the

spleen but were significantly enriched in the liver. N=4 mice per group.
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Notably, treatment with IL-2/IL-2Ab not only increased the expression of CD25 on Treg but
also on effector T cells (figure 29). These data indicated that IL-2/IL-2Ab complex treatment

increased the frequency of Treg but also activated effector T cells.
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Figure 29. Representative dot plot showing CD25 expression on Treg and on effector T cells in
the livers of Alb-iGP_Smarta mice on day 7 after IL-2/IL-2Ab (left) or PBS (right) treatment for 3

consecutive days.

3.7.5 Invivo long-term Treg enrichment
Short-term Treg expansion was achieved in the liver of Alb-iGP_Smarta mice in the early

preclinical phase (8 weeks). Therefore, we hypothesized that long-term Treg enrichment
might be protective or at least delay the clinical disease onset in Alb-iGP_Smarta mice. In
order to assess the protective function of Treg enrichment, IL-2/IL-2Ab complex or PBS was
administered weekly on three consecutive days for 24 weeks, and disease development was
monitored. The experiment was started at 8 weeks of age, in an early disease stage. All the
treated groups and the PBS control group were looking healthy at the beginning of the
experiment. As shown in Figure 4, normally, Alb-iGP_Smarta mice start to show clinical
manifestation at 20 weeks of age. Mice of the IL-2/IL-2Ab treated group showed clinical
manifestations already after 16 weeks upon beginning of treatment. On the contrary, none of
the PBS treated mice showed clinical manifestations at this early time point. At week 25, the
experiment was terminated because two out of the four remaining mice in the treated group

were moribund (p=0.0072, figure 30).
61



100 !

== TREATED
80 - == PBS

60 -

40 4

Percent survival

201 *%

weeks

Figure 30. Survival curve showing IL-2/IL-2Ab treated compared with PBS treated

Alb_iGP_Smarta mice. N=7 mice per group.

Liver histology of the treated mice showed bigger infiltrates compared to the PBS-treated

group (figure 31).

IL-2/IL-2Ab PBS

Figure 31. Representative H/E staining of IL-2/IL-2Ab treated mice compared to PBS controls.

Taken together these data show that Treg expansion via IL-2/IL-2Ab treatment did not protect
Alb-iGP_Smarta mice from disease development, it seemed to even have side effects by

accidential activation of pathogenic effector T cells, which also respond to the IL-2.
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3.7.6 IL-12 expression
The failure of enriched Treg to suppress disease development in Alb-iGP_Smarta mice may be

exlapined by defective IL-12 signalling as it was shown before (46). Therefore, the expression
of IL-12a IL-12b, IL12rb1 and IL-12rb2 was investigated in the liver of late stage Alb-
iGP_Smarta mice. IL-12a was significantly upregulated in the liver of late stage Alb-
iGP_Smarta mice compared to Alb-iGP control mice (mean=9.023 vs. 1, SD=6.39 vs. 0.64;
p=0.0063; figure 32). IL-12b was also upregulated in the liver of Alb-iGP_Smarta mice
compared with Alb-iGP controls (mean =13.09 vs. 1; SD=10.02 vs. 0.48; p=0.0078). The
receptor of IL12, IL12rb1 was upregulated in the liver of Alb iGP_Smarta comped to control
mice (mean=24.4 vs. 1; SD=13.64 vs. 0.65; p=0.0006) as well as [L12rb2 (mean=59.57 vs. 1;
SD=6.39 vs. 0.64; p=0.0044).
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Figure 32. Hepatic IL12a (mean=9.023 vs. 1; SD=6.39 vs. 0.64) and IL12b (mean =13.09 vs. 1;
SD=10.02 vs. 0.48) expression in late stage Alb-iGP_Smarta mice compared to Alb-iGP controls.

N=7 mice per goup.

The receptor of IL12, IL12rb1 was upregulated in the liver of Alb iGP_Smarta comped to
control mice (mean=24.4 vs. 1; SD=13.64 vs. 0.65; p=0.0006) as well as IL12rb2 (mean=59.57
vs. 1; SD=6.39 vs. 0.64; p=0.0044; figure 33).
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Figure 33. Hepatic IL12rb1 (mean=24.4 vs. 1; SD=13.64 vs. 0.65) and IL12rb2 (mean=59.57 vs. 1;
SD=6.39 vs. 0.64) expression in the late stage Alb-iGP_Smarta compared to control mice. N=7

mice per group.

3.7.7 Cytokine production by Treg
Although Treg are normally associated with the production of anti-inflammatory molecules

such as IL-10 and TGF-3, they may also acquire a T helper-like phenotype that is associated
with the production of inflammatory cytokines and the loss of their suppressive capacity
(72,73). We therefore tested cytokine production by Treg in Alb-iGP_Smarta and Alb-iGP or
Smarta control mice. Liver NPCs and splenocytes were stained for TNF, IFN-y, IL-17 and
FOXP3. Treg of all the transgenic mouse strains produced comparable low levels of TNF and
IFN-y in the spleen as well as in the liver, suggesting that production of these cytokines by

Treg may not be relevant in disease pathogenesis (figure 34).
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Figure 34. Frequency of IFN-y and TNF-a producing Treg in spleen and liver of Smarta, Alb-iGP

and Alb-iGP_Smarta mice. N= 3 to 4 mice per group.

To assess the actual inflammatory cytokine expression in the autoantigen-specific Treg, TNF-a
and IFN-y production was evaluated in GPss.77 specific Treg. As shown for bulk Treg, also
antigen-specific Treg produced low amounts of TNF and IFN-y in the spleen (mean=0.84;
SD=0.49; figure 35) and in the liver (mean=2.68; SD=1.82; figure 35) of Alb-iGP_Smarta mice

as compared to Smarta controls.
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Figure 35. Frequency of IFN-y and TNF-a producing GPss-77 specific Treg in spleen and liver of

Smarta and Alb-iGP_Smarta mice. N= 3 to 4 mice per group.
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The levels of IL-17 produced by bulk Treg in the liver and in the spleen were comparable

between all the lines (Figure 36).

Spleen Liver

407 301

% IL-17 of FOXP3
% IL-17 of FOXP3

Figure 36. Frequency of IL-17 producing Treg in spleen and liver of Smarta, Alb-iGP and Alb-

iGP_Smarta mice. N= 3 to 4 mice per group.

Differences in the production of IL-17 between tetramer positive (GP66-77 specific) and
tetramer negative (non GP66-77 specific) Treg were evaluated in Alb-iGP_Smarta mice.
Surprisingly, antigen-specific Treg produced higher amounts of IL-17 compared to tetramer
negative Treg in the spleen of Alb-iGP_Smarta (mean=6.06; SD=2.95; vs. mean= 16.88;
SD=11.28; p=0.1143; figure 37). In the liver, the difference was even more pronounced
(mean=15.25; SD=4.37; vs mean= 27.65; SD= 3.54; p=0.0286; figure 37). Taken together,
although bulk Treg seemed to have a similar cytokine profile in Alb-iGP_Smarta and control
mice, the autoreactive Treg in Alb-iGP_Smarta mice selectively acquired a T helper 17-like

phenotype that might counteract their regulatory function.
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Figure 37. Production of IL-17 by non-antigen specific vs antigen specific Treg in the spleen
(mean=6.06; SD=2.95; vs. mean= 16.88; SD=11.28) and liver (mean=15.25; SD=4.37; vs mean=
27.65; SD= 3.54) of Alb-iGP_Smarta mice. N=4 mice per group.
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3.8 Inflammatory monocytes
In order to further define which cell types may contribute to the activation and expansion of

autoreactive effector CD4 T cells, 8 weeks old asymptomatic Alb-iGP_Smarta and Alb-iGP
control mice were stained for inflammatory monocytes in the spleen and in the liver. Higher
frequency of inflammatory monocytes was found in Alb-iGP_Smarta compared with Alb-iGP
control mice in the spleen (mean=0.15 vs. 0.5; SD=0.017 vs.0.15; p=0.0159; figure 38) but not
in the liver as in the liver (mean=1.3; SD=0.42; p=0.19). These data suggest that inflammatory
monocytes may not be relevant for the pathogenic activation of autoreactive CD4 T cells in

the early disease phase.
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Figure 38. Frequency of inflammatory monocytes in the spleen (mean=0.50; SD=0.15) and liver
(mean=1.3; SD=0.42; p=0.19) of Alb-iGP_Smarta and in the spleen (mean=0.15; SD=0.017) and
liver (mean= 0.95; SD=0.42) of Alb-iGP cotrols. N=4-5 mice per group.
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3.9 Macrophages
Splenocytes and hepatic NPCs of early stage Alb-iGP_Smarta and Alb-iGP control mice were

isolated and stained for macrophages in the liver and spleen. No differences were found in
the frequency of macrophages in Alb-iGP_Smarta compared with Alb-iGP control mice in the
spleen (mean=2.88; SD=0.96; P=0.1111; figure 39) as well as in the liver (mean=1.5; SD=0.86;
p=0.1667). These data suggest that macrophages may also not be relevant for the pathogenic

activation of autoreactive CD4 T cells in the preclinical disease stage.
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Figure 39. Frequency of macrophages in the spleen (mean=2.88; SD=0.96) and liver (mean=1.5;

SD=0.86) of Alb-iGP and and Alb-iGP_Smarta do not differ. N=4-5 mice per group.
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3.10 Dendritic cells are enriched in Alb-iGP_Smarta mice in the preclinical stage
Splenocytes and liver NPCs were isolated from early disease stage Alb-iGP_Smarta mice and

Alb-iGP controls and stained by flow cytometry for the DC marker CD11c. In the spleen, Alb-
iGP_Smarta mice showed higher frequencies of CD11c+ cells compared to Alb-iGP controls
(mean=4.21; SD=1.48; p=0.0159; vs. mean=1.86; SD=0.13; figure 40). In the liver, CD11c+ cells
further increased in Alb-iGP_Smarta mice (mean=15.94; SD=4.19; p=0.0159, figure 40),
suggesting that DCs may be important drivers of autoreactive T cell activation already at the

subclinical stage.
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Figure 40. Frequency of CD11c+ cells in the spleen of Alb-iGP (mean=1.86; SD=0.13) compared
to Alb-iGP_Smarta mice (mean=4.26; SD=1.48) and in the liver of Alb-iGP (mean=8.39; SD=0.58)
and Alb-iGP_Smarta mice (mean=15.94; SD=4.19).

The high frequency of DCs was further confirmed by immunofluorescence staining on frozen
liver sections. At an early disease stage, Alb-iGP_Smarta mice showed CD11c positive cells
located within the ELTs as well as in the periportal tracts (figure 41). At 30 weeks of age upon
clinical manifestation, the frequency of DCs had further increased. Interestingly, DCs are in
close contact to CD4 T cells. These data indicate that DCs may be pathogenic drivers of

autoreactive CD4 T cell activation.
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Figure 41. Representative immunofluorescence staining of Alb-iGP and Alb-iGP_Smarta mice. In

green CD4 T cells and in red CD11c positive DCs are shown. Nuclei were counterstained in blue.

3.10.1 Phenotype of hepatic DCs
To identify which subset of DCs was most represented in Alb-iGP_Smarta mice, an

immunofluorescence staining was performed in liver samples of mice with and without
clinical manifestations. Different subsent of DCs with disptinct phnotype and function have
benn descryibed. Plasmacytoid dendtritic cells (pDCs), which produces type 1 interferons,
IL12 and IL-6 (63). Conventional dendritic cells type 1 (cDC1) cross-present antigens and
activate Thl response. Conventional dendritic cells type 2 (cDC2) induces Th2 and Th17
response (64). Liver sections were stained for CD11c, CD172a and MHCII to identify cDC2 and
for CD11c, B220 and CD317 for pDCs. As seen in figure 42, the majority of DCs were also
CD172a and MHC Il positive indicating that they were cDC2. Interestingly, already at 8 weeks
of age at an early disease stage, cDC2 numbers were elevated, indicating that they might be

pathogenic drivers of CD4 T cells.
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Figure 42. Representative immunofluorescence staining of Alb-iGP_Smarta mice before and

after clinical disease manifestation. In red is shown CD11c, in green CD172a and MHCII in pink.

Nuclei are counterstained in blue. All images were acquired at 10X magnification.

In contrast, few DCs were CD11c+, B220+ and CD317+ pDCs before and after appearance of

any clinical manifestations (Figure 43).
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Figure 43. Representative immunofluorescence staining of Alb-iGP_Smarta mice before and

after clinical disease manifestation. In red is shown CD11c, in green CD317 and B220 in pink.

Nuclei are counterstained in blue. All images were acquired at 10X maghnification.
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3.10.2 DCs are enriched in human AIH
The presence of CD11c+ DCs in human AIH samples was evaluated by immunohistochemistry.

An increase frequency of DCs was observed in AlH, similar to Alb-iGP_Smarta mice (figure 44).

Figure 44. Representative immunohistochemical cd11c staining of a liver biopsy of AIH patient.

10X

3.10.3 Autoantigen-presentation by DCs is required for the activation of adoptively transferred
autoreactive CD4 T cells

To directly address the hypothesis that in Alb-iGP_Smarta mice, the presentation of the
hepatocytic autoantigen GPs1-30 to autoreactive CD4 T cells, adoptive transfer experiments
were performed. Therefore, 10° congenic CD4 CD25 GPg1-go-specific non-Treg from Smarta
mice were transferred into Alb-iGP recipient mice that express the antigen by hepatocytes,
into Itgax-iGP mice that express the antigen by DCs or into Alb/Itgax-iGP mice that express the
antigen by hepatocytes and DCs. After seven days from the transfer, the spleen size,
frequency of the transferred autoreactive T cells in spleen and liver, and liver inflammation
were evaluated. Itgax-iGP and Alb/Itgax-iGP mice developed splenomegaly comparable to Alb-
iGP_Smarta mice (figure 45; figure 10 showing splenomegaly in Alb-iGP_Smarta). In Alb-iGP
mice, the spleen remained normal. Thus, autoreactive CD4 T cells expanded only in Itgax-iGP
and Alb/Itgax-iGP mice (figure 46), indicating that efficient antigen presentation by DCs is

necessary to drive the expansion of pathogenic autoreactive CD4 T cells.
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Figure 45. Representative image showing the size of the spleen of Itgax-iGP, Alb/Itgax-iGP and
Alb-iGP mice after transfer of 10° Smarta CD4 T cells (day 7).
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Figure 46. Frequency of autoreactive CD4 T cells in Itgax-iGP, Alb/Itgax-iGP and Alb-iGP mice

after 7 days of transfer in the spleen and liver. N=4 mice per group.

Histologically, the liver of Itgax-iGP and Alb/ Itgax-iGP mice were comparable and showed
periportal lymphocytic infiltration, whereas Alb-iGP control mice did not show any

accumulation of infiltrating cells (figure 47)
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Figure 47. Representative H/E staining of Itgax-iGP, Alb/Itgax-iGP and Alb-iGP mice upon

transfer of 10° antigen-specific cells. Mice were opened 7 days after transfer. N=4 mice per

group.

Taken together, these data show that transferred antigen-specific CD4 T cells massively
expanded when the antigen was presented by DCs, leading to splenomegaly and hepatic
lymphocyte infiltration that mirrored the phenotype observed in Alb-iGP_Smarta mice in the
subclinical stage. Thus, autoantigen presentation by DC seems to be a decisive mechanism for
the efficient activation of autoreactive cells that might explain the development of
autoimmune liver disease over time in Alb-iGP_Smarta mice. Trensfer experiments suggests
that DCs can activate antigen-specific cells. DCs are enriched in Alb-iGP_Smarta mice already
at preclinical stage. We hypothesize that DCs in Alb-iGP_Smarta mice might capture the

antigen from dying hepatocytes, thus leading to proliferation of autoreactive T cells.
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4. DISCUSSION

The overall aim of this study was to understand the immunological mechanisms underlying
the breach of hepatic tolerance and the exacerbation of AIH. We aimed to clarify the
mechanisms that induce AlH, study the role of ignorant autoreactive T cells, the phenotype
and function of autoreactive Treg, and the so far elusive role of ELTs in AIH development. To
do that, we generated four different transgenic mice expressing the LCMV GP61-80
glycoprotein by different cell types (hepatocytes, DCs, endothelial cells and macrophages).
ltgax-iGP_Smarta and Lyz2-iGP_Smarta mice express GP61-80 by DCs and macrophages
respectively. Cdh5-iGP_Smarta by endothelial cells, and Alb-iGP_Smarta mice by hepatocytes.

All mice strains mice also bear a transgenic TCR specific for GP61-80.

4.1 Tolerance mechanisms in thymus and periphery
We analyzed antigen-specific CD4 T cells in the thymus and spleen of Alb-iGP_Smarta, Cdh5-

iGP_Smarta, Lyz2-iGP_Smarta and Itgax-iGP_Smarta mice to detect which tolerance
mechanisms were active in the different strains in order to prevent autoimmunity. Itgax-
iGP_Smarta and Lyz2-iGP_Smarta mice showed almost total deletion of single positive GP61-
80 specific T cells in the thymus and in the periphery. Cdh5-iGP_Smarta mice displayed only
partial deletion in the thymus but a considerable number of autoreactive CD4 T cells was
deleted in the periphery. Autoreactive CD4 T cells were largely ignored in Alb-iGP_Smarta
mice as no deletion occured in the thymus and only a small fraction of these cells were

deleted in the spleen.

Treg were generated in the thymus of all the lines except Alb-iGP_Smarta and Smarta control
mice, which showed detectable levels of Treg only in the periphery. These data are consistent
with the previous finding that tolerance is established by different mechanisms, depending on
the site of self-peptide expression (59). When the peptide is uniformly presented in the
thymus by thymic epithelial cells, clonal deletion of autoreactive cells is the main mechanism
of tolerance. On the contrary, ignorance is the mechanism that occurs in case the peptide is
not presented in the thymus. When the peptide is expressed at an intermediate level in the
thymus, only partial deletion accompanied by tTreg induction occurs (59). Our findings are in
line with the published observations; suggesting that central deletion mechanisms are

prominent in Itgax-iGP_Smarta and Lyz2-iGP_Smarta mice because the antigen is present at
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high level in the thymus. Partial deletion and tTreg induction occured in Cdh5-iGP_Smarta
mice, as previously observed for tissue-restricted antigens, that are only moderately present
in the thymus (59). Autoreactive CD4 T cells were ignored in Alb-iGP_Smarta mice, suggesting
that in these mice, thymic autoantigen presentation was completely absent. In light of these
findings, it is not surprising that none of the monitored lines developed spontaneous
autoimmune disease, except for Alb-iGP_Smarta mice. Indeed, Alb-iGP_Smarta mice
developed AlH-like disease because of the lack of deletional tolerance in thymus and
periphery, which enabled the proinflammatory activation of GP61-80 recognizing Smarta T
cells. Of note, whereas in the study by Malhotra D. et al. (59) the behaviour of autoreactive T
cells might have been influenced by immunization, we performed autoreactive T cell
characterization in treatment-naive mice. Moreover, peripheral deletion mechanisms had not
been considered in the aforementioned study and clinical signs of autoimmunity had not

been monitored.

4.2 Alb-iGP_Smarta mice as a new mouse model for AIH
Alb-iGP_Smarta mice were analyzed in detail because of their high frequency of autoreactive

CD4 T cells in the thymus as well as in the spleen and liver. We also analyzed the phenotype
of polyclonal and GP61-80 specific CD4 T cells in the spleen and liver. We observed that
antigen-specific CD4 T cells had a CD44Me"CDE2L'°W effector/memory phenotype, explaining
the finding that Alb-iGP_Smarta mice were prone to develop autoimmune disease.
Accordingly, the frequency of naive CD4 T cells was reduced in Alb-iGP_Smarta mice
compared to Smarta controls. These data strongly suggest that CD4 T cells were antigen-
experienced in Alb-iGP_Smarta mice. In the future, it would be interesting to include CD69
and CD103 in the panel of T cell surface markers to assess the presence of tissue-resident

memory CD4 T cells in the liver.

Starting at the age of 19 weeks, Alb-iGP_Smarta mice developed autoimmune liver disease
with some features of human AIH. Already at an early disease stage (8 weeks), Alb-
iGP_Smarta mice showed an elevated mHAI score, high levels of IgG in the sera and the
presence of ANAs at relevant titers. At this early stage, transaminases were not elevated. In a
later disease stage, clinical symptoms were evident, and the mice showed also portal

inflammation with interphase hepatitis accompanied by elevated transaminase levels and a

77



further increase in the mHAI score. Similarly to human AlIH, CD4 T cells were dominating the
infiltrate (40). Thus, the new mouse model characterized in this study seems to be suitable to
mimic human AlIH. However, when the activation of autoreactive T cells exceeded a certain
threshold, Alb-iGP_Smarta mice developed fulminant multi-organ inflammation which
resulted in a mortality rate of 50% at the age of 30 weeks. Unlike other mouse models of AlH
that develop transient liver inflammation (29-39), AlH in Alb-iGP_Smarta mice was followed
by proliferation of autoreactive CD4 T cells in multiple organs causing lymphadenopathy and
hepatosplenomegaly. Interestingly, some AlH patients may also develop splenomegaly and/or

hepatomegaly (65).

4.3 Role of ELTs in AIH development
ELTs are organized structures of T cells, B cells and antigen-presenting cells such as DCs. ELTs

have been described in the target organ of several autoimmune diseases like salivary gland in
Sjorgen syndrome (SS) and kidneys in systemic lupus erythematosus (48,49). Interestingly, not
every patient shows the formation of ELTs in the target organ (48,49,66). The presence of
ELTs in the target organ is associated with worse prognosis. For example, SS patients that
develop ELTs are more likely to develop B-cell lymphomas (66). As mentioned above, ELTs
work as germinal centers promoting affinity maturation of autoreactive B cells into plasma
cells (48,49). Alb-iGP_Smarta mice showed formation of ELTs in the liver already at an early
disease stage. With disease progression, ELTs disappeared as they merged with the hepatic
infiltrate. However, B cells and DCs were still highly represented at an advanced disease stage
even though dispersed into the larger periportal infiltrates of interphase hepatitis. In contrast,
ltgax-iGP_Smarta, Lyz2-iGP_Smarta, Cdh5-iGP_Smarta mice as well as Smarta and Alb-iGP
controls did not develop ELTs in the liver (data not shown). One might speculate that blocking
the formation of these structures could protect Alb-iGP_Smarta mice from disease
development or at least delay the clinical manifestation. As mentioned in the introduction, in
patients with rheumatoid arthritis, anti TNF-a treatment was found to revert ELT formation,
showing the importance of this cytokine in the maintenance of ELTs (66). We are planning to
perform an anti-TNF-a treatment in Alb-iGP_Smarta mice and monitor ELT disaggregation as
well as disease development. Moreover, as ELTs are composed mostly of segregated T and B
cells, it is planned to perform B cell depletion experiments with anti-B220 and anti-CD19 to

check ELT reversion and disease development. We hypothesize that these transient structures
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that boost the immune response may be present in human AIH as well. Unfortunately, AlH
patients are normally diagnosed at an advanced disease stage, when these structures are also
absent in mice. Importantly, AIH patients at an advance disease stage, have an increased

amount of B cells (23) and DCs (figure 44), like in Alb-iGP_Smarta mice.

4.4 Effector immune response in Alb-iGP_Smarta mice
We could detect an increased co-production of TNF-a and IFN-y by CD4 T cells in the liver of

Alb-iGP_Smarta mice. This is an interesting similarity to human AlH, because in a recent study
of our department, it was found that TNF-a/IFN-y producing Th1 cells are expanded in AlIH
patients (manuscript under revision). Importantly, anti TNF-a treatment was shown to be
effective in difficult-to treat AIH patients, highlighting the importance of this cytokine in
disease perpetuation (67). The production of IL-4 was also evaluated. Alb-iGP_Smarta mice
did not produce high levels of IL-4, suggesting that Th2 cells may not be relevant in AlH
disease progression. However, IL-17 production was also increased in Alb-iGP_Smarta mice,
indicating that Th17 might be important in disease pathogenesis and progression.

Interestingly, higher levels of IL-17 are also found in patients with AIH (68).

4.5 Regulatory T cells in Alb-iGP_Smarta mice
We compared Treg from the early and late disease stage in Alb-iGP_Smarta mice. Treg were

present in a normal frequency as compared to Smarta controls in an early disease stage.
However, in an advanced disease stage FOXP3+ Treg were not detectable in the spleen as well
as in the liver anymore. In vivo ablation of FOXP3 causes systemic autoimmunity characterized
by lymphoadenopathy and splenomegaly (69). In Alb-iGP_Smarta mice, it is not clear which
mechanism drives the loss of FOXP3. It is possible that antigen-specific Treg are not enough in
number to suppress the high frequency of autoreactive effector cells in the long run. Cdh5-
iGP_Smarta mice showed much higher frequencies of antigen-specific Treg, which might
explain why these mice were protected from the development of AIH. One other reason for
the observed loss of Treg in sick Alb-iGP-Smarta mice might be their origin. tTreg originate in
the thymus and pTreg are induced in the periphery. These cells differ in the methylation
status of the Foxp3 Treg-specific demethylated region (TSDR) and in their stability (8-11). The

continuous antigen exposure in the thymus makes tTreg more stable. This is because tTreg
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also have a constantly demethylated TSDR. On the contrary, pTreg have a highly methylated
TSDR region, thus rendering these cells less stable (70). In an ongoing experiment, we are
currently analyzing this issue in autoantigen-specific and, as control, in polyclonal Tregs from
Alb-iGP_Smarta mice. Notably, we found that antigen-specific Treg express low levels of
Helios and Neuropilin-1 in the thymus and spleen of Alb-iGP_Smarta mice, suggesting that
these cells are pTreg generated in the periphery. On the contrary, Treg from Cdh5-
iGP_Smarta mice expressed high levels of Helios and Neuropilin-1 suggesting that they have
more tTreg generated in the thymus. Therefore, the composition of the Treg pool in Alb-
iGP_Smarta mice that is dominated by pTreg and that lacks tTreg might contribute to the loss
of immune tolerance and the development of AlIH in Alb-iGP_Smarta mice. The lower Treg
stability was further confirmed by the observation that antigen-specific Treg had a decreased
level of FOXP3 expression as indicated by a lower MFI as compared to non-specific Treg,

which is indicative of lower stability (58,59).

Of note, Treg can lose the expression of Foxp3 and become “ExTreg” that produce INF-y and
IL-17 upon IL-2 depletion and strong TCR interaction with antigens and cytokines (71). This is
an intriguing explanation for the loss of these cells. However, without fate mapping mice
allowing to monitor the conversion of Tregs into effector cells, it will remain difficult to prove,

whether such inflammatory T cell conversion might also happen in Alb-iGP_Smarta mice.

Normally, Treg produce suppressive cytokines such as [L-10, but under inflammatory
conditions, they can also acquire T helper cell function and start to produce IFN-y (Th1 like) or
IL-17 (Th17 like) while maintaining FOXP3 expression. Such potentially pathogenic Treg are
found in several autoimmune diseases such as psoriasis (72). In Alb-iGP_Smarta mice, we
observed an increased frequency of GP61-80 specific Treg that produced high levels of IL-17.
It is tempting to speculate that these Th17-like Tregs might have contributed to the disease
pathogenesis. Indeed, it has been reported that the acquisition of Th17-like features may
result in reduced suppressive potential of Treg under inflammatory conditions (73). However,
it is not clear whether Th17-like Tregs are a stable cell type or whether they reflect an

intermediate state in a conversion process (58,59).

Enrichment of Treg with the IL-2/IL-2ab complex was proven to be effective in treatment of
experimental autoimmune encephalomyelitis and experimental type 1 diabetes (60,61) but

not in a mouse model of PSC due to a defective IL-12 signaling which impaired the
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suppressive capacity of the expanded Treg (62). We successfully enriched Treg with IL-2/IL-
2ab complex in the liver of Alb-iGP_Smarta mice, but not in the spleen. However, the hepatic
Treg expansion in Alb-iGP_Smarta mice was not as prominent as in the previously published
data (62). Next, we observed that IL-2/IL-2ab complex also drives the expansion of
CD25MehFOXPnes effector cells. This data indicates that although IL-2/IL-2ab complex seems to
be a suitable method for expansion of Treg in vivo, as a side-effect, it concomitantly can
induce an increase of potentially pathogenic CD4 effector T cells. In particular, in light of the
currently ongoing clinical trials evaluating IL-2 treatment for Treg expansion in patients (74),
our findings sound a note of caution. Along these lines, in a long-term Treg enrichment
experiment using the IL-2/IL-2ab complex treatment Alb-iGP_Smarta mice were not rescued.
On the contrary, the treatment seemed to accelerate disease development. This failure in
suppression may be explained by a concomitant expansion of Tregs, but also of autoreactive

effector T cells.

Another mechanism that seemed to be involved in Treg failure in Alb-iGP_Smarta mice is
increased IL-12 signalling. According to the study showing IL-12 dependent hepatic Treg
dysfunction in a mouse model of PSC (62), our data showed that the IL-12 receptor subunits
IL-12rb1 and IL-12rb2 were upregulated in the livers of Alb-iGP_Smarta mice in the late
disease stage. We also observed high expression levels of IL-12a and IL12b in the liver of Alb-
iGP_Smarta mice in the late disease stage. Overall, these data suggest that Treg in Alb-
iGP_Smarta mice may have an impaired suppressive capacity. However, further in vitro

suppression assays will be required to confirm this hypothesis.

Taken together, these data indicate that Treg were present in the liver of Alb-iGP_Smarta
mice, were mostly generated in the periphery, were less stable, could acquire a T helper-like
phenotype and produce effector cytokines such as IL-17, and were not suppressive enough to
prevent the expansion of autoreactive effector cells. When the disease was in a late stage,
Treg were not detectable anymore, presumably due to the massive outgrowth by effector
cells or their acquisition of pro-inflammatory features. Treg dysfunction in our AIH model
seemed to occur selectively in autoantigen-specific Tregs, and as an adaptation to sustained
moderate inflammatory conditions and ELT formation in the liver in the early disease stage.
Thus, it is possible that the selectively reduced functionality of GP61-80-reactive Tregs was a

consequence of their stimulation in portal ectopic lymphoid tissue.
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4.6 Pathogenic drivers of autoreactive CD4 T cell activation
We investigated which cells may be the drivers of pathogenic activation of autoreactive CD4 T

cells leading to AIH in Alb-iGP_Smarta mice. The number of inflammatory monocytes,
macrophages and neutrophils did not differ between Alb-iGP_Smarta and control mice, at
least not in the early stage, suggesting that these cells were not critically involved in disease
pathogenesis. However, we observed an increased frequency of DCs in the liver of Alb-
iGP_Smarta mice. DCs were also present within ELTs in an early disease stage suggesting that
as professional antigen-presenting cells, they may drive the activation of autoreactive CD4 T
cells. To assess the role of DCs in more detail, we had a look on different DC subtypes,
including cDC1, cDC2 and pDC. cDC1 cross-present antigen and polarize CD4 T cells to a Thl
phenotype whereas cCD2 foster the differentiation into Th2 or Th17 cells (63,64). pDCs
produce high amounts of type 1 interferons (63,64). Interestingly, we observed high
frequencies of cDC2 in the liver of Alb-iGP_Smarta mice and few pDC. In the future, we will
better characterize the different DC subsets in Alb-iGP_Smarta mice, not only phenotypically
as shown in the current study, but also functionally. So far, few studies have analyzed the role
of DCs in AlIH pathogenesis, both in mice and patients. However, in addition to our mouse
study, we have stained liver sections of some AIH patients and observed a very high
frequency of CD11c+ DCs in the infiltrates. As in mice, we will also perform further studies

with patient samples to characterize the different DCs subsets in human AlH as well.

Next, we performed adoptive transfer experiments to confirm the importance of DCs for
autoreactive T cell activation and AIH pathogenesis. We found that transfer of antigen-
specific Smarta cells into Itgax-iGP mice (expressing the antigen solely in DCs) led to
proliferation of the autoreactive T cells in the spleen and in the liver. The liver showed high
portal infiltration as shown by histology. We observed the same proliferation of autoreactive
T cells and the same level of portal infiltration in Itgax/Alb-iGP mice (expressing the antigen in
DCs and hepatocytes) after transfer of antigen-specific Smarta cells. Interstingly Alb-iGP mice
did not develop portal infiltration and CD4 T cells proliferated less compared to Itgax/iGP and
Itgax/Alb-iGP mice. This could be explained by the fact that in steady state hepatocytes do not
express MHCII (75). However, during inflammatory conditions hepatocytes can upregulate
MHCII and activate CD4 T cells (75). These data indicate that autoantigen presentation by DCs

fosters the activation of autoreactive T cells in the liver. Taken together, these data show that
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DCs are required for disease development and are the pathogenic drivers of autoreactive CD4

T cells in our model.

4.7 Future perspectives

4.7.1 Pre-clinical evaluation of new therapeutic options for AlH in Alb-iGP_Smarta mice
We will test different therapeutic approaches for the treatment of human AIH in Alb-

iGP_Smarta mice, both in early disease stage and after clinical manifestation. The resulting
data of these pre-clinical studies might lead to the development of new treatment strategies

that on the long-term might be translated into clinical applications.

1) Regarding the finding that ELTs in the liver of Alb-iGP_Smarta mice might function as an
inflammatory hub already in an early disease stage, we will try to prevent ELT formation or

dissolve already existing ELTs by antibody-mediated depletion of B cells.

2) Based on the recent findings of our colleagues that TNF seems to be a major pathogenic
mediator in human AIH and the presence of TNF-producing autoreactive T cells in Alb-
iGP_Smarta mice, we will evaluate anti-TNF treatment in our newly established mouse model

of AlH.

3) LSEC are liver-resident APCs which have an important role in inducing hepatic tolerance by
suppressing effector CD4 T cells and by generating Treg (76,77). It was recently published that
nanoparticle-based autoantigen delivery to liver sinusoidal endothelial cells (LSEC) enables
the control of autoimmunity by inducing antigen-specific Treg (78). Making use of such
nanoparticles, we want to selectively deliver GP61-80 peptide to LSEC of Alb-iGP_Smarta
mice, in order to boost the production of antigen-specific Treg that might protect from
development of severe clinical AIH. Even more importantly, we want to check if these
nanoparticles have a therapeutic potential also in the late stage, in Alb-iGP_Smarta mice with

clinical manifestation.

4.7.2 Antigen-presenting cells in AIH
In Alb-iGP_Smarta mice the autoantigen is solely expressed in hepatocytes. However, at least

under homeostatic conditions, hepatocytes do not express significant amounts of MHC Il (75).
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Thus, neighbouring APCs, including DCs, B cells or LSECs have to be involved in the activation

of the autoreactive T cells in Alb-iGP_Smarta mice.

In the present study, we could show that DCs and also B cells are present in the hepatic
infiltrates of Alb-iGP_Smarta mice, suggesting that they might be involved in pathogenic
autoantigen-presentation. Moreover, it is known that also LSEC can present antigens to CD4 T

cells, however this normally leads to CD4 T cell tolerance (76,77).

In order to study the respective contributions of B cells or endothelial cells to the activation of
autoreactive cells in the liver, we will breed CD19/Alb-iGP_Smarta mice and Cdh5/Alb-
iGP_Smarta mice, in which the autoantigen is expressed concomitantly in hepatocytes and B
cells or hepatocytes and endothelial cells. Moreover, in these mice we will evaluate whether
antigen co-presentation by B cells or endothelial cells might lead to the maintenance of

tolerance or the development of autoimmunity.

4.7.3 Treg stability and function in Alb-iGP_Smarta mice
To further study stability and function of the Treg in Alb-iGP_Smarta mice, we are breeding

the FOXP3-GFP reporter mice into the Alb-iGP_Smarta and Cdh5-iGP_Smarta mouse strains.
This will allow us to sort highly pure GFP-expressing Foxp3 positive Tregs. For the moment, we
rely on the rather unspecific surface markers CD4 and CD25. The highly pure Tregs will then
be obtained from the liver, separated in autoantigen specific versus non-specific Tregs and
further characterized in terms of stability by methylation analysis of the Treg-Specific
Demethylated Region (TSDR) which stabilizes FOXP3 expression and in terms of function in in

vitro suppression assays.
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5. SUMMARY

The overall aim of this study was to understand the immunological mechanisms underlying
the breach of hepatic tolerance and the exacerbation of AlH. In this study we described a new
mouse model of spontaneous CD4 T cell-driven AlH, which allowed us to elucidate several
potential key factors in AIH pathogenesis. First, we demonstrated that the lack of deletional
tolerance due to antigen ignorance of GP61-80-reactive CD4 T cells enabled the recognition
of their cognate antigen in hepatocytes (Alb-iGP_Smarta mice) and spontaneous
development of typical AlH-like disease features. Macrophages (Lyz2-iGP_Smarta mice) and
dendritic cell (ltgax-iGP_Smarta mice) expression of the LCMV GP61-80 antigen lead to
deletional tolerance of autoreactive CD4 T cells in the thymus. Endothelial (Cdh5-iGP_Smarta
mice) expression of the antigen led to partial deletion of autoreactive CD4 T cell in the thymus
and in the spleen. These mice showed few effector CD4 T cells but generated high
frequencies of antigen-specific Treg. According to their respective pool of autoreactive T cells,
except Alb-iGP_Smarta mice, all other strains were protected from autoimmune disease

development.

Next, we clarified the mechanisms that induce AIH in Alb-iGP_Smarta mice. In particular, we
found that AIH was driven by maturation of previously ignorant autoreactive CD4 effector T
cells towards IFN and TNF co-producers as well as IL-17 producers. Moreover, the activation
of the GP61-80-reactive CD4 T cells seemed to occur in ectopic lymphoid tissue, which

transiently formed within hepatic portal fields of Alb-iGP_Smarta mice.

Subsequently, we analyzed the frequency and the phenotype of Treg. We found that the
majority of Treg in Alb-iGP_Smarta mice were pTreg, that are less stable then tTreg.
Interestingly, GP61-80 specific Treg showed lower Foxp3 expression than non-specific Treg.
Low expression of Foxp3 is associated with Treg instability and reduced function. GP61-80
specific Treg produced also higher levels of I1L-17 compared to non-specific Treg which is also
an indicator of decreased stability and loss of suppressive function. With disease progression,
Treg completely disappeard, probably because they were outgrown by effector cells.
Moreover, in vivo Treg enrichment failed to rescue Alb-iGP_Smarta because of a defective IL-
12 signaling and because, concomitant with Treg expansion, it also induced proliferation of
effector cells. These data suggest that Treg (in particular GP61-80 specific Treg) were less

stable, acquired a Thelper-like phenotype, and failed to suppress autoreactive effector cells.
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Finally, we found that DCs seemed to be the major pathogenic drivers of autoreactive CD4 T
cell activation in Alb-iGP_Smarta mice. DCs were enriched already at a preclinical stage, they
were mostly cDC2 and their numbers further increased with disease development. An
adoptive transfer experiment confirmed that presentation of hepatocytic antigen by DCs
seems to be key to the activation of autoreactive T cells and the induction of autoimmune

liver inflammation.

To sum up, in our new autoantigen-driven mouse model of experimental AlH, disease was
initiated by previously ignorant autoreactive GP61-80 T cells that became activated in the
periphery, and matured towards inflammatory effector cells. Moreover, autoreactive Treg
failed to control such inflammatory effector cells, because of their selective plasticity and
instability. The maturation of effector cells and dedifferentiation of Treg seemed to originate

in the liver within ELTs.

Das Ubergeordnete Ziel dieser Studie war es, die immunologischen Mechanismen zu
verstehen, die dem Bruch der Lebertoleranz und der Pathogenese der AlIH zugrunde liegen. In
dieser Studie haben wir ein neues Mausmodell fir spontane CD4-T-Zellen-gesteuerte AlH
beschrieben, mit dem wir mehrere mogliche Schlisselfaktoren fir die AlH-Pathogenese
aufklaren konnten. Zunachst zeigten wir, dass aufgrund von Antigen-lgnoranz von GP61-80-
reaktiven CD4-T-Zellen ein Mangel an immunologischer Toleranz durch klonale Deletion
entsteht. Dies ermoglichte den GP61-80-reaktiven CD4-T-Zellen die Erkennung des Antigens
in Hepatozyten (Alb-iGP_Smarta-Mdause) und die spontane Entwicklung typischer AlIH-
ahnlicher Krankheitsmerkmale. Die Expression des LCMV GP61-80-Antigens durch
Makrophagen (Lyz2-iGP_Smarta-Mause) und dendritische Zellen (ltgax-iGP_Smarta-Mause)
fihrte zu der klonalen Deletion autoreaktiver CD4-T-Zellen im Thymus. Die endotheliale
(Cdh5-iGP_Smarta-Mause) Expression des Antigens flhrte zu einer partiellen Deletion der
autoreaktiven CD4-T-Zelle im Thymus und in der Milz. Diese Mause zeigten wenige Effektor-
CD4-T-Zellen, erzeugten jedoch hohe Frequenzen von Antigen-spezifischem Treg. Gemal
ihrem jeweiligen Pool autoreaktiver T-Zellen, mit Ausnahme von Alb-iGP_Smarta-Mausen,

waren alle anderen Stdmme vor der Entwicklung einer Autoimmunkrankheit geschitzt.

Das Ubergeordnete Ziel dieser Studie war es, die immunologischen Mechanismen zu
verstehen, die dem Bruch der Lebertoleranz in der Pathogenese der autoimmunen Hepatitis

(AIH) zugrunde liegen. In dieser Studie haben wir ein neues Mausmodell einer spontanen,
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CD4 T-Zell-vermittelten AlH beschrieben, mit dem wir mehrere mégliche Schlusselfaktoren flr
die AlH-Pathogenese aufklaren konnten. Zunachst zeigten wir, dass eine unzureichende
klonale Deletion autoreaktiver CD4 T-Zellen aufgrund von Antigen-lgnoranz im Thymus zu
einer Persistenz autoreaktiver Zellen in der Peripherie fihrte und die Erkennung des
Autoantigens in Hepatozyten ermdglichte, was zur spontanen Entwicklung typischer
Krankheitsmerkmale der AIH flihrte. Wenn das Autoantigen hingegen nicht durch
Hepatozyten, sondern durch Makrophagen oder dendritische Zellen exprimiert wurde, fand
eine weitgehende klonale Deletion der autoreaktiven CD4-T-Zellen im Thymus statt, was die
Entstehung einer Autoimmunerkrankung verhinderte. Bei endothelialer Expression des
Autoantigens fand lediglich eine partielle Deletion autoreaktiver CD4 T-Zellen im Thymus
statt, jedoch bestand der Uberwiegende Teil der reifen autoreaktiven T Zellen aus Foxp3+
regulatorischen T Zellen (Treg), und nur ein kleinerer Teil aus Effektor-CD4-T-Zellen. Auch
diese Tiere entwickelten keine Autoimmunerkrankung, erzeugten jedoch hohe Frequenzen
von Antigen-spezifischen Treg. Demnach konnte hier Antigen-lgnoranz im Thymus als ein
entscheidender Faktor fir die Entwicklung einer Autoimmunkrankheit in der Leber

identifiziert werden.

Als nachstes haben wir die Immunmechanismen ndher untersucht, die zur
Krankheitsausldsung in Mausen mit AIH fUhrten. Wir fanden, dass die Auslosung der AlH
durch die Reifung der zuvor ignoranten autoreaktiven CD4 Effektor T-Zellen zu IFN- und TNF-
Koproduzenten, sowie zu IL-17-Produzenten ermdglicht wurde. Darlber hinaus schien die
Aktivierung der autoreaktiven CD4 T-Zellen in ektopischem lymphoiden Gewebe zu erfolgen,
welches sich vorlbergehend in Portalfeldern der Tiere mit konditionaler Autoantigen-

Expression in Hepatozyten bildete.

Weiterhin analysierten wir die Haufigkeit und den Phanotyp von Treg im AlH Modell. Wir
entdeckten, dass die Mehrheit der Treg in Alb-iGP_Smarta-Mausen in der Peripherie induziert
waren und eine geringere Stabilitat aufwiesen als im Thymus generierte Treg.
Interessanterweise zeigten autoreaktive Treg eine geringere Foxp3-Expression als nicht-
spezifische Treg, was mit einer Instabilitdat und verminderte Funktion von Treg verbunden ist.
Autoreaktive Treg produzierten auch grolRere Mengen an IL-17 als nicht-spezifische Treg, was
ebenfalls ein Indikator fir verminderte Stabilitdt und den Verlust der immunsupprimierenden

Funktion ist. Mit fortschreitender Krankheit verschwanden die Treg vollstandig,

87



moglicherweise aufgrund eines Uberwachsens durch Effektor T-Zellen. Dariiber hinaus konnte
eine in vivo-Treg-Anreicherung in Mausen mit AIH durch therapeutische Gabe von IL-2 den
Krankheitsausbruch nicht verhindern, sondern induzierte gleichzeitig mit der Treg-Expansion
auch eine Expansion von Effektorzellen. Die beoabachtete Treg Instabilitat bei AIH konnte
durch IL-12-Signale in der Leber verursacht worden sein. Diese Daten legen nahe, dass
insbesondere die Autoantigen-spezifischen Tregs weniger stabil waren, einen T-Helferzell-

ahnlichen Phanotyp erwarben und autoreaktive Effektorzellen nicht mehr unterdrickten.

SchlieBlich fanden wir heraus, dass dendritische Zellen (DC) die maligeblichen pathogenen
Treiber der autoreaktiven CD4-T-Zellaktivierung zu sein schienen. DCs, insbesondere vom
cDC2 Subtyp, expandierten in der Leber bereits in einem praklinischen Stadium, und ihre
Anzahl nahm mit der Krankheitsentwicklung weiter zu. Ein adoptives Zelltransferexperiment
bestédtigte, dass die Prasentation von Hepatozyten-Autoantigen durch DCs der Schlissel zur
Aktivierung autoreaktiver T-Zellen und zur Induktion einer autoimmunen Leberentziindung zu

sein scheint.

Zusammenfassend konnte in einem neuen, spontanen CD4 T-Zell-getriebenen Mausmodell
der AlH die Krankheit durch zuvor ignorante autoreaktive CD4 T-Zellen ausgel6st werden,
wobei diese in der Peripherie aktiviert wurden und zu entziindlichen Effektorzellen reiften.
Darlber hinaus konnten autoreaktive Tregs solche entziindlichen Effektorzellen aufgrund
ihrer selektiven Plastizitat und Instabilitdt nicht kontrollieren. Sowohl die Reifung der
Effektorzellen als auch die Dedifferenzierung der Treg schien in der Leber innerhalb

ektopischen lymphatischen Gewebes stattzufinden.
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7. ABBREVIATIONS

AlH Autoimmune Hepatitis

Ab Antibody

AF488 Alexa Fluor 488

ALT Alanine transaminase
ANA Antinuclear antibodies
APC Antigen presenting cell
APC Allophycocyanin

BCL6 B-cell lymphoma 6

BSA Bovine serum albumin

CD Cluster of differentiation
ConA Concavalin A

DC Dendritic cell

DMSO Dimethylsulfoxide

DNA Desossriribonucleic acid
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
FCS Fetal calf serum

FITC Fluorescein isothiocyanate
FOXP3 Forhead Box Protein 3
HBV Hepatitis B Virus

HCC Hepatocellular carcinoma
HCV Hepatitis C Virus

HLA Human Leukocyte Antigen
i.p. Intraperitoneal

V. Intravenous

[FN Interferon

g Immunoglobulin

IL Interleukin

IPEX-Syndrome

Immunodysregulation polyendocrinopathy
enteropathy X-linked

Syndrom
LCMV Lymphocytic choriomeningitis
M Molar
MACS Magnet Activated Cell Sorting
mg Milligram
MHC Major Histocompatibility Complex
min Minute
ml Milliliter
MRNA Messenger Ribonucleic Acid
Nrp-1 Neuropilin-1
nTreg Natural regulatory T cell
Ova Ovalbumin
pTreg Peripherally induced Treg
PBC Primary biliary cholangitis
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PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PE Phycoerythrin

PFA Paraformaldehyd

PSC Primary Sclerosing Colangitis
RA Rheumatoid Arthritis

rpm Rotation per minute

RORC RAR-related orphan receptor C
RT Room temperature

sec Second

TBX21 T-box transcription factor
TCR T cell receptor

TGF Transforming growth factor
tTreg Thymic derived Treg

Th T helper

TNF Tumor necrosis factor

Treg Regulatory T cell

WT Wild type
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