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L. INTRODUCTION

1. Introduction

1.1  Autoimmune Hepatitis

Autoimmune hepatitis (AIH) is a chronic inflammatory disease of the liver. The immune
response of AIH is directed against hepatocytes. In clinical terms, AIH presents
heterogeneously with fluctuating periods of increased and decreased activity. Moreover, the
clinical appearance of AIH is characterised by elevation of immunoglobulin G (IgG) and the
presence of circulating autoantibodies (e.g. antinuclear antibodies (ANA), anti-smooth muscle
antigen (anti-SMA) and anti-soluble liver antigen/liver pancreas antigen (anti-SLA/LP)
antibodies) in the serum. Further diagnostic hallmark is the elevation of serum transaminases
aspartate aminotransferase (AST) and alanine aminotransferase (ALT), indicating liver damage
[1, 2]. In histology, livers of AIH patients show intrahepatic mononuclear lymphocytic
infiltration in the portal and periportal regions. The portal mononuclear infiltration is mainly
composed by plasma cells, T cells, macrophages and monocytes [3]. A histological key feature
of AIH is interface hepatitis, which describes lympho-plasmacytic infiltrates extending from
the portal tracts into hepatic lobules [2, 4; figure I]. If AIH is left untreated, development of
fibrosis and progression to liver cirrhosis occurs.

AIH is more common in females, however it affects children and adults of both sexes, all ages
and different ethnic groups [5, 6, 7]. The appearance of AIH is clinically subdivided into adult-
predominant AIH type 1, AIH type 2 which is paediatric-predominant and AIH type 3. The
determination of the three subtypes is mainly dependent on the pattern of autoantibodies. Type
1 AIH is characterised by the presence of serum ANA, SMA and occasionally perinuclear anti-
neutrophil cytoplasmic antibodies (pANCA), whereas AIH type 2 is characterised by anti-liver
kidney microsomal type 1 (LKM1) and anti-liver cytosol type 1 (LC1) antibodies. AIH type 3
is characterised by the presence of anti SLA/LP antibodies, at times accompanied by ANA
antibodies [2, 8, 9, 10, 11]. As compared to type 2 and type 3 AIH, disease severity of type 1
ATIH is mild to moderate with rare occurrence of liver failure. AIH type 2 or type 3 have been
associated with frequent relapse [12, 13].

Progression to liver cirrhosis and liver failure in AIH can only be prevented by lifelong use of
immunosuppressive drugs. Currently, non-selective immunosuppression with prednisolone for
initial treatment and azathioprine for maintenance treatment is the standard therapy for AIH.
This standard therapy can achieve remission in 70-80% of cases but if no remission was
achieved and relapse occurs, e.g. because patients do not tolerate or respond to the drugs,
second-line treatment with stronger immunosuppression is needed. Good response to treatment,

defined by normalisation of transaminases and IgG and/or resolution of liver inflammation,
5



L. INTRODUCTION

stops the progression of AIH and can prevent liver transplantation [14, 15, 16, 17].
Unfortunately, initial and maintenance regimens with standard and second-line therapy often
lead to side effects, such as steroid-induced osteoporosis or azathioprine-induced bone marrow
suppression [8, 18].

The aetiology and the immunopathogenesis of AIH remains unclear. Genome-wide association
studies and other genetic human studies reported an association of AIH with human leukocyte
antigens (HLA)-DR3 and HLA-DR4 [19, 20, 21, 22]. This suggests that AIH might be driven
by self-antigen presentation in terms of adaptive immunity. Highly activated T effector cells
seem to play an essential role by mediating hepatic inflammation and hepatocellular damage. It
is assumed that immune regulations of activated T effector cells are impaired in AIH [9].
Regulatory T cells (Tregs) can mediate inhibition of activated T effecter cells and immune
tolerance to self-antigens. Previous studies suggested that the frequency and function of Tregs
are diminished in AIH patients [1, 9]. However, in contrast, other studies showed that Tregs

were not reduced in frequency and were not dysfunctional in AIH patients [23].

Figure I Interface hepatitis in AIH. Liver tissue sample of patient with AIH was stained with
haematoxylin and eosin (HE). Portal inflammation extend into the lobule (arrows). Figure is
from personal collection.
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1.2 Autoimmune cholestatic liver diseases

Primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC) are main autoimmune
cholestatic liver diseases. Patients with PBC or PSC exhibit impaired bile flow and
accumulation of toxic bile acids due to immune response against endogenous bile duct cells

(cholangiocytes).

1.2.1 Primary biliary cholangitis

Primary biliary cholangitis (PBC, former: primary biliary cirrhosis) is a chronic inflammatory
autoimmune liver disease, which is characterised by the progressive destruction of small
intrahepatic bile ducts, resulting in an impairment of bile flow (cholestasis). Untreated PBC
leads to fibrosis, which progresses to liver cirrhosis and liver failure [24, 25]. PBC
predominantly affects middle-aged women [26] and it is diagnosed by the presence of anti-
mitochondrial antibodies (AMA), which are the serological hallmark for PBC, and elevated
serum alkaline phosphatase (AP or ALP) [27]. Patients with PBC show histological evidence
of chronic non-suppurative destructive cholangitis, formation of granulomas within the liver,
degeneration and necrosis of biliary epithelial cells (BECs) and destruction of interlobular bile
ducts [28, 29, 30, 31]. Regarding the pathogenesis of PBC, it was reported that T cell-mediated
inflammatory responses play a crucial role in the production of AMA against dihydrolipoamide
acetyltransferase (E2) subunit of pyruvate dehydrogenase complex (PDC-E2) in the inner
mitochondrial membrane of BECs [29, 32, 33; figure 2]. Besides, PDC-E2 molecules and
apoptotic bodies released from BECs stimulate inflammatory macrophages to secrete pro-
inflammatory cytokines [34, 35]. In addition, previous studies showed that expression of anion
exchanger 2 (AE2) was reduced in patients with PBC. Reduced expression of AE2 might
contribute to the impaired secretion of biliary bicarbonate by cholangiocytes and thus, benefit
the pathology of PBC [36, 37, 38, 39]. Ursodeoxycholic acid (UDCA) is the approved drug for
PBC treatment. Treatment with UDCA prevents progression to PBC-mediated liver cirrhosis
and liver failure. Thereby, reducing the numbers of liver transplantation performed on patients

due to PBC [25, 40].
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Figure 2 Pathogenesis of PBC. (A) T helper (Th) cell interaction with B cell induces B cell
activation and production of anti-mitochondrial antibodies (AMA) that are specific to PDC-
E2. (B) Pro-inflammatory cytokines induce the recruitment of Th cell subsets and cytotoxic T
lymphocytes (CTLs). CTLs and Th cells produce cytokines that promote apoptosis or
senescence of BECs. (C) Stimulated immune cells, like macrophages, secrete pro-
inflammatory cytokines, contributing to the damage of BECs. (D) Unchaperoned bile acids
(BA) directly interfere with BECs, promoting apoptosis and senescence. Injured BECs secrete
damage-associated molecular patterns (DAMPs) that maintain inflammation and stimulate
hepatic stellate cells, which induce fibrosis. Figure is from personal collection.

BECs, biliary epithelial cells; CD, cluster of differentiation; IFNy, interferon-gamma; IL,
interleukin, MHC 1I, major histocompatibility complex class II; PDC-E2, pyruvate
dehydrogenase complex E2 subunit; TCR, T cell receptor; TNFa, tumour necrosis factor-
alpha.

1.2.2 Primary sclerosing cholangitis
Primary sclerosing cholangitis (PSC) is a chronic inflammatory cholestatic liver disease, which
is characterised by progressive fibrotic strictures of larger bile ducts and suppurative lesions of
the bile duct mucosa, leading to biliary cirrhosis and malignancy. Patients who are diagnosed
with PSC are at increased risk for cholangiocarcinoma and cancers of the gallbladder and colon
[41,42,43]. PSC predominantly affects middle-aged men, especially patients that are diagnosed

with ulcerative colitis (UC) or Crohn's disease. UC and Crohn's disease are described as
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inflammatory bowel diseases (IBD) and patients with PSC are strongly associated with IBD.
Reasons for the direct association with IBD are not yet clearly defined [43, 44].

PSC is clinically tested with magnetic resonance cholangiopancreatography (MRCP). MRCP
generates a cholangiogram, which images the patient's bile ducts. A cholangiogram of PSC
patients features narrowings, known as strictures, which are multifocal and ring-shaped
(annular) within the bile ducts. Alternation of normal and slightly dilated structure segments of
the bile ducts appears as “beads-on-a-string” [45; figure 3]. Elevated levels of anti-smooth
muscle antibodies (ASMA), pANCA and ANA are present in PSC patients [46, 47, 48]. In
addition, serum levels of AP (or ALP), ALT and AST are elevated in PSC patients [49, 50].
Histologically, concentric fibrotic rings form around the bile ducts (onion-skinning) and
eventually leads to loss of interlobular bile ducts. Furthermore, lymphocytic infiltration, portal
inflammation and periductal oedema are manifested in liver tissue of PSC patients [44].
Although the aetiology and pathogenesis of PSC remains uncertain, according to genetic
studies, HLA-A1 B8 DR3, HLA-D2 and HLA-DRG6 are strongly associated with PSC. This
indicates an immune-mediated pathology of the disease [51, 52]. Next-generation sequencing
(NGS) studies revealed that as compared to healthy individuals, patients with PSC have an
altered gut bacterial microbiome in the oral cavity, duodenal fluid and mucosa as well as in the
ductal bile [43, 53, 54]. In addition, it has been proposed that components of microbial origin
may trigger pro-inflammatory immune responses by leaking from the bowel to the liver through
portal circulation. Currently, PSC is treated with UDCA with the intention of reducing elevated
cholestatic liver enzymes and delay of inevitable liver transplantation; however, its prognostic

benefit is still uncertain [55, 56, 57].

Gallbladder

Figure 3 Bile ducts in PSC. Schematic representation of healthy gallbladder and bile duct
(A). Schematic representation of bile ducts in PSC (B). In PSC, bile ducts exhibit strictures
that lead to “beads-on-a-string” appearance. Figure is from personal collection.
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1.3  Non-autoimmune liver diseases

1.3.1 Drug-induced liver injury

Drug-induced liver injury (DILI) is a non-autoimmune condition of the liver, which spectrum
of manifestations ranges from moderate increase of liver enzymes to acute liver failure. The
effect of drug agents on liver toxicity and DILI can be subdivided in either intrinsic or
idiosyncratic form. Following drug intake, drug-induced hepatotoxicity can occur in a
predictable manner due to a clear dose-dependency, resulting in intrinsic DILI. In contrast,
idiosyncratic DILI is defined as dose-independent, unpredictable and more individual course
[59, 60, 61, 62, 63]. DILI has been associated to multiple drugs, causing their non-approval or
withdrawal during or after clinical trials [64, 65].

Causality assessment of the Council for International Organizations of Medical
Sciences/Roussel-Uclaf causality assessment method (CIOMS/RUCAM) proposes older age as
a possible risk factor for DILI [66]. In addition, female gender (age over 60) has been associated
with cholestatic DILI [67]. Because the diagnosis of DILI is challenging, causality scores such
as RUCAM are intended to confirm or exclude the diagnostic suspicion of DILI [66, 68, 69].
Since clinical features of DILI, such as elevated levels of serum ALT and AST, are not DILI-
specific, current diagnosis of IDILI mainly depends on expert opinion [70]. For proper
diagnosis, the causative agent and the onset of liver injury after drug intake as well as the
resolution of liver enzymes after drug withdrawal, and recurrence on re-exposure must be
identified [71, 72]. DILI can resemble the clinical appearance of AIH regarding elevated AST,
ALT, IgG, autoantibodies and lymphocytic infiltration of the liver [59]. However, a lack of
recurrence following weaning of corticosteroid treatment strongly supports the diagnosis of
AIH. In uncertain cases, liver biopsy can be relevant to assess alternative diagnoses [72, 73].
Recently, genetic studies have identified protein tyrosine phosphatase non-receptor type 22
(PTPN22) as non-HLA autoimmunity risk gene for IDILI [74, 75]. Furthermore, genetic
polymorphism of cytochrome p450 enzymes (CYPs) may affect metabolism of toxic drugs or
accelerate production of drug metabolites [76, 77]. The pathogenesis of DILI depends on
lipophilicity and metabolism in the liver of the drug argent. In terms of metabolism, the liver is
exposed to bioactive metabolites that are potentially toxic and can interact with various proteins,
activate signal transduction pathways and induce oxidative stress [63]. Nevertheless, many

pathogenetic pathways at the molecular level remain unknown.
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1.3.2 Non-alcoholic steatohepatitis

Non-alcoholic steatohepatitis (NASH) is the progressed form of non-alcoholic fatty liver
disease (NAFLD) and it is characterised by steatosis (abnormal accumulation of lipids within
cells or organ), hepatic inflammation, hepatocyte cell ballooning and varying degrees of liver
fibrosis. NAFLD describes the spectrum that comprises varying conditions of liver injury from
non-inflammatory, isolated steatosis to NASH. Moreover, NASH predisposes to the
development of liver cirrhosis and hepatocellular carcinoma [78, 79, 80]. Diagnostic
identification of hepatic steatosis is enabled through imaging, for instance, through ultrasound
or magnetic resonance imaging (MRI). However, the diagnosis of NASH requires liver biopsy
[80]. Risk factors for NASH are metabolic disorders, such as dyslipidaemia (elevated amount
of lipids in blood), type 2 diabetes mellitus and insulin resistance. Furthermore, sedentary
lifestyle in combination with excessive caloric intake are risk factors for NAFLD and NASH
[81, 82, 83]. Several genes were associated with elevated levels of steatosis in NAFLD, such

as PNPLA3 [84, 85, 86].

Medical management of NASH is based on healthy weight loss and changes in lifestyle [87].
Unfortunately, there is no approved therapeutic drug agent for the treatment of NASH.

Previous studies defined the pathologic progression of NAFLD to NASH with either the “two-
hit” hypothesis or the “multiple-parallel hit” hypothesis. The first “hit” of the “two-hit*
hypothesis is defined by insulin resistance. Insulin resistance may account for elevated levels
of serum free fatty acid (FFA), leading to accumulation of hepatic triglyceride and resulting in
an increase of liver fat. Hepatic steatosis is reached, when hepatic fat exceeds more than 5% of
the liver [88, 89]. Accumulation of hepatic triglyceride enhances oxidative stress, the second
“hit”, which promotes the release of pro-inflammatory cytokines and mitochondrial damage.
Progression of steatosis and inflammation with formation of hepatocellular damage results in
NASH [90]. The “multiple-parallel hit” hypothesis describes NASH as a consequence of
several intra- and extracellular processes that run in parallel, including insulin resistance,
hepatocellular injury and death through induction of oxidative stress as well as endoplasmatic
reticulum (ER) stress caused by excessive accumulation of toxic lipid metabolites in the liver

[91, 92, 93].
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1.4  Activation of T lymphocytes

T cell activation initially requires interaction of the T cell receptor (TCR)/CD3 complex with
antigen peptides presented on professional Antigen presenting cells (APCs), such as dendritic
cells (DCs), B cells and macrophages. APCs present antigen peptides on human leukocyte
antigen (HLA) complexes to naive CD4" or CD8" T lymphocytes. HLA complexes are major
histocompatibility complexes (MHC), which are subdivided in MHC class I or MHC class II.
Isotypes of MHC class I or II molecules are diverse in function and in polymorphism. A single
individual can express nine MHC class I and six MHC class II isotypes [94, 95, 96]. MHC class
I presentation of antigen peptides is restricted to CD8" T cells and MHC class II presentation is
restricted to CD4" T cells. TCR/CD3 and co-receptor CD8 or CD4 ligation to MHC class I or
class II provides “signal 17, whereas “signal 1” by itself is insufficient to enable full T cell
activation. Upon ligation cytoplasmic protein kinases Lck is recruited to the TCR/CD3 complex
and phosphorylates immunoreceptor tyrosine-based activation motifs (ITAMs) in the
cytoplasmic tail of CD3 and in the associated { chain (CD247). Lck activates protein kinase
ZAP-70, which then binds to phosphorylated ITAMs on the { chain and transmits further
activating signal transduction onwards [94, 97; figure 4]. Co-stimulation of T cell activation is
assured, when the homodimeric co-receptor CD28 binds to its ligands B7-1 (CD80) or B7-2
(CD86). CD80 and CDS86 are expressed on APCs [98, 99]. Autocrine production of
inflammatory cytokines, such as interleukin 2 (IL-2), provide the “signal 3” by activating
cytokine signalling pathways that promote T cell proliferation and differentiation into T effector

cells [94, 100, 101].

Differentiation of CD4" T cells into distinct effector subtypes depends mainly on the secreted
cytokine milieu and on specific transcription factors (figure 5). Activated cytokine signalling
pathways and activation of lineage-specific transcription factors induce T cell differentiation
into distinct T effector cell phenotypes [100, 102]. Activated CD4" T cells can differentiate into
CD4" T effector cells subtypes with diverse immune functions. Interleukin 12 (IL-12) and
interferon y (IFNy) as well as transcription factor T-box transcription factor (T-bet) play an
essential role for the differentiation of CD4" T cells into classical T helper 1 (Th1) cells. Thl
cells produce IFNy, IL-2 and tumour necrosis factor a (TNFa) to activate macrophages and
cell-mediated immune responses against bacterial and viral infections [103]. Classical Th2 cell
differentiation is prompted by IL-4, IL-2 and transcription regulator GATA3. Secretion of IL-
4, IL-5 and IL-13 by Th 2 cells prime B cell class switching, recruit eosinophils and induce
degranulation of basophils and mast cells [103, 104]. Differentiation of activated CD4" T cells

into IL-9 producing Th9 cells is induced by the presence of transforming growth factor P
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(TGFP) and IL-4. IL-4 downstream signalling activates key transcription factor interferon
response factor 4 (IRF4). Given to the multiple function of IL-9, Th9 cells are present in various
inflammatory processes [105, 106]. For differentiation into Th17 cells, IL-6, IL-21, IL-23 as
well as TGF signalling pathways are essential. Retinoic acid receptor-related orphan receptor
gamma-T (RORyt) functions as the master transcription factor for the Th17 cell subset. Th17
cells produce IL-17, IL-21 and IL-22 and are involved in the host defence against viral and
extracellular bacterial infections [107]. Follicular helper T cell (Tth) differentiation is promoted
by IL-6 and IL-21 cytokine signalling. Transcription factor B cell lymphoma 6 (Bcl6) drives
Tth differentiation. Tth cells are located in secondary lymphoid organs, such as lymph nodes,

and contribute to the development of antigen-specific B cells into plasma cells or memory
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Figure 4 TCR-depending signalling pathways. Antigen presenting cell (APC) presents
antigen derived peptide to T cell. TCR engages MHC-peptide complex and CD28 co-receptor
engages CD80/CD86. This promotes activation of protein kinase LCK which phosphorylate
the ITAMs of CD3(-and CD3¢-chains. Activated ZAP-70 binds phosphorylated ITAMs and
thereby provide downstream signalling transduction that leads to activation of multiple
molecules such as transcription factors. Figure is from personal collection.

DAG: diacylglycerol; ITAM: immunoreceptor tyrosine-based activation motifs; IP3: inositol-
1,4,5-trisphosphate; PI3K: Phosphoinositide 3-kinases; PIP2: phosphatidylinositol-4,5-
bisphosphate; PKCB: protein kinase C theta; PLCy: phospholipase C gamma.
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B cells [108]. In the presence of TGFB and IL-2 signalling, activated CD4" T cells can
differentiate into peripheral T regulatory cells (pTregs), which originate from the periphery and
not from the thymus (thymic-derived T cells, tTregs). pTregs are positive for transcription
factor Forkhead-Box-Protein P3 (FOXP3). By secretion of TGFp and IL-10, pTregs inhibit
functions of T effector cells and thus, contribute to immune regulation of inflammatory

processes [109].

Activated CD8" T cells exposed to autocrine or paracrine secreted IL-2, differentiate into CD8"
cytotoxic T lymphocytes (CTLs). CTLs recognize and eliminate intracellular pathogens, such
as bacteria, viruses and protozoan parasites (figure 5). In addition, CTLs play a key role in
tumour surveillance by killing of damaged cells and tumorous cells. CTLs secret TNFa as well
as [FNy, and they are capable to release perforins and granzymes. The release of perforins and
granzymes cytotoxic granules induces apoptosis of the target cell. Another pathway of CTL-
mediated cell death is through Fas ligand (FasL) and Fas receptor (Fas) interactions. FasL on

the cell surface of CTL binds to Fas, which is expressed on the cell surface of the target cell.
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Figure 5 Polarisation of naive T cells into activated T effector cells. Activated naive CD4"
T cells differentiate mainly into T helper cell subsets with different responsibilities that help
innate and adaptive immune responses against foreign molecules (left panel). Activated naive
CD8" T cells mainly differentiate into cytotoxic T cell that provide cytotoxic T cell-mediated
anti-viral immune responses and immune defence against intracellular pathogens, bacteria and
parasites (right panel). Figure from personal collection.

BCL-6: B cell lymphoma 6; FOXP3: forkhead box P3; GATA3: GATA-binding protein 3;
IRF4: interferon regulatory factor 4; RORyt: retinoic acid receptor-related orphan receptor-yt;
T-bet: T-box transcription factor; TCR: T cell receptor; TGFf: transforming growth factor-f3;
TNF: tumour necrosis factor. 14
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FasL/Fas ligation induces downstream signalling to activate caspase cascade, resulting in
apoptosis of the target cell [110, 111]. Recent studies have identified peripherally induced CD8"
Tregs (CD8" pTregs). Similar to CD4" pTregs, CD8" pTreg derive from the periphery upon

stimulation [112, 113]. However, the function of CD8" pTregs remains to be clarified.

1.5 T cell co-stimulatory and co-inhibitory molecules

TCR/CD3 engagement (“signal 1), ligation of co-stimulatory receptor CD28 with its ligand
(“signal 2”) and intracellular IL-2 cytokine signalling pathways (“signal 3”) are essential for
sufficient T cell activation. For additional T cell stimulating signalling, T cell co-stimulatory
receptors, such as Inducible T cell co-stimulator (ICOS), bind to their appropriate ligands. Co-
stimulatory receptors do not necessarily have to associate with the TCR/CD3 complex in order
to induce complementary T cell stimulation. Moreover, co-stimulatory receptors can transduce
intracellular signals to stimulate TCR signalling [114, 115, 116].

Co-receptors that induce signalling to prohibit continuous T cell activation are called co-
inhibitory receptors. Co-inhibitory receptors, such as cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) are expressed on activated T
cells. Co-inhibitory receptors increase the activation threshold of T effector cells by binding to
their specific ligands. Hence, T cell co-stimulatory and co-inhibitory receptors regulate T cell
activation and contribute to a balanced immune response [117]. In addition to co-stimulatory
and co-inhibitory receptors, T cells inherent intracellular molecules, such as casitas B-lineage
lymphoma proto-oncogene-b (CBL-B), which are involved in the suppression or stimulation of
T effector cell activation. These molecules are as well activation regulators that support well-
balanced T effector cell immune responses. Impaired co-stimulatory or co-inhibitory regulators
of T cell activation result in altered T effector cell functions and may cause aberrant immune

responses.
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1.5.1 ICOS

Inducible T cell co-stimulator (ICOS), also named CD278, is a co-stimulatory molecule
expressed on the surface of T cells following activation. ICOS is an homodimeric protein, which
belongs to the B7-CD28 family of proteins. ICOS shares structural similarities with CD28;
however, ICOS lacks the specific MYPPPY motif, which is relevant for the binding of CD80
and CD86 [118]. ICOS owns the specific FDPPPF motif that is necessary to interact with ICOS
ligand B7-H (CD275, ICOSL). ICOSL is expressed at low levels on APCs, such as B cells,
macrophages, monocytes and DCs, but it can be quickly upregulated when APCs become
activated, for instance, in presence of inflammatory cytokines [114, 119, 120]. Similar to CD28
signalling, ligation of ICOS with ICOSL intracellularly recruits class IA phosphatidylinositol
3-kinase (PI3K). Signalling molecule PI3K is a heterodimer with regulatory p50a, p85a and
catalytic pl110d subunits. Through phosphorylation, PI3K converts membrane-bound
phosphatidyl-inositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 3,4,5-trisphosphate
(PIP3), leading to the activation of protein kinase AKT. AKT induces downstream signals,
which promotes cellular growth, proliferation and survival [121, 122]. In contrast to CD28
ligation, ICOS ligation leads to an increased expression of AKT because the YMFM Src
homology 2 domain-binding motif in ICOS preferentially recruits the regulatory p50a of PI3K,
which has greater lipid kinase activity compared to p85a [122, 123].

ICOS signalling in activated T cells leads to the production of IL-4, IL-10 and IL-21 but not
IL-2 [114, 118]. Co-stimulation by ICOS seems to favour CD4" T cell proliferation and
differentiation into Tth, Th2 and Th17 cells [119]. Previous in-vitro and in-vivo studies revealed

that ICOS deficiency in T cells resulted in impaired T cell proliferation [124, 125].

1.5.2 CTLA-4

Cytotoxic T lymphocyte antigen-4 (CTLA-4, CD152) is a co-inhibitory molecule that belongs
to the B7-CD28 family of proteins. Moreover, genes of CTLA-4 and CD28 are located next to
each other on the human chromosome 2q33. Like CD28, CTLA-4 form homodimers and uses
its highly conserved MYPPPY motif to bind the ligands CD80 and CD86 on APCs [114, 126].
CTLA-4 binds to the ligand CD80 with higher affinity as compared to the co-receptor CD28
ligation and thus, directly competes with CD28 [127]. CD28 is mainly expressed on resting and
activated T cells, whereas CTLA-4 is constitutively expressed exclusive on Tregs. CTLA-4
expression on T effector cell surface is induced in response to TCR ligation with CD28 co-

stimulation [128]. CTLA-4 trafficking to T effector cell surface is not fully understood;
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however, it seems that for externalisation, intracellular CTLA-4 binds to the transmembrane
adapter T cell receptor-interacting molecule (TRIM) and to linker for activation of X cells
(LAX) in the trans-Golgi network (TGN). Binding to TRIM and LAX induces the formation of
CTLA-4-containing vesicles and enables their transport to the cell surface [128, 129; figure 6].

Previous studies showed that CTLA-4-mediated inhibitory effect on T cell responses can be
either cell-intrinsic or cell-extrinsic. Cell-intrinsic describes the direct influence of CTLA-4 on
intracellular processes of the CTLA-4 expressing cell. For instance, the tyrosine-
phosphorylated cytoplasmic domain of CTLA-4 associates with protein phosphatases SHP-2
and PP2A to modulate TCR/CD3 signalling [130], it inhibits ZAP-70 [131] and activates E3
ubiquitin ligases [132, 133]. Cell-extrinsic effects of CTLA-4 include the binding of
CD80/CD86, the downregulation of CD80/CD86 on APCs [134], the modulation of Treg
functions on T effector cells [135, 136] and the induction of indoleamine 2,3-dioxygenase
(IDO) production by APCs to limit T cell proliferation [137, 138, 139]. However, the distinct
mechanisms by which CTLA-4 supresses T effector cells that have been activated through
TCR/CD3 and CD28 stimulation are not fully understood.

Studies in CTLA-4 deficient (CTLA-4-/-) mice reported on a hyperproliferative phenotype of T
effector cells and enhanced tissue infiltration by lymphocytes. Moreover, CTLA-4-/- mice
showed pronounced organ destruction [140, 141, 142]. Thus, the co-inhibitory receptor CTLA-
4 may play a key role in regulating the activation threshold of T effector cells by dampen their

activation and thereby prohibiting tissue damage.

Figure 6 CTLA-4 trafficking to T cell surface.
APC ﬂ In activated T effector cells, transmembrane

adapter LAX binds to Ras8 which is a member
of the Ras superfamily and regulates protein
transport [143, 144]. Transmembrane adaptor
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CTLAA TRIM and LAX bind to the cytoplasmic tail of
CTLA-4 and thereby form a multimeric complex
in TGN. Interaction of LAX with Rab8 is a
Tcell necessity for the formation and maintenance of
t"‘\:e-s;cT;\\‘\ the complex. The complex facilitates the

/ \, | transport of synthesized CTLA-4 to the cell
surface. Figure is from personal collection.
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1.5.3 PD-1

Programmed cell death protein 1 (PD-1, CD279) is a member of the CD28 superfamily of
immunoglobulin receptors. PD-1 expression on T cells can be induced upon T cell activation
through TCR/CD3 or cytokine stimulation [145, 146]. PD-1 binds to two ligands, programmed
death-ligand 1 (PD-L1) and programmed cell death ligand 2 (PD-L2) [147]. PD-L2 expression
is mainly restricted to DCs [148, 149], whereas PD-L1 is expressed by many hematopoietic
cells, such as APCs and non-hematopoietic cells, such as epithelial cells and tumorous cells.

Moreover, PD-L1 expression can be induced during inflammation [148].

The cytoplasmic tail of PD-1 contains immunoreceptor tyrosine-based inhibition motif (ITIM)
and immunoreceptor tyrosine-based switch motif (ITSM). Upon PD-1 engagement with PD-L1
or PD-L2 ITIM (Y223) and ITSM (Y248) become phosphorylated. As a consequence, Src
homology region 2 domain-containing phosphatases SHP-2 and SHP-1 are recruited (figure 7).
SHP-2 and SHP-1 dephosphorylate PKC6, ZAP-70 and PI3K, resulting in downregulation of
TCR signalling. Dephosphorylation of PI3K leads to its inhibition and hence, prevents the
expression of PIP3, which activates AKT (PI3K-AKT pathway). In addition, SHP-2 de-
phosphorylation of phospholipase C gamma 1 (PLCy1) leads to inhibition of diacyl glycerol
(DAG) and inositol 1,4,5-triphosphate (IP3) production and further, to the inhibition of signal
transduction through the Ras-MEK-ERK pathway [150, 151, 152]. Consequently, PD-1 ligation
results in inhibition of the PI3K-Akt and Ras-MEK-ERK pathways, in suppression of NF-xB
activation by PKCO and downstream signalling through ZAP-70. In these mechanisms, PD-1
ligation supresses cytokine production, cell proliferation and decreases nuclear transcription
factors.

In cancer research, PD-1 has been described as an important T cell activation checkpoint as the
blockade of PD-1 and PD-L1 ligation with so called checkpoint inhibitor agents is effective in
patients with various types of cancer [153, 154, 155, 156].
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Figure 7 Intracellular signalling upon PD-1 ligation. PD-1 ligation with PD-L1 or PD-L2
drives phosphorylation dependent inhibition of TCR stimulation. PD-1 engagement leads to
phosphorylation of ITSM/ITIM motifs in the PD-1 cytoplasmic domain and to the recruitment
of the tyrosine phosphatases SHP1 and 2 (SHP1/2). SHP1/2 dephosphorylate TCR signalling
molecules PI3K and PLCyl, leading to their inhibition. In this way, PD-1 ligation has
inhibitory effects on PI3K-AKT signalling and downstream Ras-MEK-ERK signalling. In
contrast, CTLA-4 engagement activates phosphatase PP2A, which leads to direct inhibition of
AKT activation. However, PI3K activity is maintained during CTLA-4 mediated signalling
and CTLA-4 does not inhibit Ras-MEK-ERK and PLCyl1 signalling. Figure from personal
collection.

1.54 CBL-B

E3 ubiquitin-protein ligase casitas B-lineage lymphoma proto-oncogene b (CBL-B) can
modulate the activation threshold of T effector cells and therefore, CBL-B can affect the
adaptive immune response.

CBL-B is a member of the casitas B-lineage lymphoma (CBL) family and functions as a Really
Interesting New Gene (RING)-type E3 ubiquitin-protein ligase for the mechanism of
ubiquitination [157]. Ubiquitination allows post-transcriptional alterations of intracellular
pathways. Thereby, ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2) and

ubiquitin ligase (E3) form the ubiquitination cascade. The ubiquitination cascade initiates with
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E1 binding to the 76 amino acid peptide ubiquitin by thioester linkage between the C-terminus
of ubiquitin and the active site cysteine of E1. Activated ubiquitin is then transferred to the
active site of E2 by the manner of transthiolation. E3 ligase binds to E2 with conjugated
ubiquitin and to the target protein. E3 ligase catalyses the iso-peptide bond between ubiquitin
and a specific lysine residue of the target protein. As a result, ubiquitin is directly transferred
from E2 to the target protein. E3 also mediates the formation of multi- or poly-ubiquitin chains
on target proteins [158, 159, 160]. Post-translational modification of target proteins by
ubiquitination changes fate and function of the target proteins. Ubiquitination modifies target
proteins for many cellular processes, such as degradation by the proteasome, transcriptional
regulation, signal transduction and even DNA repair.

CBL-B negatively regulates T cell stimulation by TCR signalling [158, 161, 162, 163].
Thereby, CBL-B influences multiple intracellular processes in a proteolysis-dependent or
-independent manner, leading to an increase of the T cell activation threshold. For instance,
CBL-B can regulate phosphorylation and activation of PLCy-1, which is essential for signal
transduction through the Ras-MEK-ERK pathway [158, 161]. Moreover, CBL-B negatively
influences the PLCyl-regulated calcium influx. In addition, the proline-rich N-terminus of
CBL-B interacts directly with Vav Guanine Nucleotide Exchange Factor 1 (Vavl) to associate
with PKCO and thus, supressing NF-kB activation by PKC6 [162]. Furthermore, the p85a
regulatory subunit of PI3K was identified as target protein of CBL-B; therefore, CBL-B
associates with PI3K-AKT pathway [163]. Upon TCR and co-receptor CD28 stimulation, CBL-
B is post-transcriptionally degraded by CD28 mediated downstream signalling. In addition,
PKCHO and the E3 ligase neural precursor cell-expressed developmentally downregulated gene

4 (NEDD#4) are capable of inducing the degradation of CBL-B [164].

In previous mouse studies, CBL-B deficient (CBL-B-/-) mice developed spontaneous and
antigen-induced experimental autoimmune diseases. These studies reported on massive tissue
infiltration of activated T and B cells. Furthermore, CBL-B-/- mice showed hyperproliferative
T cells that expanded upon TCR stimulation alone, without any further co-stimulation [158,
165, 166]. Therefore, CBL-B seems to play a crucial role in maintaining well-balanced immune

responses by T effector cells.
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1.5.5 Other regulatory molecules of T cell activation

GRAIL, ITCH and NEDD4 are E3 ubiquitin ligases that modulate T cell activation. GRAIL is
a transmembrane protein, which belongs to the E3 RING-type family and it is known to
negatively regulate TCR responsiveness and T cell activation. Previous in-vitro studies with
mouse T cells revealed that GRAIL-deficient T cells were hypersusceptible to TCR and CD28
stimulation [167, 168]. In-vivo mouse studies showed that GRAIL-deficient mice exhibited
hyperproliferative T cells with excessive activation and these mice were more susceptible to
autoimmune diseases, as compared to wildtype control mice [169].

ITCH and NEDD4 are homologous to E6-AP carboxy terminus (HECT)-type E3 ubiquitin
ligases of the NEDD4 family. In contrast to Ring-type E3 ubiquitin ligases, HECT-type E3
ubiquitin ligases possess protein-interacting WW-domains for binding the target protein and
the catalytic HECT domain directly transfers activated ubiquitin to target protein [170, 171].
ITCH becomes activated through serine/threonine phosphorylation by c-Jun N-terminal kinase
(JNK). Activated ITCH targets JunB transcription factor of the activator protein-1 (AP-1)
family for ubiquitination and subsequent proteasomal degradation. This negatively affects the
expression of Th2 cytokine IL-4 [172, 173]. ITCH facilitates the degradation of PLCy1 and
PKC6; thus, suppressing TCR downstream signalling and negatively regulating T cell
activation. /TCH-deficient T cells displayed enhanced activation and proliferation; furthermore,
IL-4 and IL-5 expression was enhanced, indicating that Th2 differentiation was augmented. In
addition, /TCH-deficient mice exhibited inflammatory diseases and itching of the skin [172].
Although NEDD4 and ITCH belong to the same protein family, NEDD4 has different target
proteins and therefore, its function varies from that of ITCH. In-vivo studies showed that in
NEDD4-deficient foetal liver chimeras, NEDD4-deficient T cells poorly proliferated and were
hyporesponsive towards antigen stimulation. Hence, NEDD4 facilitates and positively
regulates T cell activation. It is assumed that NEDD4 positively affect T cell activation because
NEDD4 targets CBL-B for ubiquitination and proteasomal degradation [174, 175]. Thereby, it
is suggested that serine/threonine protein kinase C-theta (PKC8) phosphorylates CBL-B upon
TCR/CD28 stimulation, promoting CBL-B ubiquitination by NEDD4 [176].

PKC6 is composed of an N-terminal regulatory domain and a highly homologous conserved C-
terminal kinase domain. PKCO exhibit multiple phosphorylation sites contributing to the PKCO
kinase activity and translocation to T cell membrane upon TCR/CD28 stimulation. PKCO
downstream signalling leads to activation of nuclear transcription factors NF-xB, NFAT and
AP-1. In this manner, PKCH is involved in T cell activation, proliferation and cytokine
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production [177, 178, 179, 180]. Previous studies revealed that PKC6H-deficient mice exhibited
impaired T cell activation and defective T cell differentiation into Th2 and Thl17 cells,

suggesting that PKCO plays a crucial role in T cell differentiation [181, 182, 183].

Another regulatory molecule of T cell activation is tumour necrosis factor (TNF) receptor-
associated factor 6 (TRAF6). TRAF6 is an adaptor protein that mediates protein-protein
interactions in various intracellular signalling pathways. TRAF6 associates with receptors, such
as TNF receptor, IL-1 receptor (IL-1R), IL-17R and transforming growth factor receptor (TGF-
BR), which are involved in T cell immune responses and inflammatory processes. In addition,
TRAF6 engages activation of nuclear transcription factor NF-xB [184, 185, 186]. Previous
studies in 7raf6-AT mice revealed that activated TRAF6-deficient T cells were resistant to Treg-
mediated inhibition, resulting in multiorgan inflammatory disease [187, 188].

T cell co-receptor OX40 is a transmembrane protein and belongs to the TNFR superfamily.
0X40 expression on T cell surface is induced upon TCR engagement with peptide-MHC
complex. OX40 ligation to OX40 ligand (OX40L) activates downstream signalling, enhancing
T cell stimulation, survival and thus, T cell immune responses. More precisely, TRAF
molecules are recruited to the cytoplasmic tail of OX40 upon OX40-OX40L ligation. TRAF
molecules bind to activated OX40, which leads to the activation of NF-kB downstream
signalling pathways [189, 190]. Furthermore, OX40-OX40L interaction activates PI3K-AKT
pathway and transcription factor NFAT. Previous studies associated OX40-positive T cells with
several human autoimmune diseases, such as colitis or Multiple sclerosis (MS) as well as with

animal models of autoimmune-mediated inflammation [191, 192, 193].
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1.6  Aim of study

The aetiology and pathogenesis of autoimmune hepatitis (AIH) is not fully understood. It is
assumed that hepatic inflammation and hepatocyte damage are mediated by activated T effector
cells [194]. Thus, activated T effector cells seem to play a crucial role in the
immunopathogenesis of AIH. Previous studies revealed that Tregs, which extrinsically mediate
immune regulation by suppressing activated T effector cells were not reduced in frequency and
were not dysfunctional in AIH patients [23]. Other, intrinsic mechanisms that regulate T cell
activation are mediated by molecules which provide T effector cell co-stimulation or co-
inhibition, thereby regulating the activation thresholds of T effector cells and consequently

affecting T cell immune responses (see chapter 1.5).

We hypothesise that an impaired intrinsic regulation of T cell activity and aberrant expression
of co-stimulatory or co-inhibitory molecules in T cells, may account for inappropriately
controlled T cell activation in AIH, allowing T effector cells to escape immune regulation and
leading to enhanced T cell immune responses in AIH. Thus, the aim of this study was to analyse
intrinsic regulatory molecules of T cell activation in peripheral blood and in livers of patients
with AIH. Therefore, we intended to apply real-time quantitative PCR and RNA in-situ
hybridisation to analyse CBL-B, CTLA-4, GRAIL, ICOS, ITCH, NEDD4, 0X40, PD-1, PKC®,
TRAF6 RNA expression in blood and livers of AIH patients. Furthermore, protein expression
should be analysed by use of flow cytometry. Moreover, we aimed to correlate the expression
of intrinsic T cell activation regulators with disease activity. We also planned to examine the
secretory cytokine profile of T effector cells in AIH. In this study, healthy control subjects,
patients with other autoimmune liver disorders, such as PBC or PSC, and patients with non-

autoimmune-mediated liver diseases such as DILI or NASH served as study control groups.
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2. Materials and Methods

2.1 Materials

2.1.1 Antibodies

Table 1 Primary and secondary antibodies

primary antibodies

clonality

supplier

catalogue number

anti- human CBLB,

unconjugated

polyclonal rabbit IgG

Proteintech

12781-1-AP (IF, FC)

anti- human CD3,

monoclonal mouse IgG1

Thermo Fisher

MAS5-12577 (IHC-P)

LEAF™ purified

clone CD28

unconjugated clone F7.2.38 Scientific

anti- human CD3, Monoclonal mouse IgG Biolegend BLD-300454 (IF)
AF488 Clone UCHT1

anti- human CD3, monoclonal mouse IgG2a | Biolegend BLD - 317302
LEAF™ purified clone OKT3

anti- human CD3, monoclonal mouse IgG2a | Biolegend BLD-317332 (FC)
brilliant violet 510™ clone OKT3

anti- human CD3, monoclonal mouse IgG Biolegend BLD-344816 (FC)
PECy7 clone SK7

anti- human CD4, monoclonal mouse IgG Biolegend BLD-300521 (FC)
pacific blue™ clone RPA-T4

anti- human CDS, monoclonal mouse IgG BD 557945 (FC)
Alexa Fluor 700 clone RPA-T8 Pharmingen™

anti- humuan CD14, monoclonal mouse IgG Biolegend BLD-325608 (FC)
APC clone HCD14

anti- human CD19, monoclonal mouse IgG1 Biolegend BLD-302210 (FC)
PE/Cy5 clone HIB19

anti- human CD25 monoclonal mouse IgG1 Biolegend BLD-302622 (FC)
AF700 clone BCY96

Anti-human CD69 monoclonal mouse IgG1 Biolegend BLD-310905 (FC)
PE clone FN50

anti- human CD28, monoclonal mouse IgG1 Biolegend BLD-302914
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anti- human CD134,
PE

monoclonal mouse IgG1

clone Ber-ACT35

Biolegend

BLD-350003 (IF)

anti- human CD152, monoclonal rabbit IgG Thermo Fisher | 702534 (IF)
unconjugated Scientific

anti- human CD152, monoclonal mouse IgG1 Biolegend BLD-349907 (FC)
APC clone L3D10

anti-human CD127 monoclonal mouse IgG1 BD 557938 (FC)
PerCP Cy5.5 clone CDhIL-7R-M21 Pharmingen™

anti- human CD278, monoclonal mouse IgG1 BD Biosciences | 745100 (FC)

brilliant violent 605™

clone DX29

anti- human CD279, monoclonal mouse IgG1 Biolegend BLD-329927 (FC)
brilliant violet 711™ clone EH12.2H7

anti- human FOXP3, monoclonal mouse IgG Biolegend BLD-320126 (FC)
PE/Dazzle 594™ clone 206D

secondary antibodies clonality supplier catalogue number
anti- mouse IgG H&L, | polyclonal goat IgG Abcam Ab205719 (IHC-P)
horseradish peroxidase

anti- rabbit IgG, polyclonal donkey IgG Dianova 711-485-152 (FC)
Dylight 488

anti- rabbit [gG H&L, polyclonal rabbit IgG Invitrogen A-21206 (FC/IF)
AF488

anti- rabbit [gG H&L, | polyclonal goat IgG Invitrogen P2771MP (IF)

PE

FC: flow cytometry
IHC-P: immunohistochemistry on paraffin-embedded sections;

IF: immunofluorescence;
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Table 2 Isotype controls for flow cytometry

human CTLA-4

Hs00175480_m!

Thermo Fisher Scientific

human GRAIL (RNF128) | HS00226053 ml Thermo Fisher Scientific
human ICOS Hs00359999 ml Thermo Fisher Scientific
human IFNy Hs00989291 ml Thermo Fisher Scientific
human ITCH Hs01008308 m1 Thermo Fisher Scientific
human NEDD4 Hs00406454 m1 Thermo Fisher Scientific

human PD-1 (PDCD1)

Hs01550088 ml

Thermo Fisher Scientific

human TNF

Hs01113624 gl

Thermo Fisher Scientific

human TRAF6

Hs00939742 gl

Thermo Fisher Scientific

isotype controls clonality supplier catalogue number

rabbit IgG isotype, polyclonal IgG Dianova 011-000-003
AF488
mouse IgG isotype, monoclonal mouse IgG1 BD 554681
APC clone MOPC-21 Pharmingen™
mouse IgG isotype, monoclonal mouse IgG1 BD Biosciences | 562652
BV605 clone X40
mouse IgG isotype, monoclonal mouse IgG1 BD Biosciences | 563044
BV711 clone X40
mouse IgG isotype, monoclonal mouse IgG1 Biolegend 400112
PE clone MOPC-21

2.1.2 Sequence based reagents

Table 3 Probes for quantitative real-time polymerase chain reaction

gene name sequence/assay ID supplier

human CD3D Hs00174158 ml Thermo Fisher Scientific
human CD4 Hs01058407 m1 Thermo Fisher Scientific
human CD8A Hs00233520 ml Thermo Fisher Scientific
human CD28 Hs01007422 ml Thermo Fisher Scientific
human CBL-B Hs00180288 ml Thermo Fisher Scientific
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human TNFRSF4 (0X40) | Hs00937195 gl

Thermo Fisher Scientific

(PRKCQ-AS1)

human PKCO Hs00292281 ml

Thermo Fisher Scientific

human HPRT1 Hs02800695 ml

Thermo Fisher Scientific

Table 4 Probes for RNA in-situ hybridisation

gene name supplier catalogue number

Hs- CBLB Advanced Cell Diagnostics | 530811
HS-CTLA4 Advanced Cell Diagnostics | 55431

HS-ICOS Advanced Cell Diagnostics | 460441
Hs-NEDD4 Advanced Cell Diagnostics | 533881
Hs-TNFRSF4 Advanced Cell Diagnostics | 412381
Hs-PDCD1 Advanced Cell Diagnostics | 602021
Negative control Probe-DapB Advanced Cell Diagnostics | 310043
Positive control Probe-Hs-PPIB | Advanced Cell Diagnostics | 313901

2.1.3 KITS
Table 5 Kits
Kit name supplier catalogue number
DAB Substrate Kit Abcam ab64238
ELISA Human IL-4 Invitrogen BMS225-2
ELISA Human IL-6 Invitrogen EH2IL6
ELISA Human IL-8 Invitrogen KHCO0081
ELISA Human IL-10 Invitrogen BMS215-2

ELISA Human IL-21

Affymetrix eBioscience BMS2043

ELISA Human TNF alpha

Invitrogen

BMS223-4

high capacity cDNA Reverse

Transcription Kit

Applied Biosystems

4368813
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Legendplex™ HU Essential Immune | Biolegend 740930

Response Panel

Legendplex™ Human T Helper Biolegend 700047/700790

Cytokine Panel

NucleoSpin® RNA Macherey-Nagel 740955.250

Pan T cell Isolation Kit, human Miltenyi Biotec 130-096-535

RNAscope® 2.5 HD Detection Advanced Cell 322360

Reagents- RED Diagnostics

RNAscope® H202 & Protease Plus Advanced Cell 32233
Diagnostics

2.1.4 Reagents and buffers

Table 6 Reagents and buffers

name supplier catalogue number
aceton Th Geyer GmbH, Renningen | 2654.1000
Alexa Fluor™ 750 NHS Ester Thermo Fisher Scientific A20011
antifect Schiilke & Mayr GmbH 113940
aqua B. Braun, Melsungen 75/12600521212
aquatex aqueus mounting medium Merck- Millipore, Darmstadt | 1085620050
beta-Mercaptoethanol Sigma-Aldrich Chemie 60242
bovine serum albumin (BSA) Sigma-Aldrich Chemie 9048-46-8
dimethylsulfoxid (DMSO) Serva, Heidelberg 20385
Dako envision system HRP rabbit Dako, Jena K4003
Dako fluorescent mounting medium Dako, Jena S3023
DPBS Gibco, USA 14190-094
EDTA ultra pure Life technologies, USA 15576028
ethanol 99,8% mit ca. 1% MEK ; 2,5L | Carl Roth, Karlsruhe K928.3
Entellan Merck-Millipore, Darmstadt | 1.07961.0100
(mounting medium for microscopy)
eosin-G solution Carl Roth, Karlsruhe X883.2
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(0,5% aqueous for microscopy)

FACS™ lysing solution BD Biosciences, Heidelberg | 349202
fecal calf serum Gibco, USA 10270106
Fc Receptor Binding Inhibitor eBioscience, UK 14-9161-73
Ficoll-Paque PLUS GE Healthcare Life Sciences | 17-1440-03
hemalum solution acidic Carl Roth, Karlsruhe T865
according to Mayer

Hoechst pentahydrate (bis-benzimide) Invitrogen, USA H3569

IC fixation buffer eBioscience, UK 00-8222-49
KAPA probe fast universal KAPA Biosystems, USA KK4715

nitrogen liquid

German-Cryo, Jiichen

CYL 120/4 SB

normal donkey serum Merck-Millipore, Darmstadt | 566460-5SML
normal goat serum Merck-Millipore, Darmstadt | S30-100ML
OneComp eBeads™ compensation eBioscience, UK 01-1111
Pacific Orange™ succinimidyl ester Thermo Fisher Scientific P30253
penicillin-streptomycin (10,000 U/mL) | Gibco, USA 15140122
roti-Histofix (formaldehyde 4 %) Carl Roth, Karlsruhe P087.3
ROX low fluorescence reference dye KAPA Biosystems, USA KD4705
TagMan™ Universal PCR Master Mix | Applied Biosystems, 4304437
Darmstadt
Trition- X 100 Carl Roth, Karlsruhe 3051.2
trypan blue solution (0,4 %) Invitrogen, USA 10702404
Tween®20 Sigma-Aldrich Chemie P9416
xylene Th Geyer Gmbh, Renningen | 371-5L
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2.1.5 Devices and software

Table 7 Technical devices

technical device

supplier

CO; incubator

Sanyo Denki K.K, Moriguchi; Japan

CryoStar NX50 HOPD cryostat

Thermo Fisher Scientific, USA

centrifuge 5417R

Eppendorf AG, Hamburg

centrifuge 5810R

Eppendorf AG, Hamburg

ELISA reader INFINITY F50

Tecan, Miannedorf; Switzerland

HL-2000 Hybrilinker hybridisation oven

UVP Laboratory Products, Jena

HybEZ Oven

Advanced Cell Diagnostics; UK

LSR II, LSR Fortessa (flow cytometer)

BD Biosciences, Heidelberg

LSR II, FACS Canto (flow cytometer)

BD Biosciences, Heidelberg

MACS® MultiStand

Miltenyi Biotec, Bergisch Gladbach

microbiological safety cabinet MSC 1.8

Thermo Fischer Scientific, USA

microbiological safety cabinet DLF BSS6

Clean Air Technique B.V., Netherlands

microscope BH-2

Olympus, Tokio; Japan

microscope BZ-9000

Keyence, Osaka; Japan

microscope BZ-X700

Keyence, Osaka; Japan

microtome Slee medical, Mainz
microwave Bosch, Munich
Nanodrop™ 2000 Thermo Fischer Scientific, USA

Neubauer hemocytometer Marienfeld Superior

Paul Marienfeld GmbH & Co. KG,
Lauda Konigshofen

PCR/Thermo Cycler peqSTAR 2x universal

gradient

VWR Peqlab, Pennsylvania; USA

precision scales Sartorius analytics A200s

Sartorius AG, Géttingen

pipetboy

Integra Biosciences AG, Zizers; Schweiz

platform shaker

Heidolph Instruments GmbH & Co.KG,
Schwabach

ViiA7™ Real-Time PCR System

Applied Biosystems, California; USA

vortex, Reax 2000

Heidolph Instruments GmbH

water bath

GFL, GroBBburgwedel
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Table 8 Disposables

name

supplier

96 well plates round bottom

Sarstedt, Niirmbrecht

96 well plate V bottom, flat bottom

Greiner Bio-One, Frickenhausen

cover slip, 24mm x 50mm #1

Carl Roth, Karlsruhe

cryo reagent tubes

Sarstedt, Niirmbrecht

EDTA KE 9 mL tube

Sarstedt, Niirmbrecht

flow cytometry reaction tubes

Sarstedt, Niirmbrecht

ImmEdge pen H4000

Vector Laboratories Inc., California

LS-Columns

Miltenyi Biotec, Bergisch Gladbach

MACS®Pre-Separation Filters 30 um

Miltenyi Biotec, Bergisch Gladbach

MaxiSorp micro plate

Nunc, Schwerte

micro Amp™ fast 96-well reaction plate

Applied Biosystems, Darmstadt

micro Amp™ optical adhesive film

Applied Biosystems, Darmstadt

micro pestle

Carl Roth, Karlsruhe

micro reagent tubes 1.5 mL, 2 mL

Sarstedt, Niirmbrecht

microscope slides superfrost

Menzel GmbH, Braunschweig

multichannel pipettors 300 uL

Eppendorf AG, Hamburg

nylon mesh cell strainer 100 um

BD Biosciences, Heidelberg

petri dish

Sarstedt, Niirmbrecht

pipettes 1 mL, 200 pL, 100 pL, 10 pL

Eppendorf AG, Hamburg

pipettes serological 2 mL, 5 mL, 10 mL, 25 mL

Greiner Bio-One, Frickenhausen

pasteur pipettes

Sarstedt, Niirmbrecht

reaction tubes polypropylene 15 mL, 50 mL

Greiner Bio-One, Frickenhausen

reagent reservoirs

VWR north American, USA

vacuum filtration unit Filtropur V50, 500 ml

Sarstedt, Niirmbrecht

weighing boats

Carl Roth, Karlsruhe
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Table 9 Software
name supplier version
Aperio image scope Leica Biosystems pathology imaging | 12.3.3.5048
BZ 11 Viewer und Analyzer | Keyence 2.2
FACSDiva BD Biosciences 8
FlowJo BD Biosciences 10
GraphPad Prism GraphPad Software Inc. 6
Imagel Fiji 1.51s
Ink scape Tarmjong Bah 0.92
LEGENDplex Biolegend 8
Magelan F50 Tecan Corperation V7.0
Nano Drop 2000 Thermo Fischer Scientific 1.6.198
ViiA 7 RUO Software Applied Biosystems 1.2.4

2.2 Methods

2.2.1 Human subjects

Blood and liver tissue samples of AIH, DILI, NASH, PBC, PSC patients and healthy control
subjects were tested for this study. Human samples of 42 patients with treatment-naive AIH, 37
patients with AIH under immunosuppressive treatment, 35 DILI patients, 17 patients with
NASH, 13 PBC and 18 PSC patients were analysed. In addition, samples of 44 healthy control
subjects were applied. Thereby, healthy margin resection of 8 patients with liver adenomas
served for analyses of healthy livers. Patients with liver adenomas underwent surgery in the
Department of Hepatobiliary Surgery and Transplantation at the University Medical Centre
Hamburg-Eppendorf. Moreover, liver tissue samples of 9 patients who underwent bariatric
surgery at the University Medical Centre Hamburg-Eppendorf, were applied as healthy
controls. Furthermore, diagnosis of DILI was based on the RUCAM score [66, 195].

Clinical data of AIH patients and control groups were listed in table 10. The gender distribution
(female; male) in treatment-naive AIH study group was 69% female patients versus (vs.) 31%
male patients. Moreover, gender distribution in other study groups, such as patients with AIH
under immunosuppressive treatment (65% vs. 35%), healthy control subjects (59% vs. 40%),
patients with DILI (66% vs. 34%), NASH (65% vs. 35%), PBC (46% vs. 54%) or PSC (61%
vs. 39%) was displayed in figure 8.

32



2. MATERIAL AND METHODS

Table 10 Clinical parameters of patient and control cohort. Values are expressed in mean
(range) and ANA titer in median (range). Standard values for men and women (&; Q) are shown.

Study group Healthy AIH AIH DILI NASH PBC PSC
controls naive steroid treated
number n 44 42 37 35 17 13 18
age 37 46 48 47 52 63 45
(23-79) (18-79) (18-27) (21-79) (21-71) (41-88) (21-68)
AST U/L 45 596 52 607 56 33 38
(310-50; 210-35) (16-114) (34-2359) (18-251) (38-2871) (25-95) (14-132) (12-147)
ALT U/L 61 755 62 992 94 42 67
(310-50; 210-35) (11-145) (27-2368) (18-279) (17-3634) (27-290) (15-198) (17-322)
AP U/L 73 152 94 193 100 156 192
(330-129; 230-104) (49-105) (58-376) (17-223) (25-310) (46-268) (57-590) (44-402)
GGT U/L 95 226 102 420 208 139 178
(3<60; 2<40) (14-483) (42-568) (14-560) (14-2557) (34-767) (17-343) (13-502)
IgG g/L - 18.5 15.3 11.2 10.5 13.8 14.5
(7-16) (8.31-33.8) (2-27.3) (5.19-18.3) (6-15.8) (10.1-19) (8.6-20.6)
Leukocytes Mrd/L 12 7.8 6.9 9.2 7.9 9.0 6.6
(3.8-11) (7.3-18) (3.1-20.5) (2-13.6) (1-27.3) (3.8-17.7) (5.8-13.9) (3.4-11.7)
Bilirubin mg/dL 0.5 3,8 0.8 15 0.74 0.6 0.7
(<1.2) (0.2-0.8) (0.2-28.2) (0.2-2.3) (4.1-19) (0.4-1.8) (0.4-1.1) (0.3-1.3)
mHAI - 8 7 9 - - -
(0-18) (3-14) (2-12) (4-13)
ANA - 1: 1280 1: 320 1: 160 1: 320 1: 5120 1: 320
(=£1:160) (1:80-1:5120) | (1:80-1:5120) | (1:80-1:5120) | (1:160-1:640) | (1:80-1:5120) | (1:160-1:320)
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Figure 8 Gender distribution in study groups.

2.2.2. Isolation of human plasma

Human blood plasma was isolated for cytokine analyses. Freshly isolated human blood that was
kept in three 7 mL EDTA tubes (Sarstedt) was centrifuged at 1500rpm and room-temperature
(RT) for 10 min. 2 mL human blood plasma was collected into 2 mL micro cryo tubes (Sarstedt)

using 1 mL pipettes (Eppendorf). Micro cryo tubes were stored at -80°C.
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2.2.3 Isolation of human peripheral blood mononuclear cells

Human peripheral blood mononuclear cells (PBMCs) were isolated to examine blood
lymphocytes of AIH patients in comparison to control subjects. Freshly isolated human blood
was transferred into a 50 mL tube (Greiner Bio-One). By use of a 25 mL pipette RT PBS
(2.7 mM KClI, 1.5 mM KH>PO4,137 mM NaCl, 6.5 mM NaxHPOg; ph 7,4) was added to the
blood until a final volume of 35 mL was reached. Diluted blood was gently mixed. A fresh 50
mL tube was filled with 15 mL ficoll (GE Healthcare Life Sciences) and diluted blood was
slowly layered on top of the ficoll. The solution was centrifuged at 600 xg and RT for 20 min.
PBMCs were collected using a Pasteur pipette (Sarstedt) and transferred into a fresh 50 mL
tube. PBS was added to isolated cells up to a final volume of 50 mL. For washing, cells in PBS
were centrifuged at 400 xg and RT for 5 min. Supernatant was discarded and cell pellet was
resuspended in fresh PBS. PBS was added to cells up to a final volume of 50 mL and cells were
additionally centrifuged at 400 xg and RT for 5 min. After cells were resuspended in 10 mL

PBS, they were counted. Cells were once again centrifuged at 400 xg and RT for 5 min.

2.2.4 Isolation of human T cells from peripheral blood mononuclear cells

T cells were isolated from PBMCs that were freshly isolated from human blood. PBMCs in
PBS (2.7 mM KCI, 1.5 mM KH>PO4,137 mM NaCl, 6.5 mM Na;HPOys; ph 7,4) were counted
and passed through a 30 um nylon mesh cell strainer (Miltenyi Biotec). PBMCs were collected
in a 15 mL tube (Greiner Bio-One) and were centrifuged at 300 xg and RT for 10 min.
Supernatant was discarded and cell pellet was resuspended in 40 uL. MACS buffer (PBS,
0.5% BSA, 2.5 mM EDTA) per 10 total cells. 10 uL MACS antibody biotin cocktail (Miltenyi
Biotec) per 107 total cells were added and PBMCs incubated at 4 °C for 5 min. 30 uL MACS
buffer per 107 total cells was given to the PBMCs as well as 20 pL MACS magnetic micro bead
cocktail (Miltenyi Biotec) per 107 total cells. Magnetic beads and PBMCs were mixed well.
PBMC:s incubated at 4 °C for additional 10 min. LS column (Miltenyi Biotec) was placed into
MACS® MultiStand (Miltenyi Biotec) and rinsed three times with 1 mL of MACS buffer. After
incubation, cell suspension was applied onto LS column and the flow-through, which contained
the unlabelled CD3" T lymphocytes was collected in a fresh 15 mL tube. LS column was
washed three times with 1 mL of MACS buffer and flow-through was collected. Unlabelled

CD3" T lymphocytes were counted and used for further analyses.
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2.2.5 Counting cells

Cells were counted to determine cell concentrations in each volume. 90 puL of trypan blue
solution (Invitrogen) was pipetted into a well of a 96-well flat plate (Sarstedt). 10 pL of cells
in PBS or cell culture media was added to the well with tryptanblau and gently mixed. A cover
slide (Carl Roth) was placed on a Neubauer hemocytometer (Paul Marienfeld) and 10 pL of the
cell-trypan blue mixture was pipetted into the gap between cover slide and Neubauer
hemocytometer. Neubauer hemocytometer was placed under the microscope (Olympus) and
cells were counted. The Neubauer hemocytometer consists of nine 1 mm? squares and cells on
two or four squares were counted to determine cell concentration:

cellioal concentration= (cellscounted /Squarescoumed) - 10 - volume - 107,

2.2.6 Freezing peripheral blood mononuclear cells

PBMCs that were freshly isolated from human blood according to chapter 2.2.3 and were stored
in liquid nitrogen. For this, supernatant of washed and counted PBMCs was discarded. Cell
pellet was resuspended in 1 mL freeze medium (RPMI, 5% P/S, 10% FCS, 10% DMSO) per
107 total cells. Cells in freeze medium were aliquoted in micro cryo tubes (Sarstedt) and stored

at -80 °C for 5 days. Afterwards, the cells were placed in liquid nitrogen (German-Cryo).

2.2.7 RNA isolation from blood peripheral T cells and whole liver tissue samples

RNA was isolated from blood peripheral T cells or whole liver tissue samples for real time
polymerase chain reaction analyses. To whole liver tissue samples (< 30 mg) or pellet of blood
peripheral T cells (< 5 -10°), 350 uL lysis buffer (Macherey-Nagel) and 3.5 pL B-
mercapthoethanol (Sigma-Aldrich Chemie) was added. Whole liver tissue samples were
crushed by use of pestle (Carl Roth) and peripheral blood T cells were vortexed (Heidolph
Instruments). Cell lysates were transferred into NucleoSpin®Filters with collection tubes
(Macherey-Nagel) and centrifuged at 11,000 xg and RT for 1 min. 350 pL of 70 % ethanol
(Carl Roth) was added to homogenised lysates in collection tubes and lysates were transferred
to NucleoSpin®RNA columns with collection tubes (Macherey-Nagel). Cell lysates were
centrifuged at 11,000 xg and RT for 30 sec. 350 uL Membrane Desalting Buffer (MDB,
Macherey-Nagel) was applied to the membranes of NucleoSpin® RNA columns. Columns were
centrifuged at 11,000 xg and RT for 1 min. Membranes incubated in 95 pL rDNase (Macherey-
Nagel) at RT for 15 min and washed firstly in 200 uL RAW2 (Macherey-Nagel) and secondly
in 600 uL. RA3 (Macherey-Nagel). Both wash steps included centrifugation at 11,000 xg and

RT for 30 sec. Additionally, membranes were washed in 250 uLL. RA3 (Macherey-Nagel) and
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centrifuged at 11,000 xg and RT for 2 min. RNA of blood peripheral T cells was eluted by
adding 50 pL of RNase-free water (Macherey-Nagel) and RNA of whole liver tissue samples
was eluted by adding 40 uL of RNase-free water. To complete the elution of RNA, membranes
were centrifuged at 11,000 xg and RT for 1 min. RNA concentration of the samples was
determined using Nanodrop™ 2000 (Thermo Fischer Scientific) and for storage, RNA samples

were kept in 1.5 mL micro reagent tubes (Sarstedt) at -80 °C.

2.2.8 ¢DNA synthesis

RNA from sorted blood peripheral T cells or whole liver tissue samples were reverse transcribed
to complementary DNA (cDNA). For each RNA sample, 2.4 pL reaction buffer, 0.96 pL
deoxyribonucleotide triphosphate (ANTPs, 100 mM), 2.4 uL random primers and 1.2 pL of
reverse transcriptase (50 U/uL) was applied as master mix (Applied Biosystems). 5.8 uL of
master mix was added to each 14.2 uL of 500 ng RNA sample. RNA samples and reagents were
placed on ice during pipetting. RNA samples were placed in PCR/Thermo Cycler peqSTAR 2x
universal gradient (VWR Peqlab). The program for the thermal cycler was as followed:

step 1 step 2 step 3 step 4
temperature °C | 25 37 85 4
time 10 min 2h 5 min oo (storage)

Concentration of cDNA was measured with Nanodrop™ 2000 (Thermo Fischer Scientific) and

cDNA samples were stored at -20 °C.

2.2.9 Real-time quantitative PCR analyses

Gene expression analyses were performed on synthesised cDNA (see chapter 2.2.8) by use of
real-time quantitative PCR. For this, 5 uL KAPA PROBE FAST qPCR Master Mix (KAPA
Biosystems), 0.2 uL ROX fluorescein reference dye (KAPA Biosystems) and 0.5 pL probe (see
table 3) were pipetted into a micro reagent tube (Sarstedt) that was placed on ice. Solutions
were mixed well using vortex (Heidolph Instruments). In a 96 well qPCR plate (Applied
Biosystems), 5.7 uLL of the mixture was added to 4.3 uL of 2.5 pg/uL. cDNA. If necessary, 20
puL of 2.5ng/ul. cDNA was diluted in RNase-free water (Macherey-Nagel) in a ratio of 1:4, 1:5
or 1:6. Reagents were placed in ViiA7™ Real-Time PCR System (Applied Biosystems) and
PCR program was adjusted using ViiA 7 RUO software. After initial denaturation for 20 sec at
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95 °C, cycles of primer annealing at 60 °C for 20 sec and elongation at 95 °C for 1 sec followed.
40 cycles of amplification were applied. Mean relative expression of the genes of interest were
normalised to that of housekeeper HPRT1 (Thermo Fisher Scientific) and calculated using the

2-8ACT method.

2.2.10 Flow cytometric analyses

2.2.10.1 Staining of freshly isolated peripheral blood T cells

CD3" T cells that were freshly isolated from PBMCs (see chapter 2.2.4) were stained with flow
cytometry antibodies to examine the purity of the T lymphocyte-MACS-flow-through. 1-107
cells of MACS flow through were centrifuged at 400 xg and RT for 5 min. For the life/dead
staining, 1 uL Pacific Orange™ succinimidyl ester (Thermo Fisher Scientific) was added to
999 uL PBS (2.7 mM KCl, 1.5 mM KH;PO4,137 mM NaCl, 6.5 mM Na;HPOg4; ph 7,4). Cells
were resuspended in 150 pL diluted Pacific Orange™ and incubated at 4 °C for 20 min.
Subsequently, cells were washed in 1 mL PBS with centrifugation at 400 xg and RT for 5 min.
Cell pellet was resuspended in 15 puL Fc Receptor Binding Inhibitor (eBioscience) and 85 pL
FACS buffer (0.5% BSA, 0.02% NaN3, PBS). Cells incubated at 4 °C for 20 min. In 100 pL
Fc Receptor Binding Inhibitor solution, antibody cocktail (2 pL anti-CD3 PECy7, 5 uL anti-
CD4 Pacific Blue, 2 pL anti-CD8 BV510, 5 uL anti-CD14 APC, 5 pL anti-CD25 AF700, 2 uL
anti-CD45 BV785, 3 pL anti-CD127 PerCP Cy5.5 and 10 pL anti-FOXP3 Texas Red) was
applied to the cells and cells incubated in antibody cocktail at 4 °C for 30 min. Afterwards, 1
mL PBS was added to cells for washing at 400 xg and RT for 5 min. Cell pellet was resuspended
in 200 pL PBS. Cells were acquired with flow cytometer LSR II Fortessa (BD Biosciences)

and analysed by use of software FlowJo (BD Biosciences).

2.2.10.2 Protein staining of CBL-B in unstimulated PBMCs

To examine the protein expression of CBL-B in PBMCs of AIH patients or control subjects,
100 pL of freshly isolated human blood was incubated in 1 mL FACS™ lysing solution (BD
Biosciences) at RT for 10 min. For this, FACS™ lysing solution was diluted in distilled water
at a ratio of 1:10. Afterwards, cells were centrifuged at 400 xg for 5 min and washed in 2 mL
FACS buffer (0.5% BSA, 0.02% NaNs, PBS). Cell pellet was resuspended in 100 pL IC fixation
buffer (eBioscience) an incubated in the dark at RT for 20 min. 1 mL permeabilisation buffer
(500 mL DPBS, 25 mL FCS, 10 g BSA, 0.5 g triton-X) was added to cells, followed by
centrifugation at 400 xg for 5 min. Cell pellet was resuspended in 15 pL Fc Receptor Binding

Inhibitor (eBioscience) and 85 uL FACS buffer. Then, cells incubated at 4 °C for 20 min. To
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cells in Fc Receptor Binding Inhibitor solution, antibody cocktail (2 pL anti-CD3 PECy7,
5 puL anti-CD4 Pacific Blue, 3 pL anti-CD8 AF700, 5 pL anti-CD14 APC, 3 pL anti-CD19
PECyS5, 5 uL anti-CD127 PerCP Cy5.5, 10 uL anti-FOXP3 Texas Red and 2 pL anti-CBL-B
pure) was added and cells incubated in antibody cocktail at 4 °C for 30 min. Subsequently, cells
were washed twice in 1 mL permeabilisation buffer at 400 xg for 5 min and incubated with 100
pL anti-rabbit IgG Dylight 488 (Dianova) that was diluted 1:200 in FACS buffer, at 4 °C for
30min. Cells were washed in 2 mL permeabilisation buffer at 400 xg for 5 min and resuspended
200 uL FACS buffer. Flow cytometer LSR II Fortessa (BD Biosciences) was used for

acquisition of cells and analysis was performed by use of software FlowJo (BD Biosciences).

2.2.10.3 Protein staining of CBL-B, CTLA-4, ICOS and PD-1 in PBMCs

Protein expression of CBL-B, CTLA-4, ICOS and PD-1 in PBMCs of AIH patients or control
subjects was determined by use of flow cytometry. For this purpose, 1 mL FACS™ lysing
solution (BD Biosciences) that was diluted in distilled water at a ratio of 1:10 was added to
100 pL of freshly isolated human blood and incubated at RT for 10 min. Cells were centrifuged
at 400 xg for 5 min and supernatant was decanted cautiously. Cell pellet was resuspended in
500 pL of stimulation medium (RPMI, 10% FCS, 5% penicillin-streptomycin) with 2 pL
purified anti-CD3 (Biolegend) and 1 pL purified anti-CD28 (Biolegend) antibodies. Cells
incubated at 37°C for 4 h. After incubation, cells were centrifuged at 400 xg for 5 min and
supernatant was transferred cautiously into micro reagent tubes (Sarstedt). Supernatant was
stored at -80 °C. Alexa Fluor™ 750 NHS Ester (Thermo Fisher Scientific) was diluted in PBS
(2.7 mM KCl, 1.5 mM KH>PO4,137 mM NaCl, 6.5 mM NaHPOy4; ph 7,4) at a ratio of 1:1000.
Cell pellet was resuspended in 150 pL diluted Life/Dead APC-Cy7 (Thermo Fisher Scientific)
solution and incubated at 4 °C for 20 min. Cells were washed in 1 mL PBS at 400 xg for 5 min
and incubated in 100 puL IC fixation buffer (eBioscience) in the dark at RT for 20 min. 1 mL
permeabilisation buffer (500 mL DPBS, 25 mL FCS, 10 g BSA, 0.5 g triton-X) was added to
cells. After centrifugation at 400 xg for 5 min, cells incubated in blocking buffer (PBS, 1%
BSA, 5% normal donkey serum) with antibody cocktail (2 pL anti-CD3 PECy7, 5 pL anti-CD4
Pacific Blue, 2 pL anti-CD8 BV510, 4 pL anti-CD19 AF700, 5 pL anti-CD38 BV650, 2 pL
anti- CD45 BV785, 5 uL anti-CD127 PerCP Cy5.5, 10 uL anti-FOXP3 Texas Red, 2 pL anti-
CBL-B pure, 5 pL anti-CTLA-4 APC, 2 pL anti-ICOS BV605, 5 uL anti-PD-1 BV711) at 4 °C
for 30 min. Then, cells were washed in 1 mL permeabilisation buffer at 400 xg for 5 min and
incubated in 100 pL diluted donkey anti-rabbit IgG Dylight 488 (Dianova) solution at 4 °C for
30 min. For this, secondary antibodies was diluted in PBS+1% BSA at a ratio of 1: 200. Cells
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were washed in 1 mL permeabilisation buffer at 400 xg for 5 min and cell pellet was
resuspended in 150 uLL PBS. Cells were detected with flow cytometer LSR II Fortessa (BD

Biosciences) and analysed by use of FlowJo software (BD Biosciences).

2.2.104 Protein staining of CBL-B, CTLA-4, ICOS and PD-1 in whole liver tissue

Protein expression of CBL-B, CTLA-4, ICOS and PD-1 was examined in whole liver tissue
samples of AIH patients or control subjects. Whole liver tissue samples were biopsies that were
obtained by performing mini-laparoscopy at the University Medical Centre Hamburg-
Eppendorf. Freshly extracted biopsy was mashed through a 100 pm nylon mesh cell strainer
(BD Biosciences) and rinsed with medium (RPMI, 10% FCS, 5% penicillin-streptomycin).
Liver cells were centrifuged at 400 xg for 5 min and supernatant was removed gently by
pipetting. Cell pellet was resuspended in medium with 2 pL purified anti-CD3 (Biolegend) and
1 pL purified anti-CD28 (Biolegend) antibodies. Cells incubated at 37 °C for 4 h. After

incubation, the protocol was continued according to 2.2.10.3.

2.2.11 Immunohistochemical staining

2.2.11.1 Haematoxylin-Eosin (HE) staining

HE dyes were performed on formalin-fixed paraffin-embedded (FFPE) whole liver tissue
samples of AIH and DILI patients to examine liver tissue structures and various cellular
structures. FFPE of 2 pm human liver sections were deparaffinised in xylene (Th Geyer) for
12 min. For hydration of liver sections, slides were placed in ethanol (Carl Roth) for 16 min.
For this, slides incubated in a descending order of 100%-, 90%-, 80%-, and 70%- ethanol for 4
min each. Slides were then rinsed in distilled water for 2 min and incubated in acidic hemalum
solution according to Mayer (Carl Roth) for 10 min. Afterwards, slides were rinsed with tap
water for 15 minutes and incubated in eosin (Carl Roth) for 1 min. After the slides were dipped
in tap water, liver sections were dehydrated by use of an ascending order of 50%-, 70%-, 90%-
and 100%-ethanol. In addition, slides incubated in xylene for 8 min. Sections were mounted by

use of Entellan (Merck-Millipore) and cover slips (Carl Roth).
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2.2.11.2 Modified histological activity index

Modified histological activity index (mHAI) according to Ishak ef al. is a histological grading
of hepatic inflammation [184, 185]. For assessment of mHAI score, liver tissue samples were
stained with haematoxylin and eosin. mHAI scores of liver tissue samples were evaluated in a
blinded manner by the Department of Pathology at University Medical Centre Hamburg-
Eppendorf. The mHAI score according to Ishak et al. describes the assessment of:

A. interface hepatitis (0-4),

B. confluent necrosis (0-6),

C. Focal necrosis/apoptosis and focal inflammation (0-4)

D. portal inflammation (0-4).

2.2.11.3 RNA in-situ hybridisation

To examine RNA expression of CBL-B, CTLA-4, ICOS and PD-1 in single cells in liver tissue
sample of AIH or DILI patients, RNA in-situ hybridisation was performed. For this, FFPE of 2
um liver tissue sample sections incubated in hybridisation oven (UVP Laboratory Products) at
60 °C for 1 h. Liver sections were deparaffinized by incubation in xylene (Th Geyer) for 10
min followed by 2 min in ethanol (Carl Roth). To block endogenous peroxidase activity, liver
tissue slides incubated in hydrogen peroxide (Advanced Cell Diagnostics) 10 min. After rinsing
the slides in distilled water, slides were gently heated in target retrieval (Advanced Cell
Diagnostics) first at 360 W for 3 min and 900 W for 12 min. Then, slides were rinsed with
distilled water for 30 sec and incubated in ethanol for 1-2 min. ImmEdge pen (Vector
Laboratories Inc) created hydrophobic barriers circling the liver tissue sections on the slides.
The next day, liver tissue slides incubated with Protease Plus (Advanced Cell Diagnostics) in
Hybez oven (Advanced Cell Diagnostics) at 40 °C for 30 min. Subsequently, liver tissue slides
incubated with target probes (CBL-B, CTLA-4, ICOS, PD-1; Advanced Cell Diagnostics) at 40
°C for 2 h. After protease treatment, slides incubated with amplifier solution 1-4 each at 40°C
and amplifier solution 5 and 6 (Advanced Cell Diagnostics) at RT (alternating between 30 min
and 15 min). For alkaline phosphatase-based detection., liver tissue slides incubated in 75 pL
Fast Red solution (Advanced Cell Diagnostics) at RT for 10 min. Then, slides were washed in
tap water for 5 min and incubated in acidic hemalum solution according to Mayer (Carl Roth)
for 2 min. Slides were washed in tap water for 7 min and aquatex aqueus mounting medium

(Merck-Millipore) sealed the stained slides. Slides stored at RT.

2.2.114 RNA in-situ hybridisation and anti-CD3 co-staining
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RNA in-situ hybridisation with additional immunohistochemical anti-CD3 staining was
performed on liver tissue sample of AIH or DILI patients to examine RNA expression of CBL-
B, CTLA-4,ICOS and PD-1 in liver-infiltrating CD3" T lymphocytes. FFPE of 2 pm liver tissue
sample sections were treated according to chapter 2.2.11.2. After alkaline phosphatase-based
detection with Fast Red solution (Advanced Cell Diagnostics) and rinsing the slides with tap
water for 5 min, liver tissue slides incubated in blocking buffer (PBS, 1% BSA, 5% normal
goat serum) at 4 °C for 1 h. Anti-human CD3 antibodies (Thermo Fisher Scientific) were diluted
in blocking buffer at a ratio of 1:20 and slides incubated in 100 pL of primary antibody solution
at 4 °C overnight. Slides were washed thrice in PBS (2.7 mM KCI, 1.5 mM KH>PO4,137 mM
NaCl, 6.5 mM NaHPOy; ph 7,4) and incubated in 100 pL anti-mouse IgG horseradish
peroxidase (Invitrogen) at RT for 1 h. For this, 1.5 pL anti-mouse IgG horseradish peroxidase
was mixed with 1 mL PBS+1% BSA. After incubation, liver tissue slides were washed thrice
in PBS and incubated in 100 pL chromogenic 3, 3'-diaminobenzidine (DAB) substrate solution
(Dako) at RT for 50 sec. Immediately after, slides were washed in PBS to stop detection and
incubated in 50% in acidic hemalum solution according to Mayer (Carl Roth) for 2 min. Slides
were washed in tap water for 7 min and liver tissue slides were mounted using aquatex aqueus

mounting medium (Merck-Millipore). Slides stored at RT.

2.2.11.5 Quantification of immunohistochemically stained liver tissues

AIH or DILI liver tissue slides that were stained by use of RNA in-situ hybridisation with or
without additional anti-CD3 co-staining were analysed using light microscopy (Keyence).
Liver-infiltrating lymphocytes expressing RNA of CBL-B, CTLA-4, ICOS or PD-1 were
quantified. For this, five representative images of high-power fields of hepatic portal areas and

hepatic lobular areas of each liver tissue slide were taken and analysed in a blinded manner.

2.2.12 Immunofluorescence

By use of immunofluorescence on liver tissue sections of healthy control subjects, the
distribution of CBL-B protein in healthy liver tissue cells was investigated. For this purpose,
cryo slides of the liver tissue samples sections were created using cryostat (Thermo Fisher
Scientific) and the slides stored at -80 °C. Cryo slides incubated in roti-Histofix (Carl Roth) at
RT for 10 min and were washed thrice in PBS (2.7 mM KCI, 1.5 mM KH>PO4,137 mM NaCl,
6.5 mM Na;HPOy; ph 7,4) for 5 min. After washing, cryo slides incubated in aceton (Th Geyer)
for 3 min and were washed thrice in PBS for 5 min. Then, cryo slides incubated in

permeabilisation buffer (500 mL DPBS, 25 mL FCS, 10 g BSA, 0.5 g triton-X) for 5 min
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followed by washing thrice in PBS for 5 min. To detect CBL-B protein in liver-infiltrating
CD3" lymphocytes, both unconjugated anti-CBL-B antibodies (Proteintech) and anti-CD3
FITC antibodies (Biolegend) were diluted in blocking buffer (PBS, 1% BSA, 5% normal goat
serum) at a ratio of 1:100. Cryo slides incubated in 100 pL in antibody solution at 4 °C
overnight. On the next day, cryo slides were washed thrice in PBS for 5 min followed by
incubation with 100 pL secondary antibody anti-rabbit IgG PE (Invitorgen) solution for 1 h at
4 °C. For this, secondary antibody anti-rabbit IgG PE was diluted in PBS+ 1% BSA. After
incubation, cryo slides were washed in thrice in PBS for 5 min and incubated in Hoechst
pentahydrate (bis-benzimide) solution (Invitrogen) for 2 min to stain cell nucleic acid. Hoechst
solution was a 1:20.000 mixture with PBS. Cryo slides were rinsed with PBS for 30 sec and by
use of Dako fluorescent mounting medium (Dako), the cryo slides were mounted and stored at

4 °C. Stained cryo slides were analysed using fluorescence microscopy (Keyence).

2.2.13 Quantitative assessment of cytokines

2.2.13.1 Enzyme-linked Immunosorbent Assay (ELISA)

With Enzyme-linked Immunosorbent Assay the cytokine expression in human blood plasma
and cell stimulation supernatant was determined. 96-well flat bottom plate (Greiner Bio-One)
was washed twice with 200 pL wash buffer (PBS, 1% Tween® 20) per well and 100 pL of
standard solutions (Thermo Fisher Scientific) was pipetted into the wells of column 1 and 2 on
the 96-well flat bottom plate in duplicates. 30 uL plasma or stimulation supernatant (samples)
were mixed with 20 pL assay buffer (PBS, 1% Tween® 20, 10% BSA) and 50 pL diluted
samples were pipetted into wells of column 3-12. In addition, 50 uL of both assay buffer and
biotin conjugate solution (Thermo Fisher Scientific) was added to all wells and ELISA plate
incubated for 2 h with gently shaking on platform shaker (Heidolph Instruments GmbH). After
incubation, ELISA plate was washed thrice with 200 uL wash buffer per well and 100 uL
streptavidin-HRP solution (Thermo Fisher Scientific) was added to all wells. ELISA plate
incubated for 1h with gently shaking and after incubation the plate was washed thrice with
200 pL wash buffer per well. 100 pL 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution
(Thermo Fisher Scientific) was given to the wells and ELISA plate incubated in the dark for
10-15 min. As the substrate solution turned blue, 100 uL of 1M Phosphoric acid stop solution
was given to the wells to inhibit further reaction with TMB. ELISA plate was read by use of
ELISA reader INFINITY F50 (Tecan) at 450 nm wavelength.

2.2.13.2 Multi-analyte immunoassay Legendplex™
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For initial determination of cytokine of interest in human blood plasma or stimulation
supernatant, multi-analyte immunoassay LEGENDplex ™ (BioLegend) was performed. For
this, 12.5 pL of standard solutions (Biolegend) and 12.5 pL of Matrix B (Biolegend) were
mixed and pipetted into wells of column 1 and 2 on 96-well V bottom plate (Greiner Bio-One).
Also, 12.5 puL of human blood plasma or stimulation supernatant (samples) and 12.5 pL of
assay buffer (PBS, 1% Tween® 20, 10% BSA) were mixed and pipetted into wells of column
3-2 on the same 96-well V bottom plate. Beads (Biolegend) that carry different APC
fluorescence levels and are conjugated to analyte-specific antibody were vortexed (Heidolph
Instruments GmbH) for 1 min and 12.5 pL of beads solution was added to all wells. V bottom
plate incubated at 800 rpm for 2 h and after samples were centrifuged at 250 xg for 5 min,
supernatant was discarded by rapid inverting the plate. Plate was washed with 150 pL wash
buffer (PBS, 1% Tween® 20) per well and centrifuged at 250 xg for 5 min. 12.5 pL of
biotinylated detection antibodies (Biolegend) were pipetted to all wells and samples incubated
at 800 rpm for 1 h. After incubation, the supernatant was not discarded and 12,5 of PE
conjugated streptavidin (Biolegend) was added to all wells. Samples incubated at 800 rpm for
30 min followed by centrifugation at 250 xg for 5 min. Supernatant was discarded and 150 pL
wash buffer per well was added. Sample solutions were transferred from the wells of the 96-
well V bottom plate into flow cytometry reaction tubes (Sarstedt). The fluorescence intensity
of the PE signal of the different (APC) bead populations was quantified using the flow
cytometer BD LSR II FACS Canto (BD Biosciences) and the concentrations of the analytes
were determined using a standard curve and the data analysis software LEGENDplex ™

(Biolegend).

2.2.14 Statistical analysis

Statistical analyses were performed using GraphPad Prism® (GraphPad Software Inc). Data
were analysed with Mann-Whitney U-test. For multiple comparison analyses, ANOVA test was
performed. Spearman's rank correlation coefficient was applied for correlation analyses. All
data are shown as median values (horizontal bars) with interquartile range (IQR). P-Values that

were p< 0.05 (*), p<0.01 (**), p<0.001 (***) and p< 0.0001 (****) considered as significant.
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3. Results

3.1 Real-time PCR screening in peripheral blood T cells and whole liver tissue samples
In order to identify altered expression of T cell co-stimulatory or inhibitory molecules that may
facilitate unbalanced activation of T effector cells in AIH, we performed real-time quantitative
PCR screening in peripheral blood T cells and whole liver tissues samples from AIH patients.
Targets of interest were genes encoding for E3 ubiquitin ligases CBL-B, GRAIL, NEDD4 and
ITCH; T cell co-receptor CTLA-4, ICOS, PD-1 and OX40; protein kinase PKC6O and TNF
receptor-associated factor TRAF6. Gene expression analyses were performed according to

2-42CT method. For comparability purposes, housekeeper

chapter 2.2.9 and calculated using the
HPRT1 was applied and RNA expression was normalised on healthy control subjects.

Before PCR screening was performed on peripheral blood T cells, CD3" T cells were isolated
from human PBMCs and purity of T cell isolation was assessed using flow cytometry.
Therefore, isolated CD3" T cells were stained with fluorescence conjugated antibodies against
the human proteins CD3, CD4, CDS, CD25, CD45, CD127 or FOXP3. Analysis with flow

cytometry showed that 97% of the isolated cells were vital CD45"CD3" T cells (figure 9).

Human liver tissue sample Human blood cells

CD45+ live cells CD3+ cells
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Figure 9 Exemplary human liver tissue sample (< 30mg, 1.2 cm) from AIH patient and
dot plot of isolated CD3" T cells (105 cells acquired) from a healthy subject. Figures are
from personal collection.
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3.1.1 Elevated expression of CBL-B in whole liver tissue of AIH patients

Gene expression of CBL-B, GRAIL, ITCH and NEDD4 was analysed in peripheral blood T cells
from healthy control subjects (n= 10), treatment-naive AIH patients (n= 6), AIH patients under
treatment (n= 10), DILI (n= 7), NASH (n= 6), PBC (n= 4) and PSC patients (n= 4). Relative
expression levels of CBL-B, GRAIL, ITCH and NEDD4 in peripheral blood T cells from patient
with treatment-naive AIH were not significantly different as compared to control groups and
showed comparable levels of expression (figure 10). However, screening of whole liver tissue
samples from healthy control subjects (n= 8), treatment-naive AIH patients (n= 15), AIH
patients under treatment (n=7), DILI (n=6), NASH (n=8), PBC (n=4) and PSC (n=4) patients
revealed that levels of CBL-B expression in liver tissue samples from treatment-naive AIH
patients was significantly increased compared with healthy controls (2.2-fold expression; p=
0.008) and patients with PBC or PSC (1.8-fold expression; p= 0.046; PBC/PSC). Expression
levels of GRAIL (3.8-fold expression; p=0.002) and /TCH (2.6-fold expression; p=0,002) were
elevated in NASH patients as compared to healthy controls. However, expression levels of
GRAIL, ITCH and NEDD4 were not significantly different in liver tissue from treatment- naive

ATIH patients in comparison to control subjects (figure 11).
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Figure 10 Relative RNA expression of CBL-B (A.), GRAIL (B.),ITCH (C.) and NEDD4
(D.) in peripheral blood T cells from healthy control subjects, treatment-naive AIH
patients, AIH patients under treatment, DILI, NASH and PBC or PSC patients.
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Figure 11 Relative RNA expression of CBL-B (A.), GRAIL (B.), ITCH (C.) and NEDD4
(D.) in whole liver tissue samples from healthy control subjects, treatment-naive AIH
patients, AIH patients under treatment, DILI, NASH and PBC or PSC patients.

Contrary to our initial expectations, real-time PCR screening revealed no considerable
deficiency of CBL-B, GRAIL, ITCH, or NEDD4 in peripheral blood T cells or in liver tissue
samples from AIH patients. To the contrary, CBL-B expression in liver tissue samples from
treatment-naive AIH patients was increased, unlike previous findings in Multiple sclerosis
patients described by Stiirner and associates [196]. Moreover, elevated expression of CBL-B
was not seen in peripheral blood T cells of treatment-naive AIH patients or AIH patients under

treatment with immunosuppressants, but in liver tissue of treatment-naive AIH patients.

3.1.2 Elevated expression of CTLA-4, ICOS and PD-I in liver tissue of AIH patients

Gene expression levels of CTLA-4, ICOS, OX40 and PD-1 were examined in peripheral blood
T cells and liver tissue samples of treatment-naive AIH patients and control subjects.
Expression levels of CTLA-4, ICOS, OX40 and PD-1 were not considerably diminished or
elevated in peripheral blood T cells of treatment-naive AIH patients and control subjects (figure
12). Whereas, PCR screening in whole liver tissue samples showed that expression levels of
CTLA-4 was significantly up-regulated in patients with treatment-naive AIH, as compared with
AIH patients under treatment (10.6-fold expression; p= 0.032), healthy control subjects (21.3-
fold expression; p<0.001), NASH (20.0-fold expression; p=0.005) or PBC/PSC patients (10.8-
fold expression; p< 0.01). Relative RNA expression levels of ICOS were increased in patients
with treatment-naive AIH, as compared to healthy control subjects (26.7-fold expression; p=
0.001), DILI (5.8-fold expression; p= 0.031), NASH (15.9-fold expression; p= 0.003) or
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PBC/PSC patients (26.8-fold expression; p= 0.002). Also, PD-1 expression in liver tissue
samples from treatment-naive AIH patients was significantly elevated in comparison to healthy

control subjects (10.4-fold expression; p= 0.002) or NASH patients (5.6- fold expression; p=

0.012; figure 13).
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Figure 12 Relative RNA expression of CTLA-4 (A.), ICOS (B.), PD-1 (C.) and 0X40 (D.)
in peripheral blood T cells from healthy control subjects (n= 10), treatment-naive AIH
patients (n= 6), AIH patients under treatment (n= 10), DILI (n=7), NASH (n= 6) and
PBC (n=4) or PSC patients (n= 4).
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Figure 13 Relative RNA expression of CTLA-4 (A.), ICOS (B.), PD-1 (C.) and 0X40 (D.)
in whole liver tissue samples from healthy control subjects (n= 8), treatment-naive AIH
patients (n= 15), AIH patients under treatment (n= 7), DILI (n=6), NASH (n= 8) and
PBC (n=4) or PSC patients (n= 4).
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Thus, PCR screening revealed that expression of CTLA-4, PD-1 and ICOS was significantly
elevated in liver tissue samples, but not in peripheral blood T cells of treatment-naive AIH
patients compared with healthy controls. According to these results and previous findings of
intrahepatic CBL-B expression in liver tissue samples of treatment-naive AIH patients, we
considered to perform subsequent analyses based on liver tissue samples and not on peripheral

blood samples.

3.1.3 Comparable PKC6O and TRAF6 expression in peripheral blood T cells and whole
liver tissue in AIH versus controls

Expression of PKC6O and TRAF6 was not significantly different in peripheral blood T cells or

whole liver tissue samples from AIH patients, as compared to control subjects (figure 14, 15).

For this reason, PKC6O and TRAF6 were not included in further analyses.
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Figure 14 Relative RNA expression of PKC6 (A.) and TRAF6 (B.) in peripheral blood T
cells from healthy control subjects (n= 10), treatment-naive AIH patients (n= 6), AIH
patients under treatment (n= 10), DILI (n=7), NASH (n= 6) and PBC (n= 4) or PSC
patients (n=4).
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Figure 15 Relative RNA expression of PKCO (A.) and TRAF6 (B.) in whole liver tissue
from healthy control subjects (n=8), treatment-naive AIH patients (n=15), AIH patients
under treatment (n= 7), DILI (n=6), NASH (n= 8) and PBC (n= 4) or PSC patients (n=
4).
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3.1.4 Intrahepatic expression of CBL-B, CTLA-4, ICOS and PD-I positively correlate
with mHAI

With real-time PCR, we identified CBL-B, CTLA-4, ICOS and PD-1 as relevant targets of
interest for further analysis. In order to associate the identified activation regulatory molecules
with disease activity and liver injury in AIH patients, gene expression levels of CBL-B, CTLA-
4, ICOS and PD-1 in liver tissues from AIH patients (treatment-naive or under
immunosuppressive treatment; n=22) were correlated with the modified hepatic activity index
(mHAI) and with serum AST and ALT. Correlation was measured with Spearman's rank
correlation coefficient Rs. We observed that intrahepatic expression levels of CBL-B (Rs= 0.6;
p<0.005), CTLA-4 (R=0.6; p<0.005), ICOS (Rs=0.4) and PD-1 (Rs=0.2) positively correlated
with mHAI of AIH patients. These results suggested that with an increase of intrahepatic
disease activity, levels of RNA expression of the T cell activation regulators CBL-B, CTLA-4,
ICOS and PD-1 were also increased in liver tissue from patients with AIH (figure 16).
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Figure 16 Relative RNA expression of CBL-B (A.), CTLA-4 (B.), ICOS (C.) and PD-1 (D.)
in whole liver tissue from AIH patients positively correlate with mHALIL

49



3. RESULTS

3.1.5 Intrahepatic expression of CBL-B correlates with AST and ALT
Intrahepatic expression of CBL-B, CTLA-4, ICOS and PD-1 was correlated with serum AST

and ALT to determine the association between these targets with liver injury in AIH patients.

Intrahepatic expression levels of CTLA-4, ICOS and PD-1 neither correlated with AST nor with

ALT. However, intrahepatic expression of CBL-B positively correlated with AST (Rs= 0.6; p=
0.003) and ALT (Rs= 0.6; p=0.003; figure 17). Implying, that intrahepatic expression of CBL-

B increases with liver injury and hepatic disease activity in patients with AIH.
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Figure 17 Relative RNA expression of intrahepatic CBL-B (A.) but not of intrahepatic
CTLA-4 (B.), ICOS(C.) and PD-1 (D.), positively correlated with serum AST and ALT in

AIH patients.

50



3. RESULTS

3.2  Similar expression of CD3" cells in livers of AIH or DILI patients

Real-time PCR analysis of CBL-B, CTLA-4, ICOS and PD-1 expression in intrahepatic T cells
from livers of AIH patients would require isolation of vital T cells from liver tissue samples.
However, due to size and amount of the liver biopsy (<30 mg, 0.7- 1.5 cm; one punch), it is so
far not possible to isolate CD3" T cells from liver biopsy samples from AIH patients in
sufficient quantity. For this reason, RNA expression of CBL-B, CTLA-4, ICOS and PD-1 was
determined by liver immunohistochemical staining in subsequent analyses. For these analyses,
a DILI cohort served as control group. DILI causes non-autoimmune liver injury and patients
with DILI exhibit similar clinical and histological appearances as AIH patients (figure 18).
Before performing immunohistochemical staining, we examined whether the expression of T
cells in liver samples of DILI patients did not significantly differ from that in liver samples of

treatment-naive AIH patients.

bl Y

Figure 18 HE staining of liver tissue samples from DILI and AIH patient. Figures are from
personal collection.
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3.2.1 RNA expression of CD3, CD4 and CDS8 in DILI and AIH whole liver tissues

In order to compare the levels of CD3, CD4 and CD8 RNA expression in AIH or DILI liver
tissues, real-time PCR analysis was performed using liver tissue samples from treatment-naive
AIH patients (n= 10), DILI patients (n= 6) and healthy controls (n= 6). PCR screening showed
that relative RNA expression levels of CD3 in samples of DILI (21.7-fold expression; p=0.032)
or treatment-naive AIH patients (21.3-fold expression; p= 0.006) were significantly increased
as compared to healthy controls. However, CD3 expression did not significantly differ between
DILI and treatment-naive AIH patients. Moreover, RNA expression of CD4 or CD8 was not
significantly different between DILI and treatment-naive patients, although expression of CD4
(4.2-fold expression; p= 0.048) and CDS§ (22.5-fold expression; p= 0.016) was significantly
increased in treatment-naive AIH in comparison to healthy controls. Thus, the PCR results
supported the assumption that expression levels of CD3" cells in livers of DILI and AIH patients

were comparable and not significantly different (figure 19).
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Figure 19 Relative RNA expression of CD3, CD4 and CDS8 in liver tissue samples of
healthy controls, DILI or treatment-naive AIH patients.

3.2.2 Expression of CD3" cells in hepatic portal areas of DILI and ATH patients

For further analysis of T cell numbers in liver portal areas in DILI or AIH liver tissues, CD3"
cells were immunohistochemically stained with anti-human CD3 antibodies (see chapter
2.2.11.4). For quantification, five representative high-power field images of hepatic portal areas
of each liver tissue slide were analysed in a blinded manner. The immunohistochemical staining
showed that the numbers of CD3" cells of liver-infiltrating lymphocytes in portal areas was not
significantly different in liver tissue samples from AIH patients (treatment-naive or patients
under treatment; n= 10) as compared to DILI patients (n= 8; figure 20). Thus, T cell infiltration

of portal areas was similar in AIH and DILI patients.
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Figure 20 Similar numbers CD3* T cells in hepatic portal areas in liver tissue samples of

DILI and AIH patients.

3.2.3 Detection of intrahepatic CD3" cells using flow cytometry

Intrahepatic CD3™ T cells in liver tissue samples of treatment-naive AIH patients or DILI

patients were assessed by flow cytometry. Therefore, intrahepatic T cells were stained with

antibodies according to chapter 2.2.10.3. Flow cytometric analysis showed that the size of vital

intrahepatic CD45"CD3" cell population was similar in treatment-naive AIH patients and DILI
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Figure 21 Flow cytometry staining of CD45*CD3* T cells in liver tissue sample of DILI

patient and treatment-naive AIH patient.
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3.3  Elevated expression of CBL-B, CTLA-4, ICOS and PD-1 in liver-infiltrating cells in
AIH patients
PCR screening results showed that the expression of CBL-B, CTLA-4, ICOS and PD-1 was
increased in whole liver tissue samples from treatment-naive AIH patients, as compared to
controls. Because the PCR screening did not provide information on the hepatic location where
the targets of interest were mainly expressed, RNA in-situ hybridisation was performed on liver
tissues from treatment-naive AIH (n= 12) and DILI (n= 12) patients according to chapter
2.2.11.3 (figure 22). Expression of the targets of interest in hepatic portal areas were quantified
according to chapter 2.2.11.5. In liver tissues from treatment-naive AIH patients, 46.9% of the
liver-infiltrating cells expressed CBL-B in hepatic portal areas, whereas in DILI patients, only
17.3% of the liver-infiltrating cells expressed CBL-B (p< 0.001). CTLA-4 was expressed by
27.3% of the liver-infiltrating cells in hepatic portal areas of treatment-naive AIH patients,
which is increased compared to only 16.7% of liver-infiltrating cells in DILI patients (p=
0.007). 22.9% of the liver- infiltrating cells expressed /COS in the hepatic portal areas of
treatment-naive AIH patients in comparison to only 11.1% of the liver-infiltrating cells in DILI
patients (p= 0.013). Moreover, PD-1 was expressed by 23.8% of liver-infiltrating cells in
hepatic portal areas of treatment-naive AIH patients, as compared to only 12.1% of liver-

infiltrating cells in DILI patlents (p O 001; figure 23).

-""L;"':?’" Figure 22 CTLA-4 expression in liver-
:ﬂ.:rt :{ infiltrating lymphocytes in liver from
%: o AIH patient. RNA expression of CTLA-4
SR (red dots) on AIH liver tissue sample was
'31;‘ * stained using RNA in-situ hybridisation.
‘g Black arrows show exemplary CTLA-4
W ¢ staining.
G Figure is from personal collection.
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Figure 23 RNA expression of CBL-B (A.), CTLA-4 (B.), ICOS (C.) and PD-1 (D.) in liver-
infiltrating cells in hepatic portal areas of treatment-naive AIH patients or DILI patients.
RNA expression of CBL-B, CTLA-4, ICOS and PD-1 detected in liver tissues using RNA in-

situ hybridisation

RNA expression of targets of interest was also examined in the liver lobes of treatment-naive

ATIH patients (n= 7) and DILI patients (n=5; figure 24). The percentage of cells that expressed
CBL-B, CTLA-4, ICOS or PD-1 in hepatic lobules did not significantly differ between liver

tissue samples from treatment-naive AIH patients or from DILI patients (figure 25). These

results suggested that the liver-infiltrating cells in hepatic portal areas and not cells in the

hepatic lobules, might account for the different levels of CBL-B, CTLA-4, ICOS and PD-1

expression found in AIH livers, as compared to DILI livers.

. -

Figure 24 CTLA-4 expression
in the liver lobes of AIH
patient. RNA expression of
CTLA-4 (red dots) on AIH liver
tissue sample was stained using
RNA in-situ hybridisation. Black
arrows show exemplary CTLA-4
staining. Figure is from personal
collection.
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Figure 25 RNA expression of CBL-B (A.), CTLA-4 (B.), ICOS (C.) and PD-1 (D.) in cells
in liver lobes of treatment-naive AIH or DILI patients. RNA expression of CBL-B, CTLA-
4, ICOS and PD-1 was detected by use of RNA in-situ hybridisation on liver tissue slides.

3.3.1 Elevated expression of CBL-B, CTLA-4, ICOS and PD-1 in liver-infiltrating T cells
in AIH

To quantify the expression of CBL-B, CTLA-4, ICOS and PD-1 in liver-infiltrating CD3" cells,
RNA in-situ hybridisation was combined with anti-CD3 co-staining and applied to liver tissue
slides according to chapter 2.2.11.4 (figure 26). For this purpose, the expression of the targets
of interest was quantified in intrahepatic T cells in hepatic portal areas from treatment-naive
AIH patients (n= 6), AIH patients under immunosuppressive treatment (n=4) and DILI patients
(n= 7). In hepatic portal areas of treatment-naive AIH patients, 44.1% of the liver-infiltrating
CD3" cells were CBL-B positive, as compared to only 19.9% of the CD3" cells in DILI patients
(p=0.01) and 27.0% of the CD3" cells in AIH patients under treatment (p= 0.039). With respect
to CTLA-4 expression, 30.4% of the CD3" cells were CTLA-4 positive in treatment-naive AIH,
as compared to only 20.2% in DILI patients (p= 0.006) and 9.2% in AIH patients under
treatment (p< 0.0001; p= 0.004). Moreover, 27.4% of the liver-infiltrating CD3" cells were
positive for ICOS in treatment-naive AIH patients, compared with 16.7% of the CD3" cells in
DILI patients (p= 0.045) and 13.3% in AIH patients under treatment (p= 0.029). In addition,
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30.0% of the CD3" cells were PD-1 positive in comparison with 11.3% in DILI patients (p=
0.008) and 13.7% in AIH patients under treatment (p= 0.019; figure 27). These results
confirmed the findings of the gene expression analyses regarding the CBL-B, CTLA-4, ICOS

and PD-1 expression in liver tissues of treatment-naive AIH patients.

P To= g T
Figure 26 CTLA-4 expression in liver—infiltrating T cells in hepatic portal area of AIH
patient. RNA expression of CTLA-4 (red dots) in AIH liver tissue sample was stained using
RNA in-situ hybridisation. Additional anti-CD3 co-staining was applied to detect CD3" cells
(brown). Black arrows show exemplary T cells that express CTLA-4. Figure is from personal
collection.
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Figure 27 RNA expression of CBL-B (A.), CTLA-4 (B.), ICOS (C.) and PD-1 (D.) in liver-
infiltrating CD3* T cells in hepatic portal areas from treatment-naive AIH patients, DILI
patients or AIH patients under treatment. RNA expression of CBL-B, CTLA-4, ICOS and
PD-1 by use of RNA in-situ hybridisation with additional anti-CD3 co-staining.
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Figure 28 RNA expression of CBL-B (A.), CTLA-4 (B.), ICOS (C.) and PD-1 (D.) in liver-
infiltrating CD3cells in hepatic portal areas from AIH patients (treatment-naive and

patients under treatment) or DILI patients.

Having analysed the liver-infiltrating CD3" cells, we then analysed the liver-infiltrating CD3"

cells. For this purpose, hepatic portal areas in livers from DILI patients (n=7) and AIH patients

(treatment-naive or under treatment; n= 10) were analysed. The expression of CBL-B, CTLA-4,

ICOS or PD-1 by liver-infiltrating CD3" cells in AIH livers was low. Moreover, the percentage
of liver-infiltrating CD3" cells that were positive for CBL-B, CTLA-4, ICOS or PD-1 was similar

in ATH and DILI patients (figure 28). These results suggested that liver-infiltrating CD3" cells
in hepatic portal areas might account for the elevated RNA expression of CBL-B, CTLA-4,ICOS

and PD-I detected in whole liver tissue samples from treatment-naive AIH patients.

Furthermore, expression of CBL-B (Rs= 0.6) or CTLA-4 (Rs= 0.5) in liver-infiltrating CD3" T

cells positively correlated with disease activity expressed as mHAI (figure 29).
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Figure 29 CBL-B and CTLA-4
expression in liver-infiltrating
T cells in hepatic portal areas
of livers from treatment-naive
AIH patients (n=6) correlated
with mHALI.
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34 Elevated expression of protein CBL-B, CTLA-4, ICOS and PD-1 in liver-

infiltrating T cells in AIH patients as compared to healthy controls
As we found that liver-infiltrating T cells of treatment-naive AIH patients expressed increased
levels of CBL-B, CTLA-4, ICOS and PD-1, we examined whether the RNA findings are
confirmed at the protein level. CBL-B protein expression was qualitatively assessed in
intrahepatic T cells from healthy controls by use of immunofluorescence. Healthy intrahepatic
T cells were found to express CBL-B protein, however fluorescence intensity was low in T cells
as compared to surrounding CD3" cells (figure 30). To confirm this finding, we analysed CBL-
B protein expression in intrahepatic CD4" or CD8" T cells from treatment-naive AIH patients
(n= 5) or from healthy control subjects (n= 7) with flow cytometry according to chapter
2.2.10.4. Furthermore, we assessed CBL-B protein expression in response to T cell stimulation
with anti-CD3 and anti-CD28 antibodies, as was previously published by Li and associates
[133].

nucleus

merge

Figure 30 Protein expression of CBL-B in liver tissue sample of healthy control subject.
Nuclei (blue; upper left) in Hoechst dye stain, CD3" cells (green; upper right) in AF488 stain,
protein CBL-B (red; lower left) in PE stain and merged image (lower right). White arrows
show exemplary CD3" cells. Figures are from personal collection.
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In healthy control subjects, CBL-B was detected in 26.7% of the intrahepatic CD4" T cells
before stimulation, but after stimulation, was reduced to only 10.2% of the intrahepatic CD4"
T cells (p= 0.002). Likewise, 18.1% of the intrahepatic CD8" T cells in healthy subjects
expressed CBL-B protein before stimulation, compared to only 9.0% of the intrahepatic CD8"
T cells after stimulation (p=0.007). Thus, in accordance with Li and co-workers [133], CBL-B
protein expression was significantly decreased in healthy intrahepatic CD4" or CD8" T cells

after stimulation with anti-CD3 and anti-CD28 antibodies (figure 31).
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Figure 31 CBL-B protein expression by intrahepatic CD4" (A.) or CD8"* (B.) T cells from
livers of healthy control subjects, before and after anti-CD3/CD28 stimulation for 4 h.

In treatment-naive AIH patients, no staining could be performed prior to stimulation due to
limited sample size of the liver tissue. However, after stimulation with anti-CD3 and anti-CD28
antibodies, 75.3% of the intrahepatic CD4" T cells from treatment-naive AIH patients showed
high CBL-B expression, in contrast to only 10.2% of the intrahepatic CD4" T cells from healthy
control subjects (p= 0.004). Accordingly, CBL-B was detected in 81.8% of the intrahepatic
CDS8" T cells from treatment-naive AIH patients in response to stimulation, in contrast to only
9.0% of the CD8" T cells from healthy control subjects (p= 0.003).

Moreover, mean fluorescence intensity (MFI) of intrahepatic CD4" T cells expressing CBL-B

protein was significantly increased in treatment-naive AIH patients, as compared to healthy
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controls (6867 vs. 1480; p=0.01). Likewise, MFI of CBL-B expression in intrahepatic CD8" T
cells from treatment-naive AIH patients was significantly elevated, as compared to healthy
controls (7243 vs 1347; p=0.03). These results indicated that, in contrast to healthy intrahepatic
T cells, CBL-B protein expression was not reduced in intrahepatic T cells in treatment-naive

ATIH patients after stimulation with anti-CD3/CD28 antibodies (figure 32).
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Figure 32 After anti-CD3/CD28 stimulation for 4 h, CBL-B protein expression is not
reduced in intrahepatic CD4"* or CD8" T cells from treatment-naive AIH patients. CD4"
(A.)) and CD8" T cells (B.) from treatment-naive AIH patients were compared to healthy
controls. Mean fluorescence intensity (MFI) of CD4" or CD8" T cells expressing CBL-B was
determined (C., D.).

With flow cytometry, protein expression of CTLA-4, ICOS and PD-1 was also examined in
intrahepatic CD4" or CD8" T cells from patients with treatment-naive AIH in comparison to
intrahepatic T cells from healthy controls. 29.4% of the intrahepatic CD4" T cells from
treatment-naive AIH expressed CTLA-4, as compared to 10.2% of healthy CD4" T cells (p=
0.048). In addition, 13.3% of the intrahepatic CD4" T cells from treatment-naive AIH patients
expressed ICOS, as compared to 3.7% of healthy CD4" T cells. Whereas PD-1 expression in
intrahepatic CD4" T cells from treatment-naive AIH patients or healthy controls was not

significantly different (17.2% vs. 10.2%; figure 33), a difference in PD-1 expression was found
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in intrahepatic CD8" T cells (41.5% in treatment-naive AIH vs. 4.9% in healthy control
subjects; p= 0.001). Furthermore, 30.8% of the intrahepatic CD8" T cells from treatment-naive
ATH patients expressed CTLA-4 in comparison to 0.8% of healthy CD8" T cells (p= 0.005).
However, ICOS expression in intrahepatic CD4" T cells from treatment-naive AIH patients or
healthy controls was not significantly different (5.3% vs. 4.3%; figure 34). These results
revealed that the intrahepatic T cells from treatment-naive AIH patients responded to
stimulation with an increase in numbers of CTLA-4"CD4", ICOS'CD4" T cells and CTLA-
4*CDS8*, PD-1"CD8" T cells, as compared to healthy controls.
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Figure 33 Protein expression of CTLA-4, ICOS and PD-1 in liver-infiltrating CD4* T
cells from treatment-naive AIH patients or healthy controls after anti-CD3/CD28
stimulation for 4 h.
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Figure 34 Protein expression of CTLA-4, ICOS and PD-1 in liver- infiltrating CD8" T
cells from treatment-naive AIH patients or healthy controls after anti-CD3/CD28
stimulation for 4 h.

To learn whether these findings were non-specifically related to liver inflammation or a specific
feature of AIH, flow cytometry was also performed on liver tissue samples of NASH (n= 4)
and DILI patients (n= 2). However, as there were only 2 DILI patients, the p value should be
taken with caution. Nevertheless, there was a clear trend. CBL-B protein expression in
intrahepatic T cells from NASH or DILI patients was compared after stimulation to that in
intrahepatic T cells from treatment-naive AIH patients. CBL-B was expressed by 9.1% of the

intrahepatic CD4" T cells in NASH (p< 0.0001) and by 5.4% in DILI (p< 0,0001), as compared
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to 75. 3% in treatment-naive AIH patients. Moreover, 12.6% of intrahepatic CD8" T cells in
NASH (p< 0.0001) and 4.4% in DILI (p< 0,0001) were positive for CBL-B expression, as
compared to 80.4% in treatment-naive AIH (figure 35). These results showed that protein
expression of CBL-B in intrahepatic T cells of NASH or DILI patients was low after
stimulation, whereas protein expression levels of CBL-B remained high in intrahepatic T cells

of treatment-naive AIH patients.
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Figure 35 Protein expression of CBL-B in liver- infiltrating CD4* T cells from treatment-
naive AIH patients, NASH or DILI after anti-CD3/CD28 stimulation for 4 h.

Protein expression of CTLA-4, ICOS and PD-1 was also examined in liver-infiltrating T cells
from NASH or DILI patients. Expression levels of ICOS or PD-1 in intrahepatic CD4" T cells
was similar and not significantly different between NASH, DILI or treatment- naive AIH
patients. However, 29.4% of the intrahepatic CD4" T cells expressed CTLA-4 in treatment-
naive AIH patients, which was elevated as compared to 14.9% in DILI patients and significantly
increased as compared to 7.6% in NASH patients (p= 0.021; figure 36). Moreover, 30.8% of
the intrahepatic CD8" T cells in treatment-naive AIH, expressed CTLA-4 as compared to 2.7%
in NASH patients (p= 0.044) and 12.1% in DILI patients (not significant). Furthermore, in
treatment-naive ATH patients, 41.5% of the intrahepatic CD8" T cells were positive for PD-1,
as compared to 7.7% in NASH (p=0.031) and 19.1% in DILI (not significant). The percentage
of intrahepatic CD8" T cells that expressed ICOS was below 10% and did not significantly
differ between the study groups. These results indicated that intrahepatic CTLA-4"CD4" T
cells, CTLA-4"CD8" and PD-1"CD8T cells might be enriched in livers of treatment-naive ATH
patients. Upon stimulation, ICOS'CD4" T cells of liver tissues from treatment-naive ATH
patients were increased compared to those from healthy controls but not considerably different
compared to ICOS'CD4" T cells of DILI or NASH patients (figure 37).
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Figure 36 Protein expression of CTLA-4, ICOS and PD-1 in liver-infiltrating CD4* T
cells from treatment- naive AIH patients, NASH or DILI patients after anti-CD3/CD28
stimulation for 4 h.
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Figure 37 Protein expression of CTLA-4, ICOS and PD-1 in liver-infiltrating CD8" T
cells from treatment- naive AIH patients, NASH or DILI patients after anti-CD3/CD28
stimulation for 4 h.

Hence, we identified that intrahepatic T cells of treatment-naive AIH patients, in contrast to
controls, maintained high levels of CBL-B after stimulation. Moreover, the proportion of
CTLA-4- or PD-1- expressing cells was increased among liver-infiltrating T cells of treatment-
naive AIH patients.

Next, we analysed intrahepatic CD4" or CD8" T cells that expressed high or low levels of CBL-
B (CBL-B" or CBL-B'°%) with respect to expression of CTLA-4, ICOS and PD-1. We examined
whether CBL-B" or CBL-B'°¥ T cells in the respective patient groups, differ with regard to the
expression of CTLA-4, ICOS, PD-1 or co-expression of PD-1 and CTLA-4 (PD-1/CTLA-4).
In treatment-naive AIH, the percentage of CBL-BMCD4" T cells that also expressed CTLA-4
were significantly increased after stimulation, as compared to healthy controls (22.6% vs. 0%;
p< 0.0001) or NASH patients (26% vs. 5.5%; p= 0.0004). In contrast, intrahepatic CBL-
BYCD4" T cells expressed similarly low CTLA-4 levels in all patient groups. Moreover,
expression of PD-1, ICOS or co-expression of PD-1/CTLA-4 by CBL-B"CD4" or CBL-
B°YCD4" T cells was not significantly different in treatment-naive AIH patients, as compared
to control groups (figure 38). Thus, a greater proportion of intrahepatic CBL-BMCD4" T cells
also expressed CTLA-4 in treatment-naive AIH, as compared to CBL-B"CD4" T cells of

control groups.
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Figure 38 Protein expression of CTLA-4, ICOS and PD-1 in liver-infiltrating CBL-B" or
CBL-B"Y CD4" T cells from treatment-naive AIH patients, healthy controls, NASH or
DILI patients after anti-CD3/CD28 stimulation for 4 h.

We detected that in treatment-naive AIH, the percentage of CBL-B™ CD8" T cells that also
expressed CTLA-4 was significantly increased, as compared to healthy controls (35.8% vs. 0%;
p<0.0001) and NASH (35.8% vs. 0%; p< 0.0001). Furthermore, expression of PD-1 by CBL-
BMCDS8" T cells from treatment-naive AIH patients, was elevated as compared to healthy
controls (42.8% vs. 4.1%; p< 0.0001) and NASH patients (42.8% vs. 11.4%; p< 0.001).
Moreover, the percentage of CBL-BMCD8" T cells that also co-expressed PD-1/CTLA-4 was
significantly increased in treatment-naive AIH, as compared to healthy controls (31.9% vs. 0%;

p< 0.0001), NASH (31.9% vs. 0%; p< 0.0001) or DILI (31.9% vs. 4.5%; p= 0.0076).

Furthermore, expression of CTLA-4 by CBL-B°"CDS8" T cells was increased in treatment-
naive AIH, as compared to healthy controls (22.8% vs. 0.8%; p< 0.0001) and NASH (22.8%
vs. 1.0%; p< 0.0001). Furthermore, PD-1 expression in CBL-B'°YCDS8" T cells from treatment-
naive AIH patients was significantly increased, as compared to healthy controls (30.7% vs.
6.3%; p< 0.0001), NASH (30.7% vs. 5.7%; p< 0.0001) or DILI patients (30.7% vs. 12.3% p<
0.02). Moreover, the percentage of CBL-B'°“CD8" T cells that also co-expressed PD-1/CTLA-
4 in treatment-naive AIH, were significantly elevated as compared to healthy controls (13.5%

vs. 0.1%; p= 0.001) and NASH patients (13.5% vs. 0.6%; p= 0.005). However, ICOS
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expression by CBL-BMCD8" or CBL-B"YCD8" T cells was not significantly different in
treatment-naive AIH patients, as compared to control groups (figure 39). Thus, a greater
proportion of intrahepatic CBL-BMCDS8" T cells or CBL-BYCDS8" T cells also expressed
CTLA-4, PD-1 or co-expressed PD-1/CTLA-4 in treatment-naive AIH, as compared to control
groups. Moreover, we noticed that CBL-B°CD8" T cells had a lower expression of CTLA-4
(35.8% CBL-BMCDS8" T cells vs. 22.8% CBL-B°"CDS8"), PD-1 (42.8% CBL-B"CDS8" T cells
vs. 30.7% CBL-B“CDS8") and co-expression of PD-1/CTLA-4 (31.9% CBL-BMCDS8" T cells
vs. 13.5% CBL-B"“CDS8"), as compared to CBL-BMCDS8" T cells. These results suggested that
expression of CBL-B is associated with CTLA-4 and PD-1 expression.
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Figure 39 Protein expression of CTLA-4, ICOS and PD-1 in liver- infiltrating CBL-
B" or CBL-B'Y CD8" T cells from treatment-naive AIH patients, healthy controls,
NASH or DILI patients after anti-CD3/CD28 stimulation for 4 h.
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3.4.1 Peripheral blood T cells did not exhibit elevated levels of CBL-B, CTLA-4, PD-1
and ICOS in AIH

Having analysed CBL-B protein expression by liver-infiltrating CD3" cells, we then analysed
fresh peripheral blood T cells using flow cytometry. For this, CBL-B expression in peripheral
blood CD4" or CD8" T cells of healthy control subjects (n= 8) was examined before and after
stimulation with anti-CD3/CD28 antibodies. In healthy subjects, CBL-B expression was
detected in 51.1% of the peripheral blood CD4" T cells, but after stimulation, CBL-B expression
was detected in only 0.3% of the peripheral blood CD4" T cells (p= 0.002). Likewise, 42.3%
of the peripheral blood CD8" T cells in the healthy subjects expressed CBL-B protein before
stimulation and after stimulation, only 0.2% of the peripheral blood CD8" T cells (p= 0.002)
expressed CBL-B (figure 40).

Furthermore, we analysed CBL-B expression in unstimulated peripheral blood T cells from
AIH patients and control subjects to examine whether CBL-B expression was significantly
different, as compared to control groups in absence of stimulation. For this we tested treatment-
naive AIH patients (n= 3), patients under treatment with active AIH (n= 4; AST/ALT> 100,
IgG> 16g/L) or inactive AIH (n=7; AST/ALT< 100), AIH patients with liver cirrhosis (n=5),
healthy control subjects (n=9), PSC (n= 10) and PBC (n= 6) patients. As assumed, in absence
of stimulation, protein expression levels of CBL-B in peripheral blood CD4" or CD8" T cells
did not significantly differ between healthy control subjects, treatment-naive AIH patients, AIH
patients under treatment (active or inactive), AIH patients with liver cirrhosis, PSC and PBC

patients (figure 41).
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Figure 40 CBL-B protein expression in unstimulated and stimulated peripheral blood
CD4" (A.) or CD8" T cells (B.). Peripheral blood T cells were from healthy control subjects.
Stimulation was with anti-CD3/CD28 for 4 h. 67
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Figure 41 CBL-B protein expression (mean fluorescence intensity) in unstimulated
peripheral blood CD4" or CD8" T cells. Peripheral blood T cells were from healthy control
subjects, treatment- naive AIH patients, AIH patients under treatment (active or inactive), AIH
patients with liver cirrhosis (LC), PSC and PBC patients.

Moreover, we examined CBL-B expression as well as CTLA-4, PD-1 and ICOS expression in
peripheral blood T cells of treatment-naive AIH patients (n= 3), healthy control subjects (n=9)
or DILI patients (n= 4) after stimulation with anti-CD3/CD28 antibodies. After stimulation,
levels of CBL-B expression in peripheral blood CD4" or CD8" T cells was not significantly
different in treatment-naive AIH, as compared to healthy controls and DILI (figure 42).
Furthermore, unlike intrahepatic T cells in treatment-naive AIH patients, the percentage of
peripheral blood CD4" or CD8" T cells that expressed CTLA-4, ICOS or PD-1 in treatment-
naive AIH, was similar as compared to healthy controls and DILI (figure 43, 44).

Based on the RNA screening results, we assumed that the analysis of the activation regulators
CBL-B, CTLA-4, ICOS and PD-1 in peripheral blood T cells was not indicative of the
intrahepatic T cell regulation in AIH. These results indicated that CBL-B protein expression in
peripheral blood T cells of treatment-naive AIH patients was similar to that of healthy control
subjects, whereas intrahepatic T cells of treatment-naive AIH patients exhibited an aberrant
CBL-B protein expression pattern. Furthermore, the elevation in CTLA-4 and PD-1 expression

after T cell stimulation was confined to intrahepatic T cells of treatment-naive AIH patients.
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Figure 42 CBL-B protein expression (mean fluorescence intensity) in peripheral blood
CD4" or CD8" T cells of healthy control subjects, treatment-naive AIH patients and DILI
patients after anti-CD3/CD28 treatment for 4 h.
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Figure 43 CTLA-4, ICOS and PD-1 protein expression by peripheral blood CD4* T cells
of healthy control subjects, treatment-naive AIH patients and DILI patients after anti-
CD3/CD28 treatment for 4 h.
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Figure 44 CTLA-4, ICOS and PD-1 protein expression by peripheral blood CD8" T cells
of healthy control subjects, treatment-naive AIH patients and DILI patients after anti-

CD3/CD28 treatment for 4 h.
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3.5 Preliminary analysis of secretory cytokines of intrahepatic T cells in AIH

3.5.1 Intrahepatic expression of pro- inflammatory cytokines TNFa and IFNy

The unusual expression pattern of T cell activation regulators in AIH could affect the secretion
of cytokines by intrahepatic T cells. For this reason, typical pro-inflammatory cytokines
produced by T cells, TNFa (or TNF) and IFNy were examined in liver tissue samples from
treatment-naive AIH patients, healthy controls and DILI patients. By use of real-time PCR, we
detected that as compared to intrahepatic TNF expression in healthy controls, expression levels
in liver tissue samples from treatment-naive AIH was significantly increased (14.7-fold
expression; p< 0.01). Moreover, TNF expression in liver tissue samples from DILI patients
were slightly up-regulated as compared to healthy controls (10.6-fold expression; not
significant). However, intrahepatic expression of TNF was not significantly different between
DILI and treatment-naive AIH patients. Furthermore, intrahepatic expression of /FNy was
slightly elevated in liver tissue samples of DILI (5.4-fold expression; not significant) and
treatment-naive AIH patients (5.6-fold expression; not significant) as compared to healthy
controls (figure 45). However, intrahepatic expression of /FNy in liver tissue samples of
treatment-naive AIH patients was similar as to DILI patients (5.6- vs 5.4-fold expression). This
indicated that levels of TNF and IF'Ny expression in liver tissue samples of treatment-naive AIH

and DILI patients were not particularly different but deviated from normal expression levels.
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Figure 45 Relative RNA expression of intrahepatic 7VF or IFNy in whole liver tissue
samples. TNF expression was detected in liver tissue sample from 6 healthy controls, 6 DILI
and 10 patients with treatment- naive AIH patients. /FN expression in whole liver tissue was
determined in 4 healthy controls, 3 DILI patients and 4 patients with treatment- naive AIH
patients.
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3.5.2 Expression of cytokines in stimulation supernatant

In the supernatants of the stimulation approaches of the previous analyses with intrahepatic T
cells, the cytokines were determined to get a first impression whether there are differences in
cytokine expression. However, it should be noted that cell mixtures are present in the
stimulation approaches. Thus, the cytokine expression in the supernatant cannot be correlated
with the CBL-B, CTLA-4, or PD-1 expression by the intrahepatic T cells. We examined TNF,
IFNy, IL-2, IL-6, IL-10, IL-13, IL-17A, IL-21 and TGF using enzyme linked immunosorbent
assay (ELISA) and ELISA based multi-analyte immunoassay according to chapters 2.2.13.1
and 2.2.13.2. We tested healthy control subjects (n=3), patients with treatment-naive AIH (n=
5) and DILI patients (n= 2). After stimulation, similar quantities in pg/mL of IL-2, IL-13, IL-
17A, IL-21 and TGFp was determined in supernatant media of intrahepatic cells from healthy
control subjects, treatment- naive AIH and DILI patients. However, TNF was slightly increased
in supernatant of intrahepatic cells from DILI patients (26.6 pg/mL) or from treatment-naive
AIH patients (26.8 pg/mL), as compared to healthy controls (9.3 pg/mL; not significant).
Moreover, IFNy was slightly elevated in supernatant of intrahepatic cells from treatment-naive
AIH patients (2.2 pg/mL; not significant), as compared to healthy controls (1.2 pg/mL) or DILI
patients (1.2 pg/mL). IL-6 secretion by intrahepatic cells derived from treatment-naive AIH
(10.9 pg/mL) or DILI patients (10.4 pg/mL) was slightly elevated, as compared to healthy
controls (3.1 pg/mL; not significant). Furthermore, IL-10 in supernatant media of intrahepatic
cells from treatment-naive AIH patients (7.7 pg/mL; not significant) was slightly increased, as
compared to healthy controls (4.6 pg/mL) and DILI patients (4.6 pg/mL; figure 46, 47, 48).
Therefore, no striking secretory cytokine profile was detected in the supernatant after
stimulation. However, detailed analyses of cytokine expression by intrahepatic T cells requires

flow cytometric analyses after PMA/lonomycin stimulation and Brefaldin A supplement.
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Figure 46 Secretion of TNF and IFNy by intrahepatic cells from healthy control subjects,
DILI patients and treatment-naive AIH patients after stimulation with anti-CD3/CD28.
for 4 h.
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Figure 47 Secretion of interleukins by intrahepatic cells from healthy control subjects,
DILI patients and treatment- naive AIH patients after stimulation with anti-CD3/CD28

for 4 h.
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Figure 49 Secretion of TGF by intrahepatic cells from healthy control subjects, DILI
patients and treatment-naive AIH patients after stimulation with anti-CD3/CD28 for 4 h.
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4. Discussion

Autoimmune hepatitis (AIH) is a chronic inflammatory liver disease, which leads to liver
fibrosis and severe liver damage. Only lifelong treatment with immunosuppressive drugs can
prevent progression to liver cirrhosis and liver failure in AIH. The pathogenesis of AIH is
unknow, however, activated T effector cells seem to play a key role in mediating hepatic
inflammation. The activation threshold of T effector cells can be regulated by various
molecules. Regulatory molecules of T cell activation may be altered in expression and thus,
facilitate uncontrolled immune responses by T effector cells in patients with AIH. Therefore,
the aim of this study was to investigate the expression of intrinsic regulatory molecules of T
cell activation in peripheral blood and intrahepatic T effector cells of AIH patients.
Furthermore, the aberrant expression of T cell activation regulatory molecules detected by this
study, were analysed in their context to histological disease activity as well as to possible effects
on T cell cytokine secretion. For this purpose, gene expression analyses were performed by use
of quantitative real-time PCR and RNA in-situ hybridisation, and protein expression analyses
were conducted using immunofluorescence and flow cytometry; cytokine release in culture
media was measured by use of ELISA and ELISA based multi-analyte immunoassay. For these
analyses, human liver tissue samples and human peripheral blood samples from AIH patients,

healthy control subjects, DILI, NASH, PBC and PSC patients were tested.

4.1 T effector cells in AIH

In AIH, CD4" T helper (Th) cells and cytotoxic CD8" T cells (CTLs) formed the predominant
population within the lymphocytic liver-infiltration. Moreover, Th cells and CTLs increased
with histological disease severity [197]. It was postulated that the immune response in AIH was
initiated upon recognition of self-antigenic peptides by TCR of uncommitted T cells [198, 199],
thereby, CD4" T cells become activated and differentiate into Th cell subsets, such as Th1, Th2
or Th17 cells, and CD8" T cells mainly differentiate into CTLs upon activation. Thl cells
mainly secrete pro-inflammatory cytokines, like [IFNy and TNFa, which stimulate CTLs, recruit
inflammatory macrophages and enhance MHC class I and II expression on hepatocytes, thereby
they maintain inflammation [2, 197]. Furthermore, activated Th2 cells help autoantibody
production by activated B cells, and activated CTLs augment liver damage through secretion
of cytotoxic proteins [200]. It was suggested that liver-resident APCs, including liver sinusoidal
endothelial cells and Kupffer cells, present hepato-specific self-antigen to both CD4" and CD8"
T effector cells, hence, activated CD4" and CD8" T effector cells might obviate trafficking to

the regional lymph nodes and breach self-tolerance [199, 201, 202]. However, the mechanisms
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involved in the loss of self-tolerance in AIH remain uncertain [3, 204]. Furthermore, it is
believed that the impairment of extrinsic or intrinsic immune regulation of activated T effector
cells is partly responsible for the breakdown of self-tolerance to autoimmune liver antigens.
Key to extrinsic immune regulation of T effector cells are Tregs [200]. Tregs which can develop
in the thymus (thymus-derived Tregs, tTregs) or originate in the periphery (peripheral Tregs,
pTregs), can suppress activated T effector cells in a cell-cell dependent or independent manner
[205, 206]. Previous studies investigated quantities and functional capacities of Tregs in AIH,
suggesting that Tregs were unable to exert inhibiting effects on pathogenic activities of
autoreactive T effector cells. [207, 208]. However, as some studies confirmed both deficiency
in number and function of Tregs in AIH patients [209, 210, 211], others failed to verify these
findings [197, 23]. Moreover, Tregs were found to be increased in patients with active AIH, as
compared to those in AIH patients who were in remission [23]. While extrinsic immune
regulation might not be impaired in AIH, impairment of intrinsic immune regulation by
regulatory molecules of T cell activation might lead to unresponsiveness to extrinsic immune
regulation and consequent autoimmune liver damage. However, previous studies have not yet
examined intrinsic immune regulatory molecules of T effector cells.

In this study, we identified altered gene expression of T cell activation regulators CBL-B,
CTLA-4, ICOS and PD-1 in intrahepatic T effector cells of treatment-naive AIH patients, but
not in peripheral blood T cells. Moreover, intrahepatic CBL-B expression positively correlated
with histological disease activity in AIH patients. Furthermore, intrahepatic T cells expressing
CBL-B or CTLA-4 were directly associated with hepatic inflammatory activity in treatment-
naive ATH. In addition, intrahepatic I[COS'CD4" T helper cells as well as CTLA4"CD8" and
PD1°CD8" T cells of treatment-naive AIH patients were enriched upon stimulation with anti-
CD3 and anti-CD28 antibodies. Furthermore, CBL-B protein expression was increased in
intrahepatic T cells of treatment-naive AIH patients. These findings indicated an aberrant

expression of intrinsic regulatory molecules of T cell activation in AIH.

4.2 CBL-B expression in active AIH

CBL-B is an E3 ubiquitin ligase of the RING finger-type family that targets various molecules
for posttranslational modification or proteasomal degradation. CBL-B is believed to play a role
in the induction of T cell anergy [212, 213, 214], a peripheral T cell tolerance mechanism to
regulate self-reactive T cells in peripheral homeostasis. The majority of autoreactive T cells are
eliminated by negative selection during T cell maturation in the thymus. However, some self-

reactive T cells are not eliminated in the thymus, requiring control by peripheral tolerance
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mechanisms, including deletion of self-reactive T cells through apoptosis, intrinsic inactivation
of self-reactive T cell functions (anergy) or suppression by Tregs [215, 216, 217]. It was
reported that the induction of T cell anergy by TCR stimulation in the absence of CD28 co-
stimulation is associated with the up-regulation of CBL-B, which seems to be caused by
calcium ion (Ca*") influx and activation of NFAT in the absence of concomitant activation of
transcription factor AP1 [218, 219]. As a consequence, the Zinc finger transcription factors Egr-
2 and Egr-3 are activated, leading to up-regulation of CBL-B [220]. CBL-B is also known to
negatively regulate T cell activation by interfering and prohibiting TCR and co-receptor CD28
induced signalling pathways [164]. Thereby, CBL-B negatively regulate signalling proteins,
such as ZAP70, PI3K and PLC-yl [166, 221]. Moreover, it was reported that CBL-B can
modulate Vav-1, thereby, inhibiting TCR clustering and T cell proliferation [222].

Murine studies showed that ablation of CBL-B in T cells facilitated lymphocytic infiltration of
multiple organs linked to highly reactive T cells [165, 223, 224] and CBL-B deficient T cells
could escape immune regulation through loss of self-tolerance and sensitivity to Tregs and
TGFp [225, 226]. Notwithstanding these findings in mice, the human data shown here indicated
that peripheral blood T cells featured CBL-B and inflamed livers of treatment-naive AIH
patients exhibited elevated levels of CBL-B expression. However, AIH patients owned
autoreactive T effector cells, which maintained hepatic inflammation and liver injury [194,
197]. Thus, the high reactivity of the T effector cells in AIH could not be accounted by CBL-B
up-regulation but instead, CBL-B up-regulation might be a form of counter-regulation to
compensate for insufficient CBL-B function.

We observed that the majority of peripheral blood CD4" or CD8" T cells in healthy subjects
expressed CBL-B protein before stimulation; after stimulation, however, CBL-B expression
was significantly reduced. Likewise, CBL-B protein expression was also detected in liver-
infiltrating CD4" or CD8" T cells of healthy control subjects before stimulation, and
significantly reduced CBL-B expression was found after stimulation. Thus, CBL-B protein
expression in CD4" or CD8" T cells was reduced as a consequence of T cell stimulation.
Consistent with previous mouse studies, our human data showed high CBL-B protein
expression in peripheral blood T cells [221]. Moreover, our data was in accordance with the
findings of Zhang and associates [227], who studied CBL-B ubiquitination in unstimulated or
stimulated splenic T cells of wildtype (wt) BALB/c mice by use of immunoprecipitation and
Western blot. They observed that CBL-B was associated with ubiquitin molecules after anti-
CD3 antibodies stimulation alone, however, stimulation with anti-CD3 and anti-CD28

antibodies significantly increased ubiquitination of CBL-B in T cells. Thus, CBL-B protein
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degradation was increased after T cell-specific stimulation with anti-CD3 and anti-CD28
antibodies in mice. Accordingly, the T cells from healthy individuals studied here showed a
similar CBL-B degradation after stimulation with anti-CD3 and anti-CD28 antibodies.
Moreover, after T cell-specific stimulation with anti-CD3 and anti-CD28 antibodies, peripheral
blood T cells from treatment-naive AIH patients showed a similarly low CBL-B protein
expression as that of healthy T cells. However, intrahepatic T cells from treatment-naive AIH
patients maintained high levels of CBL-B protein expression after stimulation, which was
consistent with our findings in gene expression analyses. Thus, our data suggested that the
degradation of CBL-B protein expression in intrahepatic T cells of treatment-naive AIH patients
was disturbed.

CBL-B is targeted for degradation by protein kinase C (PKCO) and neural precursor cell
expressed developmentally down-regulated protein 4 (NEDD4). In response to CD28 co-
stimulation, PKCO inactivates CBL-B through phosphorylation and thereby, promotes its
degradation [228]. NEDD4 is an E3 ubiquitin ligase of the HECT-type family, which targets
CBL-B protein for polyubiquitination and subsequent degradation [174]. Moreover, Gruber and
associates discussed that PKC8 phosphorylated CBL-B upon TCR and CD28 stimulation, and
thereby, facilitated CBL-B ubiquitination by NEDD4 [176]. One could thus hypothesise that
the disturbed degradation of CBL-B in intrahepatic T cells of AIH patients might be linked to
decreased expression of PKCH or NEDD4. Thus, both genes that encode for either PKCO or
NEDD4 were included in the gene expression analyses in this study. However, expression
levels of PKCO and NEDD4 in liver tissue samples of treatment-naive AIH patients and patients
under immunosuppressive treatment were not considerably different as compared to healthy
controls and other control subjects. Hence, our data indicated that reduced intrahepatic
expression of PKC6O or NEDD4 was not responsible for disturbed CBL-B degradation in
treatment-naive AIH patients. This finding suggests that a mechanism distinct from PKC6 or
NEDD4 was responsible for the maintenance of high CBL-B levels by activated intrahepatic T
cells of treatment-naive AIH patients. Possibly, CBL-B maintenance could be a cellular
adaptation to the inflammatory hepatic environment in order to enhance the intrinsic inhibitory
regulation of autoreactive T cells.

Increased expression of CBL-B protein by T effector cells was previously reported in self-
antigen-induced anergic CD4" T cells of wt mice [229]. This was consistent with studies that
found increased levels of CBL-B expression in anergic mouse T cells [220, 223]. Furthermore,
it was reported that increased levels of CBL-B protein expression were found in peripheral

blood mononuclear cells (PBMCs) of patients with human immunodeficiency virus (HIV)-
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infection, and PBMCs were detected to be deficient in proliferation in HIV patients. It was
discussed whether elevated levels of CBL-B were partly responsible for unresponsiveness of
HIV-infected CD4" and CD8" T cells, and whether CBL-B might account for reduced cellular
proliferation [219, 230]. In other infections with chronic immune activation, such as helminth
infections, increased CBL-B expression was associated with T-cell hypo-responsiveness in
chronically infected patients [231]. In accordance to these studies, our data showed high levels
of CBL-B protein expression by intrahepatic T cells in active AIH; a liver disorder with chronic
immune activation. However, contradicting to these previous studies, patients with active AIH
possessed highly proliferative, intrahepatic T cells with pathogenic autoreactivity [194, 197].
Moreover, this suggested that intrahepatic T cells in active AIH were not anergic, despite
increased levels of CBL-B protein expression. Consequently, CBL-B was impaired in
intrahepatic T cells from active AIH patients and therefore, further investigation of CBL-B and
its interference in intracellular signalling within intrahepatic T cells from active AIH patients

is necessary.

4.3 CTLA-4, PD-1 and their association with CBL-B in active AIH

Both CTLA-4 and PD-1 encode for inhibitory T cell co-receptors, which by ligation with
appropriate ligands induce downstream signalling that leads to an increase of the T cell
activation threshold. Upon TCR stimulation, nuclear factor of activated T cells (NFAT2)
induces PD-1 expression [145, 146, 232, 233]. In T cells other than Tregs, CTLA-4 protein
expression is induced in response to TCR and CD28 co-stimulation [128]. In this study, we
showed that intrahepatic expression of CTLA-4 or PD-1 was elevated in treatment-naive AIH
patients; moreover, T cells from treatment-naive AIH patients responded to T cell stimulation
with an increase in numbers of CTLA-4"CD4" T cells, CTLA-4"CD8" and PD-1"CD8" T cells.
Our data was in accordance with Oikawa and associates, who reported that PD-1 expressing T
cells were accumulated within the portal tracts in patients with AIH [234]. Moreover, the group
of Agina investigated hepatic expression of PD-1 in children with AIH in comparison with
HCV-infected children, and they detected that the intrahepatic expression of PD-1 protein was
significantly increased in paediatric AIH patients as compared to HCV-infected individuals
[235]. In addition, our data was consistent with the findings of Kassel et al., who observed that
PD-1 expression on intrahepatic lymphocytes positively correlated with hepatic inflammation
in ATH patients [236]. In this respect, we assumed that PD-1"CD8" T effector cells contributed
to the hepatocellular damage in active AIH patients and therefore, these cells were highly

autoreactive in AIH. Kassel et al. also detected that hepatocytes highly expressed MHC class I
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molecules (HLA-A/B/C) and PD-1 ligand (PD-L1) in active AIH patients. They suggested that
increased expression of MHC class I molecules and PD-L1 by hepatocytes could be mainly due
to the ongoing hepatic inflammation and exposure to inflammatory cytokines secreted by T
effector cells, Kupffer cells and liver sinusoidal endothelial cells (LSECs) [236]. In accordance
with Kassel et al. and other previous findings [237], we considered that the PD-1 signalling
pathway was disturbed in active AIH patients, because we assumed that PD-1/ PD-L1 ligation
should have actually lead to the suppression of activated PD-1"CD8" T effector cells; however,
this was not the case. Therefore, it is possible that the loss of intrinsic co-inhibitory regulation
contributed to the pathogenic autoreactivity of intrahepatic CD8" T cells.

Previous studies showed that in patients with acute viral hepatitis infection, elevated expression
of CTLA-4 and PD-1 associated with dysfunctional virus-specific T cells. Moreover, human
hepatitis B or C (HBV or HCV)-specific T cells expressed elevated levels of CTLA-4 and PD-
1, and were functionally impaired [238, 239, 240, 241, 242, 243]. Furthermore, expression of
CTLA-4 and PD-1 by intrahepatic HCV or HBV-specific T cells was found to be increased as
compared to that in circulating T cells; in addition, CTLA-4 and PD-1 expression positively
correlated with impaired intrahepatic T cells [244, 245]. Therefore, it was suggested that in
active HCV- or HBV-infected patients, viral-specific T cells were functionally exhausted as
they showed up-regulated CTLA-4 and PD-1 expression [244, 245]. It is known that during
chronic infections, such as HBV or HCV, T cells are consistently stimulated because of
persistent antigen exposure. In such setting, T cells become exhausted and accordingly up-
regulate co-inhibitory receptors, like CTLA-4 and PD-1. T cell exhaustion results in a
dysfunctional state of T cells with inadequate effector functions [246, 247, 248].

In active AIH, intrahepatic T cells are not likely to exhibit an exhausted phenotype since they
show hyper-reactivity and mediate hepatic inflammation and damage [217]. Thus, we suggested
that intrahepatic CTLA-4"CD4" T cells, CTLA-4"CD8" and PD-1"CDS8" T cells were activated,
but not exhausted in patients with active AIH. Accordingly, the work of Petrelli et al. evaluated
the presence of PD-1"CD8" T cells in synovial fluid of patients with juvenile idiopathic arthritis
(JIA), a chronic inflammatory disease [249]. They detected that highly activated PD-1"CD8" T
cells were proliferative and enriched at the site of inflammation in JIA patients. Moreover,
based on gene expression profiling (gene set enrichment analysis, GSEA) and functional
studies, they identified PD-1"CD8" T cells as functional effector cells with no exhaustion
profile in JIA. Therefore, we assumed that enhanced expression of CTLA-4 and PD-1 by

intrahepatic T cells from treatment-naive AIH patients could result from continual T cell
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stimulation. Nevertheless, elevated expression of CTLA-4 or PD-1 by intrahepatic T cells could
be a counter-regulation to compensate for CTLA-4 or PD-1 dysfunction.

The work of Li and colleagues reported that CBL-B and CTLA-4 protein expression was
associated [133]. The authors investigated CBL-B expression in T cells of wt BALB/c mice,
CD28 knockout (KO) or CTLA-4 KO mice after stimulation with anti-CD3 antibodies and B7-
11g. They showed that TCR stimulation and CD28 co-stimulation induced the degradation of
CBL-B in wt T cells; however, CTLA-4 expression and its ligation with B7 promoted re-
expression of CBL-B protein. Moreover, the expression of CBL-B was diminished in T cells of
CTLA-4 KO [133]. Furthermore, Leng ef al. found that T cells in chronically immune-activated
individuals associated with increased levels of CTLA-4 and CBL-B. The group also proposed
that increased CTLA-4 expression probably induced high levels of CBL-B expression [250]. In
addition, previous studies investigated the association of PD-1 with CBL-B and they observed
that interaction between PD-1 and PD-L1 induced the up-regulation of CBL-B expression in
murine T cells [250, 251, 252].

Thus, it was previously described that the interaction of CTLA-4 and PD-1 were involved in
the up-regulation of CBL-B expression in T cells. Accordingly, our human data shown here
suggested that increased CBL-B expression might be associated with elevated CTLA-4 or PD-
1 expression in intrahepatic T cells of treatment-naive AIH patients. Therefore, we suspected
that the aberrant expression of CTLA-4, PD-1 and CBL-B in active AIH were interrelated.
However, whether the aberrant expression of CBL-B, CTLA-4 and PD-1 in intrahepatic T cells

is cause or consequence of AIH pathogenesis needed further investigation.

44 ICOS

ICOS is a T cell co-stimulatory receptor, which is induced upon T cell activation and it is
expressed mainly on T helper cells. Previous studies with in-vivo mouse models showed that
ICOS is involved in the immune response of different T helper cell subsets, in particular Thl
and Th2 cells, against various infections, such as Mycobacterium tuberculosis or Chlamydia
muridarum infection [121]. Thus, ICOS plays a relevant role in Th cell activation. Moreover,
the work of Lohning ef al. described that ICOS expression in secondary lymphoid tissue was
mainly restricted to inflammatory CD4" T effector cells [253]. Furthermore, previous studies
in mice suggested that elevated /COS gene expression in T cells and failure to degrade /ICOS
expression promoted the development of autoimmune phenotypes [254, 255]. In this study, we
found that in response to T cell-specific stimulation, intrahepatic ICOS'CD4" T cells from

treatment-naive AIH patients were increased as compared to those from healthy controls, which
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was in accordance with previous findings. However, in comparison to other liver diseases, such
as DILI and NASH, the expression of ICOS protein by intrahepatic CD4" T cells was not
significantly different. Thus, it seemed that [COS'CD4" T effector cells were activated Th cells
that contributed to the intrahepatic inflammation in active AIH. However, we assumed that the
increased numbers of ICOS'CD4" T effector cells were not disease-specific but rather an

indication of ongoing inflammation in treatment-naive AIH patients.

4.5  Cytokine expression in AIH

Cytokine secretion by inflammatory lymphocytes, in particular liver-infiltrating T effector cells
may contribute to the disease pathogenesis of AIH by perpetuating inflammation. Early studies
showed that the serum levels of IFNy, TNFa, IL-1B and IL-6 were increased in patients with
chronic hepatitis [256]. Moreover, serum levels of IFNy, TNFa, IL-6 and IL-8 were elevated in
children with AIH [257]. Furthermore, increased production of [IFNy, TNFa, IL-6 and IL-8 was
detected in the microenvironment of diseased livers [258, 259]. A recent study reported that the
frequency of TNFa-expressing CD4" T cells was increased in liver and blood of ATH patients;
furthermore, TNFo'CD4" T cells expressed IFNy [260]. Moreover, anti-TNFo agents were used
for treatment of patients with AIH, Crohn’s disease and ulcerative colitis to reduced damaging
inflammatory immune responses [261, 262]. However, treatment with TNFa-antagonists has
also been associated with liver injury [263]. Behfarjam et al. observed that the gene expression
of interleukin-17A4 (IL-17A), interleukin-22 (IL-22) and retinoic acid receptor-related orphan
receptors gamma (RORyt) in PBMCs of AIH patients was increased as compared to healthy
control subjects [264]. Moreover, Zhao and associates detected that the serum levels of IL-17
and IL-23 were increased in AIH patients in comparison to chronic HBV-infected patients or
healthy control subjects [265]. They also showed that numbers of IL-17" cells were elevated in
livers from AIH patients as compared to HBV patients and healthy controls. RORyt is the
master transcription factor for Th17 cells, which produce IL-17 and IL-22, and IL-23 promote
the maintenance of Th17 cells [266, 267, 268]. Therefore, it was proposed that Th17-related
cytokines might play an essential role in the pathogenesis of AIH. Moreover, Th17 cells have
been associated with other autoimmune liver disease, including PBC [269]. However, IL-17
can be produced by non-T cells, including natural killer (NK) cells [270].

Consistent with previous studies, our human data showed that intrahepatic expression of TNFa
was increased in livers from treatment-naive AIH patients as compared to healthy control
subjects; however, it was similar to that in livers of DILI patients. Likewise, intrahepatic

expression of /FFNy was elevated in both treatment-naive AIH patients or DILI patients, as
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compared to healthy controls. In addition, our preliminary analyses with Enzyme-linked
immunosorbent assay (ELISA) showed that after T cell-specific stimulation, the expression of
TNFa, IFNy, IL-6 or IL-10 was not significantly different, but slightly up-regulated in
supernatant of intrahepatic T cells from treatment-naive AIH, as compared to healthy controls.
Thus, we suggested that the cytokine expression of TNFa and IFNy could not be considered as
AIH disease-specific but might be related to liver injury. Thus, it remains to be determined
whether AIH is linked to a distinct cytokine pattern or a distinct T helper cell response.
However, it should be considered that other inflammatory cells, distinct from T cells, can also
produce considerable amounts of cytokines, making it difficult to link serum cytokine levels to

distinct cytokine-producing cells.

4.6  Future prospects

L Cytokine expression by intrahepatic T cells in AIH

It is of great interest to further characterise AIH T cells with respect to intracellular cytokine
production and intrinsic activation regulators by use of multi-colour flow cytometry. By the
currently available flow cytometers, we are limited in the number of parameters that can be
simultaneously detected. Recently developed instruments will allow for concomitant detection
of several parameters in the near future. By doing so, we will be able to verify that intrahepatic
T cells of treatment-naive AIH patients express pro-inflammatory cytokines despite impaired
expression of CBL-B. Furthermore, by extending the staining panel with antibodies against T
cell proteins that are related to T cell exhaustion such as CD39, we can examine and possibly
prove that intrahepatic PD-1" or CTLA-4" T cells of treatment-naive AIH patients are not
exhausted and produce cytokines. In addition, assessing the cytokine production and
transcription factors in intrahepatic T cells could facilitate the identification of CD4" and CD8"

T cell subtypes.

1I. Functional analysis with anti-PD-1 and anti-CTLA-4

We would like to examine the functional association of CBL-B, CTLA-4 and PD-1 protein
expression in intrahepatic T cells of treatment-naive AIH patients. In this study, we suggested
that increased CBL-B expression in intrahepatic T cells of treatment-naive AIH patients might
associate with enhanced CTLA-4 and PD-1. By use of anti-PD-1 with or without anti-CTLA-4
in stimulation approaches, we can further analyse whether increase of CBL-B expression is
uncoupled from CTLA-4 and PD-1 interacting with their ligands. For this purpose, we can use

multi-colour flow cytometry.
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III.  Limitations for future projects

In this study, we applied human blood cells and human liver tissue samples from AIH, DILI,
NASH, PBC and PSC patients. Future analyses would also base on human liver tissue samples
of AIH, DILI, NASH, PBC and PSC patients, which are a limiting factor to this project. The
limitations are not only that the biopsy samples of untreated patients are rare, but also that the
numbers of liver-infiltrating cells that can be obtained from a biopsy are few. Another
limitation, as mentioned above, is the access to multi-colour flow cytometer that supports

staining panels of more than fourteen fluorescent staining dyes in one panel.
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5. Summary

Autoimmune hepatitis (AIH) is a chronic inflammatory liver disease with unknown aetiology
and pathogenesis. Highly activated T effector cells seem to play a central role in the
immunopathogenesis of AIH by mediating the inflammatory immune responses in the liver. In
this study, we hypothesise that altered expression of T cell co-stimulation or co-inhibition may
account for the disproportionate T cell activation in AIH, leading to improper monitored T cell
immune responses. The aim of this study was to analyse various intrinsic regulatory molecules
of T cell activation in peripheral blood and in livers of patients with AIH. For this purpose, we
investigated expression levels of CBL-B, CTLA-4, GRAIL, ICOS, ITCH, NEDD4, 0X40, PD-
1, PKCO and TRAF6 in liver and blood of treatment-naive AIH patients (n= 42) and AIH
patients under immunosuppressive treatment (n= 37) in comparison with healthy controls (n=
44), patients with other autoimmune-mediated liver diseases such as PBC (n= 13) or PSC
(n=18), and with patients with non-autoimmune liver disorders such as DILI (n=35) or NASH
(n=17). By use of quantitative real-time PCR screening, we identified that expression of CTLA-
4, PD-1 and ICOS were significantly increased in liver tissue samples of treatment-naive AIH
patients in comparison with control groups. Moreover, intrahepatic expression of CBL-B, PD-
I and CTLA-4 in AIH patients correlated positively with the modified hepatic activity index
(mHAI) of these patients, suggesting that with an increase of intrahepatic disease activity,
expression levels of CBL-B, CTLA-4, ICOS and PD-1 were also increased. Furthermore,
intrahepatic expression of CBL-B positively correlated with serum levels of aspartate- or
alanine-aminotransferase (AST or ALT), indicating that intrahepatic expression of CBL-B
increases with liver injury and hepatic disease activity in patients with AIH. In contrast, CTLA-
4, PD-1 and ICOS expression in peripheral blood T cells of treatment-naive AIH patients was
similar to that in control groups. With RNA in-situ hybridisation we confirmed the findings of
the gene expression analyses. Moreover, we identified that liver-infiltrating T cells and not
CD3" cells in hepatic portal areas of treatment-naive AIH patients, showed increased expression
levels of CBL-B, CTLA-4, ICOS and PD-1 as compared to those of DILI patients and AIH
patients under treatment. Furthermore, expression of CBL-B or CTLA-4 in liver-infiltrating T
cells of treatment-naive AIH patients positively correlated with disease activity expressed as
mHAI Flow cytometric analyses revealed that in contrast to intrahepatic T cells of healthy
controls, NASH or DILI patients, the normally occurring reduction of CBL-B protein
expression after anti-CD3/CD28 stimulation was not reduced in intrahepatic T cells of
treatment-naive AIH patients. Moreover, intrahepatic T cells from treatment-naive AIH patients

responded to stimulation with an increase in numbers of CTLA-4"CD4" T cells, CTLA-4"CD8"
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and PD-1"CDS8" T cells, as compared to healthy controls, DILI or NASH patients. Intrahepatic
ICOS'CD4" T cells of treatment-naive AIH patients were increased compared to those from
healthy controls but not considerably different compared to DILI or NASH patients. We also
showed that expression of CTLA-4 and PD-1 by CBL-B" T cells of treatment-naive AIH
patients significantly differed as compared to control groups. To conclude, we identified
aberrant expression of co-inhibitory T cell activation regulators CBL-B, CTLA-4 and PD-1 in
intrahepatic but not in peripheral blood T effector cells in active AIH. Whether this is a counter-
regulation against the increased activation of the intrahepatic T cells and to what extent this
altered expression affects the intracellular cytokine production of the intrahepatic T cells, has
to be further investigated. However, these molecules are potential biomarkers of disease activity

and worthwhile objects of further study.
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(German/Deutsch)

Die Autoimmune Hepatitis (AIH) ist eine chronisch entziindliche Lebererkrankung mit
unbekannter Atiologie und Pathogenese. Hochaktivierte T-Effektorzellen scheinen eine
zentrale Rolle in der Immunpathogenese der AIH zu spielen, indem sie die Entziindung in der
Leber vorantreiben. Unsere Hypothese ist, dass eine verdnderte T-Zell Co-Stimulation oder Co-
Inhibition fiir die iiberproportionale T-Zell-Aktivierung bei AIH verantwortlich ist und dies zu
einer gestorten T-Zell-Immunantwort in AIH fiihrt. Ziel dieser Arbeit war es, verschiedene
intrinsische regulatorische Molekiile der T-Zell-Aktivierung im peripheren Blut und in der
Leber von atienten mit AIH zu analysieren. Zu diesem Zweck untersuchten wir CBL-B, CTLA-
4, GRAIL, ICOS, ITCH, NEDD4, OX40, PD-1, PKC0 und TRAF6 in Leber und Blut von noch
unbehandelten AIH-Patienten (n= 42) und AIH-Patienten unter immunsuppressiver
Behandlung (n= 37) im Vergleich zu gesunden Kontrollen (n= 44), Patienten mit anderen
autoimmunvermittelten Lebererkrankungen, wie PBC (n= 13) oder PSC (n=18) und Patienten
mit nicht-autoimmunen Lebererkrankungen, wie DILI (n= 35) oder NASH (n= 17). Mithilfe
des quantitativen Echtzeit-PCR-Screenings konnten wir feststellen, dass die Expression von
CTLA-4, PD-1 und ICOS in Lebergewebeproben von unbehandelten AIH-Patienten im
Vergleich zu Kontrollgruppen signifikant erhéht war. Darliber hinaus korrelierte die
intrahepatische Expression von CBL-B, PD-1 und CTLA-4 bei AIH-Patienten positiv mit dem
modifizierten Leberaktivititsindex (mHAI) dieser Patienten, was darauf hindeutet, dass mit
einer Zunahme der intrahepatischen Krankheitsaktivitdt auch die Expressionsniveaus von CBL-
B, CTLA-4, ICOS und PD-1 anstiegen. Des Weiteren korrelierte die intrahepatische Expression
von CBL-B positiv mit den Serumwerten der Aspartat- oder Alanin-aminotransferase (AST
oder ALT), was darauf hinweist, dass die intrahepatische Expression von CBL-B mit der
Leberschiadigung bei AIH Patienten zunimmt. Im Gegensatz dazu war die Expression von
CTLA-4, PD-1 und ICOS in peripheren Blut-T-Zellen von unbehandelten AIH-Patienten,
derjenigen der Kontrollgruppen dhnlich. Mit der RNA-in-situ-Hybridisierung haben wir die
Ergebnisse der Genexpressionsanalysen bestitigt. Zusdtzlich haben wir festgestellt, dass die
Leber-infiltrierenden T-Zellen und nicht die CD3" Zellen, in hepatischen Portalfeldern von
unbehandelten AIH-Patienten eine erhohte Expression von CBL-B, CTLA-4, ICOS und PD-1
im Vergleich zu DILI-Patienten und AIH-Patienten in Behandlung zeigten. Dariiber hinaus
korrelierte die Expression von CBL-B oder CTLA-4 in Leber-infiltrierenden T-Zellen von
unbehandelten AIH-Patienten positiv mit der histologischen Krankheitsaktivitit (mHAI).

Durchflusszytometrische Analysen ergaben, dass die CBL-B-Proteinexpression bei
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intrahepatischen T-Zellen von unbehandelten AIH-Patienten nach anti-CD3/CD28-Stimulation
nicht reduziert wurde, im Gegensatz zu gesunden Kontrollen, NASH- oder DILI-Patienten, bei
denen die Stimulation eine deutliche Reduktion der CBL-B-Proteinexpression bewirkte. Des
Weiteren reagierten intrahepatische T-Zellen von unbehandelten AIH-Patienten auf die
Stimulation mit einer Zunahme von CTLA-4"CD4" T-Zellen, CTLA-4"CD8" und PD-1"CD8*
T-Zellen im Vergleich zu gesunden Kontrollen, DILI- oder NASH-Patienten. Intrahepatische
ICOS'CD4" T-Zellen von unbehandelten AIH-Patienten waren im Vergleich zu denen aus
gesunden Kontrollen erhoht, unterschieden sich jedoch nicht wesentlich von denjenigen bei
DILI- oder NASH-Patienten. Wir zeigten auch, dass sich die Expression von CTLA-4 und PD-
1 durch CBL-B" T-Zellen von unbehandelten AIH-Patienten im Vergleich zu Kontrollgruppen
signifikant unterscheidet. Zusammenfassend konnte eine abweichende Expression der
intrinsischen T-Zell-Aktivierungsregulatoren CBL-B, CTLA-4 und PD-1 in intrahepatischen,
jedoch nicht in peripheren Blut-T-Effektorzellen in aktiven AIH festgestellt werden. Ob dies
eine Gegenregulation zur erhdhten Aktivierung der intrahepatischen T-Zellen war und
inwieweit diese verdnderte Expression die intrazellulire Zytokinproduktion der
intrahepatischen T-Zellen beeinflusste, muss weiter untersucht werden. Diese Molekiile eignen
sich jedoch als potentielle Biomarker der Krankheitsaktivitit und sollten Objekt

weiterfuhrender Studien sein.
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AIH autoimmune hepatitis

Ab antibody

AF488 alexa fluor 488

ALT alanine transaminase

AMA anti-mitochondrial antibodies

ANA ant- inuclear antibodies

ANOVA analysis of variance

AP (ALP) alkaline Phosphatase

APCs antigen presenting cells

APC allophycocyanin

ASMA anti-smooth muscle antibodies

AST aspartate transaminase

Bili bilirubin

BSA bovine serum albumin

BV brilliant violet

CBL-B casitas B-lineage lymphoma proto-oncogene-b
CD cluster of differentiation

cDNA complementary deoxyribonucleic acid
CTLA-4 cytotoxic T-lymphocyte-associated Protein 4
DAB 3, 3- diaminobenzidine

DC dendritic cells

DILI drug induced liver injury

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

dNTPs deoxyribonucleotide triphosphate
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ELISA enzyme-linked immunosorbent assay
FACS fluorescence-activated cell sorting

FC flow cytometry
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FCS fetal calf serum

FFPE formalin-fixed paraffin-embedded

FITC fluorescein isothiocyanate

FOXP3 forhead Box Protein 3

g gramme

GRAIL gene related to anergy in lymphocytes

h hour

HLA human leukocyte antigen

HPRTI hypoxanthine posphoribosyl transferase 1

IBD inflammatory bowel disease

ICOS inducible T-cell co-stimulator

IF immunofuorescence

IFN interferon

Ig immunoglobulin

IHC-P immunohistochemistry on fixed and in paraffin embedded tissue
IL interleukin

ITAMs immunoreceptor tyrosine- based activation motifs
ITCH itchy E3 Ubiquitin Protein Ligase

ITIM immunoreceptor tyrosine-based inhibition motif
ITISM immunoreceptor tyrosine-based switch motif
MACS magnetic activated cell sorting

mg miligram

mHAI modified hepatic activity index

MHC major histocompatibility complex

min minute

mL millilitre

mM millimolar

mRNA messenger ribonucleic acid

NASH non-alcoholic steatohepatitis

NEDD4 neural precursor cell expressed developmentally down-regulated protein 4
NGS normal goat serum
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P13K class IA phosphatidylinositol 3-kinase

pANCA perinuclear anti- neutrophil cytoplasmic antibodies
PBC primary biliary cholangitis

PBS phosphate-buffered saline

PCR polymerase chain reaction

PD-1 programmed cell death protein 1

PE phycoerythrin

PKC -0 protein kinase C theta

PP2A protein Phosphatase 2A

PSC primary sclerosing cholangitis

RNA ribonucleic acid

rpm rotation per minute

RPMI Roswell Park Memorial Institute

RT room temperature

SHP-2 Src homology region 2 domain- containing phosphatase
TCR T cell receptor

Th T helper cell

TMB 3,3',5,5'- tetramethylbenzidine

TNF tumor necrosis factor

TNFRSF4 Tumor necrosis factor receptor superfamily, member 4
(0X40)

TRAF6 TNF receptor associated factor 6

T reg regulatory T cell

W watt

Xg times gravity

ZAP-70 zeta-assoziierten Proteins 70
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