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1. Introduction

1.1 The liver as immunological organ

The liver is the largest internal organ of the human body and traditionally appreciated for
its indispensable roles in metabolism, detoxification and protein synthesis. To perform its
tasks as a central part of the digestive system, the liver is supported by a dual blood
supply, receiving both oxygenated blood via the hepatic artery as well as nutrient-rich
blood drained from the gastrointestinal tract via the portal vein. As a consequence, the
liver is constantly exposed to a plethora of exogenous agents, which are passed on from
the intestinal organs, such as microbial products, environmental toxins and food antigens
(Kubes and Jenne, 2018).

Due to this prominent localization, the liver also functions as an important immunological
barrier tasked with the detection and clearance of invading pathogens, especially when
the intestinal epithelium is compromised. For this purpose, the hepatic compartment relies
on a highly specialized immune system, which is so essential to host defense that it has
shaped the perception of the liver as an immunological organ (Mackay, 2002; Racanelli
and Rehermann, 2006).

The unigue immune system of the human liver comprises a complex network of structures,
cells and molecules, designed to continuously monitor the incoming bloodstream for
foreign substances (Ficht and lannacone, 2020; Nemeth et al., 2009). Blood arriving from
the hepatic tributaries flows through capillary-like vessels, called liver sinusoids, where it
is scanned by tissue-resident immune cells. Here, a fine balance between the
immunological tolerance of dietary or commensal microbial products and the initiation of
rapid and robust immune responses against harmful pathogens is vital to maintain the
physiological functions of the liver. The mediation of this balance is closely related to the
hepatic immune cell repertoire, which is characterized by an exceptionally pronounced
share of innate immune cells (Gao et al., 2007; Robinson et al., 2016). Besides specialized
myeloid cells, such as Kupffer cells or dendritic cells, this also includes intrahepatic
lymphocytes (IHL) with innate-like properties such as yd T cells, natural killer T cells as

well as the most recently identified lymphoid cell type: the innate lymphoid cells (ILC).
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Fig. 1.1: Structural organization of the hepatic immune system (adapted from Ficht
and lannacone (2020)). Blood arriving from the hepatic artery and the portal vein passes
through specialized capillary-like vessels, called liver sinusoids. Here, it is scanned by the
tissue-resident immune cells of the liver, which have the task of maintaining a fine balance
between immunological tolerance and the initiation of robust immune responses.

1.2 Innate lymphoid cells (ILCs)

ILCs are a family of innate immune cells, which emerge from the lymphoid lineage but,
unlike B and T cells, do not express rearranged antigen receptors (Artis and Spits, 2015;
Vivier et al., 2018). As primarily tissue-resident cells, ILCs mostly reside in peripheral
tissues and are particularly abundant at mucosal surfaces. Here, they engage in the
initiation and regulation of immune responses but also contribute to non-immunological
processes such as tissue metabolism, homeostasis and repair. ILCs exert their effector

functions mainly via the secretion of cytokines and in this respect display a functional
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diversity which is almost identical to T lymphocytes. This similarity has led to the
perception of ILCs as the innate counterpart of the adaptive T cell compartment.

Accordingly, the ILC family includes both cytotoxic natural killer (NK) cells, which like
CD8+ cytotoxic T lymphocytes (CTL) are tasked with the killing of infected or malignant
cells, as well as helper-like ILCs that specifically mirror the functionality of CD4+ T helper
(Th) cells. NK cells and helper ILCs share numerous features, such as their developmental
origin, their lymphoid morphology and their rapid engagement in immune responses.
Nevertheless, they are considered to represent distinct branches of ILC-mediated
immunity, based on their strikingly different effector functions and their distinct

developmental trajectories (Vivier et al., 2018).

Beyond these biological differences, both subfamilies are furthermore set apart by the
time point of their discovery. Whereas NK cells were first described almost half a century
ago (Herberman et al., 1975; Pross and Baines, 1976), the first reports on helper ILCs
date back less than 13 years (Cella et al., 2009; Cupedo et al., 2009; Neill et al., 2010;
Satoh-Takayama et al., 2008; Spits and Di Santo, 2011). As a consequence, these ILCs
remain by far less well characterized up to date, which is only partly due to the neglect of
helper ILCs in the years predating their discovery. Moreover, their comparably low overall
abundance, their positioning in less accessible tissue as well as a considerably high effort

to characterize them significantly impedes scientific progress in this field.

The present thesis specifically focuses on the helper-like, non-NK ILCs, in order to
address this existing lack of knowledge. The following review of our current understanding
of ILC biology will furthermore place special emphasis on knowledge gained from human
studies, citing findings from murine models only when human data is sparse or

inconclusive.

1.3 Classification and functions of helper ILCs

Helper ILCs, often merely referred to as ILCs, are generally characterized by the
expression of the interleukin 7 receptor a-chain (IL-7Ra or CD127), while lacking any
markers related to the lineages of T, B, NK and myeloid cells (Spits et al., 2013). Up to
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date, CD127+ ILCs are typically divided into three major subsets, called ILC1, ILC2 and
ILC3. These are classified based on their effector cytokine profile and their transcription
factor dependency, which largely reflects the Th1/Th2/Thl7 paradigm of CD4+ T
lymphocytes. Although they represent only a minor subset within the lymphoid spectrum,
helper ILCs are potent and versatile cytokine producers that contribute to a variety of
immune responses (Castellanos and Longman, 2019; Panda and Colonna, 2019; Vivier
et al., 2018).

ILC1, or type 1 ILCs, are IFNy-producing cells that require the expression of the
transcription factor T-bet. In this regard, they closely resemble NK cells, but in contrast to
these, ILC1 typically do not express eomesodermin (EOMES) and only low levels of
granzyme or perforin. Thus, ILC1 are generally non- or only weakly cytotoxic and primarily
convey their functional influence via secretion of IFNy. Nevertheless, the characterization
of ILC1 and their distinction from NK cells is often problematic in humans, due to the
significant transcriptional overlap between both subsets and the substantial tissue-specific
heterogeneity of ILC1. Up to date, NK cells and ILC1 are therefore often rather
distinguished on the basis of conventions and definitions, which have been constantly
updated over the past decade. In this work, the distinction of both cell types is based on
the NK cell-restricted marker NKp80, which is currently considered not to be expressed
by ILC1 (Freud et al., 2016). These NKp80-CD127+ ILC1 are hardly detectable in the
circulating bloodstream, yet in return they have been described in numerous non-lymphoid
tissues such as the gastrointestinal tract, the female reproductive tract, salivary glands
and the liver. They strongly respond to stimulation with IL-12, IL-18 or IL-15 and engage
in antiviral immune responses as well as the defense against intracellular bacteria, such

as Toxoplasma gondii or Clostridioides difficile (Abt et al., 2015; Klose et al., 2014).

ILC2, or type 2 ILCs, depend on the transcription factors GATA3 and RORa for their
maturation and are potent producers of the type 2 cytokines IL-4, IL-5 and IL-13 (Mjosberg
et al., 2011; Vivier et al., 2018). Thereby, they contribute to innate immune responses
against large extracellular parasites and allergic inflammation. ILC2 respond to the
cytokines IL-33, thymic stromal lymphopoietin (TSLP) and IL-25 which are secreted as
alarmins by local tissue-resident cells. Upon clearance of infection, ILC2 further engage

in tissue repair by producing the epidermal growth factor amphiregulin (AREG) and also
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have been described to contribute to tissue metabolism. Increased frequencies of ILC2
have been observed in lung, skin and adipose tissue. Similar to Th2 cells, they express
the receptor for prostaglandin D2 (PTGDR2 or CRTH2) which is commonly used for their
identification in humans, alongside characteristically high expression levels of CD161 and
KLRG1 (Hazenberg and Spits, 2014).

ILC3, or type 3 ILCs, produce the Thl7-associated cytokines IL-17 or IL-22, respond to
stimulation with IL-1B and IL-23 and are furthermore characterized by their high
expression of the transcription factor RORyt. They are most abundant at the mucosal

surfaces of the gastrointestinal tract and are predominantly described in the context of
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Fig. 1.2: Classification and functions of the major ILC subsets (adapted from Vivier
et al. (2018) and Lim and Di Santo (2019)). All members of the ILC family can be classified
on the basis of their key transcription factors, their effector cytokine profile, their
developmental pathways and their primary biological function. In mice, several distinct
stages of ILC development (EILP = early innate lymphoid progenitor, CHILP = common
helper-like ILC progenitor) have been identified, yet their existence in humans remains
controversial.
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intestinal barrier maintenance and the containment of commensal bacteria (Cella et al.,
2009; Sonnenberg et al., 2012). This role is mainly attributed to the production of the
homeostatic cytokine IL-22, which promotes the regeneration of intestinal stem cells and
is thus considered to mediate tissue-protective effects. In humans, ILC3 can be identified
by surface expression of the receptor tyrosine kinase c-Kit (or CD117) and are generally
further subdivided into two functionally distinct cell types, based on the expression of the
natural cytotoxicity receptor (NCR) NKp44. While NKp44+ ILC3 are the major source of
ILC-derived IL-22, NKp44- ILC3 rather produce IL-17, but also comprise a heterogeneous
pool of CD117-expressing ILC precursors (ILCP) (Hoorweg et al., 2012; Lim et al., 2017).

Another cell type, which has been formerly included in the ILC3 subset, are lymphoid
tissue-inducer (LTi) cells, which were the only known non-cytotoxic innate lymphocytes
for over a decade (Mebius et al., 1997). Like ILC3, they depend on RORyt, express high
levels of CD117 and can secrete Thl7-associated cytokines. However, LTi cells are also
critically involved in the formation of secondary lymphoid structures and Peyer’s patches
to which they contribute via expression of lymphotoxin a1p2 (LTa1B2). This unique and
indispensable biological function as well as an individual developmental trajectory has led
to the current perception of LTi cells as a distinct subset of the ILC family.

Accordingly, five major subsets are distinguished within the ILC family up to date, including
NK cells, LTi cells and ILC1, ILC2 and ILC3 (Vivier et al.,, 2018). However, recent
advances in the investigation of ILCs have led to the realization that the actual
heterogeneity of ILCs across different tissues and states of disease is in fact much greater
than initially assumed (Mazzurana et al., 2021; Simoni and Newell, 2018). This diversity,
which is especially observed among helper-like ILCs, is essentially facilitated via two
mechanisms: the differentiation of multipotent ILCPs and the plasticity of mature ILC
subsets (Bal et al., 2020; Diefenbach et al., 2014).

1.4 ILC differentiation and plasticity

Like all lymphoid cell types, ILCs develop from the common lymphoid progenitor (CLP),
which gives rise to more committed precursors that eventually differentiate into mature

ILC subsets. A large fraction of ILCs is generated in the bone marrow and in the fetal liver,
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disseminating to peripheral tissues early in development, where they remain as long-lived,
tissue-resident cells (Weiner et al., 2017). During further development however, these
local ILC pools are slowly renewed. According to the current understanding, the source of
this replenishment are multipotent ILCPs, which circulate in peripheral blood, but also
have been identified in lymphoid and non-lymphoid tissues of adult individuals (Lim and
Di Santo, 2019).

As the local differentiation of these ILCPs is essentially guided by the environmental
conditions of the respective tissue, the wide variety of tissue-specific stimuli shape
numerous highly diverse ILC pools. As an example of this diversity, the human intestinal
mucosa is virtually void of ILC2, whereas in the skin these represent a highly abundant
ILC subset (Bernink et al., 2019; Kramer et al., 2017).

The pool of ILCP has been shown to give rise to all types of mature ILCs, but also to
comprise distinct subsets of ILCPs with specific differentiation potential (Chen et al., 2018;
Lim et al.,, 2017). Among circulating progenitors, three multipotent subsets have been
identified. These include two NKp46-expressing subsets, which can be further dissected
by the expression of CD56, and a KLRG1-expressing ILCP that lacks both NKp46 and
CD56 (Nagasawa et al., 2019). Due to their distinct epigenetic configuration of several key
transcription factor loci, the differentiation of these individual ILCP subsets is effectively
skewed towards specific mature ILC subsets. While NKp46-expressing ILCPs can
generate ILC1, ILC3 and even cytotoxic NK cells based on the type of the priming signals,
they are unable to differentiate into ILC2. KLRG1-expressing ILCPs on the other hand,
predominantly develop into ILC2, although they do not appear to be fully committed to this
fate. Accordingly, they also develop into ILC3 when exposed to inflammatory conditions,
such as prolonged stimulation with IL-18 and IL-23. Up to date, it remains unclear if the
different developmental trajectories of, for instance, ILC3 in fact generate heterogeneous

cells with distinct properties and biological functions.

Once matured, the heterogeneity among ILC subsets is further increased by the ability of
CD127+ ILCs to change their phenotype and functional profile in response to specific
environmental cues they encounter (Bal et al., 2020). This capacity, which resembles the
plasticity observed in Th cells, tremendously enhances the versatility of tissue-resident

ILC pools by enabling a swift adaptation to changes in the local microenvironment without
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the need for external recruitment. In this context, multiple factors and signaling pathways
have been described to centrally influence ILC plasticity. These include soluble
metabolites such as ligands of the aryl hydrocarbon receptor (AhR), membrane-bound
Notch ligands and cytokines such as IL-12, IL-13 and TGF (Golebski et al., 2019; Golub,
2021; Hughes et al., 2014; Lim et al., 2016).

Several paths of plasticity have been described in human ILCs, one of the first being the
conversion of IL-22-producing ILC3 to IFNy-producing ILC1 (Bernink et al., 2015; Cella et
al., 2010). This process was shown to result from prolonged exposure to IL-12 and IL-1,
which leads to a simultaneous downregulation of RORyt and upregulation of T-bet in the
so called “ex-ILC3”. Later on, the same mechanism was found to also occur in mature
ILC2, which develop into IFNy-producing ILC1 by downregulating expression of GATA3
and type 2 cytokines, while upregulating expression of T-bet. As demonstrated in
subsequent studies, the ILC1-directed conversion of ILC3 and ILC2 is reversible and ILC
plasticity in general appears to be mostly bidirectional. Accordingly, ILC1 differentiate into
IL-22-producing ILC3 in the presence of IL-18 and IL-23, while ILC3-directed conversion
of ILC2 is partially dependent on additional TGFf-signaling (Bernink et al., 2019).
Interestingly, reversion of ILC2-derived ILC1-like and ILC3-like cells has been shown to
occur under the influence of IL-4, but the transdifferentiation of canonical ILC1 and ILC3
into ILC2 has not been proven up to date (Bal et al., 2016; Chen et al., 2018). Whether
this reflects an intrinsic limitation in the plasticity of ILC1 and ILC3 or rather suggests that
an additional trigger remains to be identified is currently under investigation.

The functional diversity of the ILC spectrum is further enhanced by mixed expression
signatures, which can be acquired by individual ILC subsets in response to differential
stimuli. As shown among ILC2, cells displaying slightly elevated levels of RORyt
expression can give rise to dual cytokine producers of both IL-17 and type 2 cytokines

when cultured under ILC3-priming conditions (Bernink et al., 2019; Golebski et al., 2019).

At this point, the plasticity of ILCs exceeds that of Th cells, where direct evidence for the
conversion of Th2 to Thl7 cells is still lacking (Cooney et al., 2011). Overall, the
investigation of ILC plasticity has greatly benefited from the extensive knowledge
previously gained from studies of similar mechanisms in Th lymphocytes, yet clear

differences exist between both cell types. Distinctive features especially affect the
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chromatin landscape of regulatory regions controlling the expression of signature
cytokines. Whereas in Th cells, these regions only become accessible upon activational
signaling, they are active or directly inducible in ILCs (Shih et al., 2016). As a
consequence, ILCs appear to be more prone to adapt to dynamical changes in their
microenvironment, as the regulatory components of their transcriptional machinery

enables direct access to a diverse set of functional genes.

The investigation of ILC plasticity remains an active area of research and the exact impact
on the biological function of ILCs is still incompletely understood. However, it is becoming
increasingly evident that the adaptation to environmental changes also enables ILCs to
promptly respond to pathological processes, such as tissue inflammation. As a
consequence, their flexibility may have an important influence on the role ILCs play in the

pathogenesis of inflammatory diseases.

1.5 Role of ILCs in inflammatory diseases and homeostasis

ILCs have been associated with multiple inflammatory diseases in humans and their
activation, accumulation and transdifferentiation has been documented in several types
of inflamed tissue. Due to their distinct effector functions and distribution in the human
body, the individual ILC subsets are typically described to contribute to different
pathological settings in different tissues. For instance, IFNy-producing ILC1 have been
reported to be involved in inflammatory bowel diseases (IBD), especially Crohn’s disease
(CD), whereas IL-13 producing ILC2 have been linked to inflammation affecting the
pulmonary system (Fuchs et al., 2013; Smith et al., 2016). The role of ILC3 on the other
hand has been discussed in the context of colitis and psoriasis (Teunissen et al., 2014,
Zeng et al., 2019). As mentioned above the disease-related changes to tissue-resident

ILC pools often involve elements of ILC plasticity (Bal et al., 2020).

In CD, the pathological accumulation of IFNy-producing, pro-inflammatory ILC1 in the
inflamed intestinal mucosa is accompanied by a decrease of NKp44+ ILC3, thus resulting
in a loss of IL-22-producing, tissue-protective cells. This shift in the effector cytokine profile
of the intestinal ILC pool has been shown to correlate with the presence of CD14+

dendritic cells (DC). Given that CD14+ DCs are potent producers of IL-12 they are
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considered to promote the conversion of ILC3 to ILC1, thereby contributing to general
features of CD, such as the increased intestinal permeability (Bernink et al., 2013; Forkel
et al., 2019; Li et al., 2017).

Similarly, in patients with chronic obstructive pulmonary disease (COPD) or viral lung
infections, clusters of ILC2 have been identified in inflammatory foci, where these
transdifferentiate into IFNy-producing cells in an IL-12-dependent manner. In contrast,
elevated levels of IL-4 or IL-4-producing eosinophils are associated with an accumulation
of ILC2, as reported in patients with chronic rhinosinusitis (Bal et al., 2016; Silver et al.,
2016).

Furthermore, alterations of the ILC composition in skin lesions of psoriasis patients
indicate a shift from ILC2 to IL-17-producing ILC3. In addition, increased numbers of IL-22-
producing NKp44+ ILC3 have been linked to disease-related processes such as
epidermal thickening. This ILC3-directed plasticity is associated with elevated levels of
IL-18 and IL-23, which are typically observed in psoriatic inflammation. Of note,
therapeutic antibodies against IL-17 and IL-23 are highly efficient in the treatment of
psoriasis, suggesting that the priming of ILC3 might be of major clinical importance
(Bernink et al., 2019; Teunissen et al., 2014; Villanova et al., 2014).

Although numerous reports provide evidence for the involvement of ILCs in a variety of
pathological settings, their actual contribution and relevance in these diseases remain
unclear and controversial. Given that Th cells mediate similar pathogenic or protective
effects under the aforementioned conditions and are mostly also more abundant, ILCs
appear to be relatively redundant in inflammatory diseases and not essential for host
survival. This perception has been significantly reinforced by a study that investigated the
clinical presentation of patients with severe combined immunodeficiency (SCID) after
haematopoietic stem cell transplantation (Vély et al., 2016). Following transplantation,
SCID patients with common y-chain mutations showed T cell but not ILC reconstitution,
yet they did not display increased susceptibility to infection in comparison to SCID patients
with Ragl or Rag2 mutations, in which ILC development remains intact.

Although these findings suggest that ILCs are dispensable as long as B and T
lymphocytes are present, generalizations derived from a small and unique cohort of SCID

patients who are under intensive medical surveillance are challenging. At this point, further
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research is required to delineate the differential impact of ILC-mediated and T cell-
mediated cytokine secretion in inflammatory diseases. Despite a potentially predominant
role of Th cells, the additive effects of ILC-derived signaling might certainly remain
important with regard to pathologies caused by excess immune activation. Furthermore,
ILCs might also modulate T cell responses as recently discussed, either indirectly via
interactions with the immunological niche in which both cell types reside or directly via

constitutive expression of co-stimulatory molecules (Sonnenberg and Hepworth, 2019).

Given the fact that ILCs have long been overlooked in contrast to T cells, it has been
suggested that they might be involved at stages and in processes less well-studied, such
as the initiation of chronic inflammatory diseases (Bal et al., 2020; Kotas and Locksley,
2018). Features specific to ILCs support this hypothesis, such as their strategic positioning
in peripheral tissues and their ability to polarize their effector functions in the absence of
immunological challenges. Moreover, in addition to pathogenic agents, ILCs have also
been shown to respond to numerous host-derived stimuli such as metabolites,
neuropeptides and hormones, further indicating that ILCs are also engaged in the

homeostatic signaling preceding dysregulated immune responses (Jacquelot et al., 2019).

In the human liver, physiological functions encompass elements of inflammation, given
the constant exposure to exogenous agents (Robinson et al., 2016). The dysregulation of
these processes forms the basis for sustained inflammation of liver tissue, also known as

hepatitis, which can lead to liver fibrosis.

1.6 Liver fibrosis

Liver fibrosis arises in response to acute or chronic liver injury and is characterized by the
excessive accumulation of extracellular matrix (ECM) proteins such as collagens (Bataller
and Brenner, 2005; Xu et al., 2012). If left unchecked, this process results in a critical
distortion of the hepatic architecture, where functional parenchymal tissue is increasingly
replaced by scar tissue. Due to the high regenerative properties of the liver, hepatic
fibrosis typically remains asymptomatic for up to several years in which it can be

functionally compensated and even reversed. However, if the underlying cause is not
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removed it ultimately progresses to an irreversible end-stage, called cirrhosis, which is
associated with functional liver failure, portal hypertension and liver cancer. Cirrhosis and
chronic liver disease (CLD) are a major clinical burden of increasing relevance, causing
approximately 1.32 million deaths worldwide in 2017 compared to less than 0.9 million
deaths in 1990 (Sepanlou et al., 2020). Once in its final stage, liver transplantation

becomes the only curative option, underlining the importance of early intervention.

Almost all etiologies of CLD converge to liver fibrosis, including chronic hepatitis B (HBV)
and C (HCV) infection, alcoholic liver disease, non-alcoholic steatohepatitis (NASH) or
several types of autoimmune hepatitis. Despite the diversity of causative agents, common
hallmarks of hepatic fibrogenesis have been described, such as sustained inflammation
and the activation of hepatic stellate cells (HSC) (Lee and Friedman, 2011).

HSCs are localized in the subendothelial space of Disse between hepatocytes and the
liver sinusoidal endothelium and account for 5-10% of all liver-resident cells (Chen and
Tian, 2021). Under homeostatic conditions, HSCs maintain a quiescent phenotype,
function as vitamin A-storing cells and regulate the sinusoidal blood flow. Upon activation
however, HSCs transdifferentiate into proliferative, fibrogenic myofibroblasts which are
the main producers of ECM in liver fibrosis. Accordingly, this process has been identified
as a key element of hepatic fibrogenesis and a complex network of activating stimuli has
been identified to drive the transition of quiescent HSCs into myofibroblasts. These range
from damage- and pathogen-associated molecular patterns (DAMPs/PAMPS), growth
factors and adipokines to oxidative stress, autophagy and ECM interactions (Tsuchida
and Friedman, 2017; Zhang et al., 2016). Cytokines released by local immune cells further
contribute to HSC activation, including TGF[, one of the most potent fibrogenic triggers of
HSCs. Of note, the interactions of HSCs with intrahepatic immune cells such as
macrophages and IHLs also have been shown to mediate beneficial effects, for instance,
by promoting apoptosis or senescence in HSCs as well as their reversion to a quiescent

State.

As such mechanisms are essential to the clearance of liver fibrosis, the role of liver-
resident immune cells and their modulatory influence on HSCs have received increasing
attention. Whereas numerous reports have addressed the pro- or anti-fibrogenic

properties of several IHL subsets, such as NK cells, T cells and NKT cells, data on the
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role of human ILCs in liver fibrosis are still sparse (Glassner et al., 2012; Jeong et al.,
2008; Wang et al., 2011; Zhang and Zhang, 2020).

Healthy Liver Fibrotic Liver

Hepatocyte apoptosis

Hepatocytes

HSC

Space
of Disse
Kupffer @ @ @ Sinusoidal
cell Leukocyte Inflammation & lumen
Leukocyte infiltration

Fig. 1.3: Activation of HSCs as key element of hepatic fibrogenesis. The
transdifferentiation of quiescent HSCs into fibrogenic myofibroblasts forms a central
element of liver fibrosis. This process is associated with several key features that
contribute to the progression of hepatic fibrogenesis, such as the excessive accumulation
of ECM, the proliferation of HSCs and sustained hepatic inflammation.

1.7 ILCs in liver fibrosis

While only a minority of studies have addressed the involvement of human ILCs in healthy
and fibrotic livers, most of the current knowledge has been derived from murine models.
In addition, the functional analogies between ILCs and NK cells or Th cells are often used
as a template to assess the impact of ILC-derived cytokine secretion in the human liver
(Chen and Tian, 2021; Liu and Zhang, 2017).

Along these lines, the role of ILC1 in CLD is discussed in close relation to their production

of IFNy, which aside its antiviral effects, also has been shown to inhibit the proliferation of
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HSCs, and thus is considered to mediate hepatoprotective effects (Jeong et al., 2006;
Wynn, 2004). However, multiple liver-resident cell types are potent IFNy-producers, and
some of them, such as NK cells drastically outnumber intrahepatic ILC1 by several orders
of magnitude (Chen and Tian, 2021). Moreover, the exact contribution of ILC1 might be
more difficult to unravel as indicated by studies of patients with chronic HBV infection.
Whereas treatment with IFNy has been shown to improve fibrosis scores in HBV patients,
elevated levels of ILC1 were found to correlate with increased liver damage (Weng et al.,
2005; Yang et al., 2015). These findings underline the importance of further research and
specifically human studies, given the considerable differences in the abundance of
intrahepatic ILC1 between mice and humans.

Types 2 cytokines, such as IL-13 have been shown to contribute to the progression of
fibrosis in numerous tissues, including the liver (Chiaramonte et al., 1999; Lee et al., 2001,
Oriente et al., 2000). Accordingly, both elevated levels of IL-13, and the Th2/ILC2-specific
stimulus IL-33 have been recorded in patients with liver fibrosis (Mchedlidze et al., 2013;
Tan et al., 2018; Weng et al., 2009). Mechanistically, IL-13 can activate HSCs via the high
affinity alpha chain of the IL-13 receptor (IL-13Ra2) and in rat or murine HSCs, IL-13 has
been shown to directly upregulate collagen expression (Liu et al., 2011; Shimamura et al.,
2008).

Due to the pro-fibrotic influence of IL-13, the involvement of ILC2 in hepatic fibrogenesis
has been a primary subject of investigation in both murine and human studies. As shown
in mouse models of induced liver fibrosis, the damage-associated release of IL-33
mediates the accumulation of IL-13-producing, liver-resident ILC2 (Marvie et al., 2009).
Moreover, in IL-13-deficient mice (IL-137), which show reduced hepatic ECM deposition,
the adoptive transfer of ILC2 is sufficient to induce increased collagen expression in the
liver, indicating a strong fibrogenic potential for this ILC subset (Mchedlidze et al., 2013).
These findings might be also relevant for the pathogenesis of human liver fibrosis, as
supportive data has been reported by two studies on human intrahepatic ILC2. As
indicated by both reports, the frequency of intrahepatic ILC2 correlates with the severity
of fibrotic liver disease and human ILC2 can be activated by hepatocyte- or HSC-derived
IL-33 (Forkel et al., 2017; Jeffery et al., 2017). However, with regard to the composition of

the intrahepatic ILC pool and the proportion of ILC2, these studies reported drastically
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different findings. Therefore, it remains unclear to which extent the findings obtained in

mice are transferable to humans.

Given their functional similarities to Th17 cells, the role of ILC3 in liver fibrosis is generally
discussed in a similar context and predominantly associated with the production of IL-17
and IL-22. For IL-22, ambiguous effects have been described in the progression of liver
fibrosis. On the one hand, IL-22 was found to promote the survival of hepatocytes and
induce senescence in activated HSCs, thereby contributing to the amelioration of fibrosis
(Kong et al., 2012; Zenewicz et al., 2007). On the other hand, studies in HBV-infected
patients demonstrated a pro-inflammatory nature of IL-22, which was associated with
detrimental effects such as increased Thl7-recruitment and exacerbated liver
inflammation (Zhang et al., 2011; Zhao et al., 2014). In addition, elevated systemic levels
of IL-22 are a predictive marker for reduced survival in patients with advanced liver
cirrhosis (Kronenberger et al., 2012). Thus, an involvement of IL-22-producing cells such
as ILC3 in liver fibrosis appears to be evident. However, the above mentioned findings
suggest stage- and setting-dependent differences in the effects of IL-22 and direct
evidence for the specific contribution of ILC3 remains to be established.

According to previous studies, human intrahepatic ILC3 might predominantly contain
NCR- cells that typically produce mostly IL-17 instead of IL-22 (Forkel et al., 2017). In
hepatic fibrogenesis, IL-17 has been associated with sustained inflammation and direct
pro-fibrotic effects, including the activation of HSCs (Paquissi, 2017; Tan et al., 2013).
However, the functional properties of human intrahepatic ILC3 have mostly been
neglected so far, as functional studies were either focussed on other ILC subsets or
peripheral cells (Forkel et al., 2017; Jeffery et al., 2017; Wang et al., 2018). Consequently,

direct evidence for an involvement of ILC3 in liver fibrosis is still missing.

1.8 Aims

Despite the prominent role of the innate lymphocytes in the human liver, the composition
of the intrahepatic helper ILC pool and its contribution to local homeostatic and
pathological conditions has remained scarcely studied. However, the collective evidence

from studies of murine models as well as the documented pro- and anti-fibrotic effects of
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ILC-associated cytokines do suggest a significant role for ILCs in hepatic fibrogenesis. Up
to date, only few reports have been published, which have investigated tissue-resident
ILCs isolated from human hepatic tissue and in addition, these studies have produced

inconsistent results.

The work in this thesis aimed to significantly improve our current understanding of ILCs in

the human liver by addressing the following key aspects:

- To provide a detailed characterisation of the phenotypic and functional properties
of the human intrahepatic helper ILC pool, thereby resolving existing conflicts in the

published literature and elucidate the profile of so far neglected subsets.

- To identify tissue-specific features that shape the biological functionality of liver-
resident ILCs, screen for evidence of tissue-driven plasticity and study the

mechanisms that contribute to the configuration of the intrahepatic ILC pool.

- Toinvestigate the involvement of tissue-resident ILCs in liver fibrosis by assessing
disease-related perturbations and the impact of ILC-derived cytokine secretion on

other cell types that critically drive hepatic fibrogenesis.
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2. Material and methods

2.1 Material

2.1.1 Human tissue samples

Liver tissue of non-fibrotic organs was obtained from resection margins of hepatic
carcinomas as well as from liver perfusates of healthy transplant organs. Fibrotic or
cirrhotic liver tissue was collected from explanted organs of patients undergoing liver
transplantation mainly due to viral hepatitis, alcoholic cirrhosis, nonalcoholic fatty liver
disease, primary biliary cholangitis (PBC) or primary sclerosing cholangitis (PSC). Major
clinical parameters of the chronic liver disease cohort can be found in Table 2.1:

Table 2.1: Patient characteristics of chronic liver disease cohort

3) 9% of total, ® mean (range), ©® median (range); N = number, AST = aspartate

transaminase, ALT = alanine transaminase, gammaGT = gamma-glutamyltransferase,
MELD = Model for END-Stage Liver Disease; multiple etiologies/patient possible

N (Specimen) 28

Gender

female : male &) 42.9:57.1
Age ®) 54.6 (35-69)

Clinical Data

AST [U/L] )

455 (18-214)

ALT [U/L] )

28.5 (11-177)

gammaGT [U/L] ¢)

71.0 (17-867)

Bilirubin [mg/dL] ¢

7.29 (0.33-39.75)

MELD score ?)

17.2 (7-32)

Thrombocytes ¢

83.0 (21-326)

Etiology

viral (HBV/HCV) @) | 32.14
Alcoholic &) 38.46
PBC/PSC &) 19.23
Other &) 30.76
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Intestinal tissue was obtained from patients undergoing colonoscopy or prophylactic
colectomy (due to inheritance of predispositions for familial adenomatous polyposis (FAP)
or hereditary nonpolyposis colorectal cancer (HNPCC). Human tonsils were collected after
tonsillectomy from patients suffering from obstructive sleep apnea or recurrent tonsillitis.
Peripheral Blood of healthy donors was obtained from the blood donation center of the

University Hospital Bonn.

Written informed consent was obtained from all patients and donors. This study had been
approved by the local ethics committee of the University of Bonn (#073/19, #275/13,
#040/16, #035/14 and #417/17). All examinations were performed on the basis of the
revised Declaration of Helsinki of the World Medical Association (2013) and the

corresponding legal basis.

2.1.2 Primary human hepatic stellate cells (HSCs)

Primary human HSCs were commercially obtained from ScienCell™ Research
Laboratories (Order No. #5300) and expanded according to the manufacturer’s protocols.
Cells were subcultured 2-4 times when reaching 80 % confluence and subsequently
cryopreserved. Different lot numbers (representing different donors) were ordered to

account for biological variability.

2.1.3 OP9-DL4 stromal cells

OP9 stromal cells expressing Notch ligand DLL4 (OP9-DL4) were kindly provided by Prof.
Dr. Marcus Uhrberg and Prof. Dr. Juan Carlos Zuniga-Pflucker (Mohtashami et al., 2013).
The cells were initially expanded and subcultured 2-4 times when reaching 80 %

confluence before being cryopreserved.
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Table 2.2: Essential reagents and consumables used in this project

Component

2-Mercaptoethanol
Antibiotic-Antimycotic

Ascorbic acid

Brefeldin A (BFA)

Collagenase Type IV
Dimethylsulfoxid (DMSO)
Dithiothreitol (DTT)
Ethylenediaminetetraacetic acid
Fetal Bovine Serum (FBS)

Ham's F-12 Nutrient Mix

Hanks' Balanced Salt Solution (HBSS)
Heparin

HS-Nuclease

Human AB Serum

Human Serum Albumin (HSA)
lonomycin

LS MACS colums

MojoSort™ Streptavidin Nanobeads
N-acetylcysteine (NAC)

Pancoll, human
Penicillin-Streptomycin (P/S)
Percoll™
Phorbol-12-myristat-13-acetat (PMA)
Phosphate-buffered saline (PBS)
Precision Count Beads™
RPMI-1640

Sodium selenite

Manufacturer

Sigma-Aldrich®

Gibco™

European Pharmacopoeia
Enzo

Worthington®
Sigma-Aldrich®
Sigma-Aldrich®
AppliChem
Sigma-Aldrich®

Gibco™

Gibco™

ratiopharm®

MoBiTec®

Sigma-Aldrich®

CSL Behring

Cell Signaling Technology
Miltenyi Biotec
Biolegend®
Sigma-Aldrich®
PanBiotec™

PanBiotec™

GE Healthcare

Cell Signaling Technology
Gibco™

Biolegend®

Gibco™

Sigma-Aldrich®

Order No.

M6250-100ML
15240062
A1300000
BML-G405
LS004189
D8418
10708984001
A3145

custom order
21765029
14180046
5394.02.00
GE-NUC10700
H3667-100ML
001052-31826
9995S
130-042-401
480016
A7250-10G
P04-601000
P06-07050
17-0891-01
9905
18912014
424902
21875034
S5261-10G
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2.1.5 Kits

Table 2.3: Pre-manufactured analysis and isolation kits used in this project

Kit Manufacturer Order No.

Blue S’ Green gPCR Kit Biozym® 331416
Chromium™ Single Cell 3° Reagent Kits v2 10x Genomics™  custom order
Cytofix/Cytoperm™ Fixation/Permeablization BD Bioscience 554714
eBioscience™ Foxp3 / Transcription Factor Invitrogen™ 00-5523-00
Human CXCL8 DuoSet ELISA R&D Systems® DY208

IL-13 Secretion Assay - Miltenyi Biotec

130-093-480
Cell Enrichment and Detection Kit (PE), human
LEGENDplex™ Human Th Cytokine Panel kit  Biolegend® 740001
Pan Monocyte Isolation Kit, human Miltenyi Biotec 130-096-537
QuantiTect® Reverse Transcription Kit Qiagen 205313
Qubit™ RNA HS Assay Kit Invitrogen™ Q32855
SPLIT RNA Extraction Kit Lexogen 008.48
Zombie Aqua™ Fixable Viability Kit Biolegend® 423102

2.1.6 Cytokines and ligands

Table 2.4: Cytokines and metabolic ligands used in this project

Cytokine Manufacturer Order No.
FICZ Sigma-Aldrich® SML1489-1MG
IL-13 ImmunoTools 11340135
IL-1B ImmunoTools 11340015
IL-2 Miltenyi Biotec 130-097-743
IL-22 ImmunoTools 11340225
IL-23 ImmunoTools 11340233
IL-33 Miltenyi Biotec 130-109-378
IL-7 Miltenyi Biotec 130-095-367
TGFpB Miltenyi Biotec 130-095-066
TSLP ImmunoTools 11343494
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Table 2.5: Comprehensive list of antibodies used for flow cytometric analyses in this

project

Antigen

AhR

CD103

CD103

CD117 (ckit)
CD117 (ckit)
CD117 (ckit)
CD123

CD127

CD127

CD14

CD14

CD16

CD161

CD19

CD19

CD1la

CD20

CD294 (CRTH2)
CD294 (CRTH2)
CD3

CD3

CD303 (BDCA-2)
CD336 (NKp44)
CD336 (NKp44)
CD336 (NKp44)
CD34

CD45

CD45

Conjugate

PE
AF700
Bv421
BV785
PE-Cy7
PE-Vio615
FITC
BV605

PE

FITC
Biotin
FITC
APC-Cy7
FITC
Biotin
FITC
FITC
AF647
PerCP-Cy5.5
FITC
Biotin
FITC
BV786
PE
PerCP-Cy5.5
FITC
BUV805
Bv421
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Clone

T49-550
Ber-ACT8
Ber-ACT8
104D2
104D2
REA787
6H6
A019D5

hiL-7R-M21

M5E2
TUKA4
3G8
HP-3G10
HIB19
REA675
HI149
2H7
BM16
BM16
UCHT1
BW264/56
AC144
P44-8
P44-8
P44-8
581

HI30
HI30

Company

BD Bioscience
Novus

BD Bioscience
BioLegend®
BioLegend®
Miltenyi Biotec
BioLegend®
BioLegend®
BD Bioscience
BioLegend®
Miltenyi Biotec
BioLegend®
BioLegend®
BioLegend®
Miltenyi Biotec
BioLegend®
Biolegend®
BD Bioscience
BioLegend®
BioLegend®
Miltenyi Biotec
Miltenyi Biotec
BD Bioscience
BioLegend®
BioLegend®
BioLegend®
BD Bioscience
BioLegend®

Cat. No.

565711
NBP1-
563882
313238
313212
130-111-598
306014
351334
557938
301804
130-098-380
302006
339928
302206
130-110-247
300104
302304
558042
350116
300406
130-113-127
130-090-510
744304
325108
325114
343504
564914
304032



CD49a
CD56
CD56
CD62L
CD69
CD69
CD9%4
CD9%4
FceR1a
GATA3
GATA3
IFNy
IL-13
IL-13
IL1IR1
IL1R1
IL-22
IL-8 (CXCLS)
IL-8 (CXCLS)
KLRG1
KLRG1
NKp80
RORC
RORC
T-bet
TCRap
TCRyd

Isotype controls

PerCP-
BUV395
BUV563
Bv421
Bv421
BV786
AF700
FITC
FITC
BUV395
Bv421
Bv421
Bv421
PE

APC

PE

APC
FITC

PE
BVv421
PE-Vio 615
FITC
APC

PE
Bv421
FITC
FITC

APC

PE
Bv421
BUV395
Bv421
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TS2/7
NCAM16.2
NCAM16.2
DREG-56
FN50

FN50
MMO0181-5F26
HP-3D9
AER-37
L50-823
L50-823
4S.B3
JES10-5A2
JES10-5A2
Polyclonal
Polyclonal
IL22JOP
BHO0814
ESN1
SA231A2
REA261
4A4.D10
AFKJS-9
AFKJS-9
4B10

IP26

Bl

eBR2a
eBR2a
MOPC-21
X40

X40

Invitrogen

BD Bioscience
BD Bioscience
BD Bioscience
BioLegend®
BD Bioscience
Novus

BD Bioscience
BioLegend®
BD Bioscience
BD Bioscience
BioLegend®
BioLegend®
BioLegend®
R&D Systems®
R&D Systems®
Invitrogen
BioLegend®
BioLegend®
BioLegend®
Miltenyi Biotec
Miltenyi Biotec
eBioscience™
eBioscience™
BioLegend®
BioLegend®
BioLegend®

eBioscience™
eBioscience™
BioLegend®

BD Bioscience
BD Bioscience

46-9490-42
563554
565704
563862
310930
563834
NBP2-
555888
334608
565448
563349
502532
501916
501903
FAB269A-100
FAB269P-100
17-7222-82
514604
511408
367706
130-108-366
130-094-843
17-6988-82
12-6988-82
644816
306706
331208

17-4321-81
12-4321-80
400158
563547
562438
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2.1.8 Oligonucleotides

Table 2.6: List of oligonucleotide primers used for quantitative PCR analysis in this project
(bp = base pairs, fwd = forward, rev = reverse)

Gene Name 5’-3’ Sequence Amplicon Size
[bp]

ACTA2-fwd CCAGAG CCATTG TCA CAC AC o1

ACTA2-rev CAG CCA AGC ACT GTC AGG

ACTG2-fwd TTG ATG TCT CGC ACAATT TCT CT 246

ACTG2-rev CAT GTA CGT CGC CAT TCA AGC

AHR-fwd TAC AAAGCCATTCAGAGCCTGT 974

AHR-rev TTC CAA GCG GCATAG AGA CC

CCL20-fwd TTA GGA TGA AGA ATACGG TCT GTG 130/133

CCL20-rev CCATGT GCT GTACCAAGAGT

CD2-fwd CTACTC TGT GGG CTC TTG TC 105

CD2-rev TCTTGATGG TCT TTG TGG CA

COL1A1-fwd CAC ACG TCTCGG TCATGG TA o1

COL1A1-rev AAG AGG AAG GCC AAG TCG AG

CXCL1-fwd GCCCCTTTG TTC TAA GCC AG 262

CXCL1-rev CTG GCG GAT CCA AGC AAATG

CXCL8-fwd AAATTT GGG GTG GAAAGG TT 107

CXCL8-rev TCCTGATTT CTG CAG CTC TGT

EEF1A1-fwd CCGTTCTTCCACCACTGATT 183

EEF1Al-rev CTTTGG GTCGCTTTGCTGTT

EREG-fwd CAG AGC TACACTTTG TTATTGACAC 100

EREG-rev TCATGT ATC CCA GGA GAG TCC

FASLG-fwd GTG GCCTATTTG CTT CTC CA 95

FASLG-rev TTC AGC TCT TCC ACC TAC AGA

FCER1G-fwd CTC ATG CTT CAG AGT CTC GTA 113

FCER1G-rev GAC TGA AGA TCC AAG TGC GAA

GAPDH-fwd GAA GGT GGT GAA GCA GGC 229

GAPDH-rev CTC CTT GGA GGC CAT GTG

GATA3-fwd CCT CCAGTG AGTCATGCAC



GATA3-rev
HPGD-fwd
HPGD-rev
HPGDS-fwd
HPGDS-rev
ID2-fwd
ID2-rev
ILIORA-fwd
ILI0RA-rev
IL13-fwd
IL13-rev
IL17RB-fwd
IL17RB-rev
IL1B-fwd
IL1B-rev
IL1IR1-fwd
ILIR1-rev
ILIRL1-fwd
ILIRL1-rev
IL22-fwd
IL22-rev
IL23R-fwd
IL23R-rev
IL32-fwd
IL32-rev
IL33-fwd
IL33-rev
KIT-fwd
KIT-rev
KLRG1-fwd
KLRG1-rev
MMP2-fwd
MMP2-rev
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CCT GTC TGC AAT GCC TGT
GCA AGA TAT GAC AAC ATT CCAGT
AGT GACTCATCCTGT CTGCT

TCC CCC TCA TAT TAA AAT AAG TGA GT

CCA AGG CAC AGT CACATACC

CTT A AAAGATTC CGT GAATTT GTT GT

ATC AGCATCCTGTCCTTGC
AGC GACAGATGGTTT CACC
TTC CGA GAG TAT GAG ATT GCC
CAA GGG GAA GGC TGA GGT
TTT CGC GAG GGA CAG TTC

CAA GTA GGA AAA TAT GGA GTC AGC

TCC AAC ACAGCACTATCATCG
GAA GCT GAT GGC CCT AAACA
AAG CCCTTG CTG TAG TGG TG
ACC ACG CAATAG TAATGT CCT G
ATG AAATTGATG TTC GTC CCT GT
ACA TGA GGC AGT TGG TGA TAC
AAC TAT TCT TAG CTC CGT CAC TG
CTCTGG ATATGC AGG TCATCAC
AGT GCT GTT CCC TCAATC TG

TGT TAG CCC AGAATT CCATGT
GTC AAG AAA CAG GCA AAA GGT
TTG TGC CAG GAA GAC TGC

CAG CTT CTT CAT GTC ATC AGA GA
AAG GCA AAG CAC TCC ACAGT
CAA AGA AGT TTG CCC CAT GT
CAG AAT TGG ACA CTA GGAATG TG
CAG AAC CTT CAC TGA TAAATG GG
CCA GAC CGC TGG ATG AAATAT G
CTG ATT GTC CGT TAT CAC AAG GA
TTCTTG TCG CGG TCG TAG TC
TGG CAAGTACGG CTTCTG TC

145

109

112

150

141

212

139

110

184

117

123

125

129/225

180

137

126

180



NCAM1-fwd
NCAM1-rev
NCR2-fwd
NCR2-rev
PLCG2-fwd
PLCG2-rev
RORC-fwd
RORC-rev
TOX-fwd
TOX-rev
TOX2-fwd
TOX2-rev
TYROBP-fwd
TYROBP-rev
XCL1-fwd
XCL1-rev

2.1.9 Devices
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CAT CAT TCC ACACCACTG AGA
GAG ATC AGC GTT GGA GAG TC
CCA GAT TGT GAATCG AGA GGT C
AAG AAA GGC TGG TGT AAG GAG
GTA GTA ACT GAC GAG CTC CAC
GAC TCC TAT GCCATCACCTT
TGC AGC TGT TCT ACTTTCCTT
TTG ACT TCT CCC ACT CCC TAA
TAT GAG CAT GAC AGA GCC GAG
GGA AGG AGG AGT AAT TGG TGG A
TGG CCT GAT AGG AGT AGG CAG
AGA GCG AGA ACA ACG AAG ACT
GTT GCT GAC TGT CAT GAT TCG
CGAGTCGCCTTATCAGGAG
AAG GCT CCT TGA GAG CAG TAA
ATT GGT CGA TTG CTG GGT TCC

139

102

129

127

109

159

106

167

Table 2.7: Main devices used for data analysis and sample processing

Device

Manufacturer

FACSCanto™ II

FACSAria™ Fusion

LSRFortessa™

LightCycler® 96 Real-Time PCR System
NanoDrop™ 1000

Qubit 4 Fluorometer

Stomacher® 400 Circulator

Sunrise™ Absorbance Microplate Reader

BD Bioscience
BD Bioscience
BD Bioscience
Roche

Thermo Scientic™
Invitrogen™
Seward Ltd.
Tecan
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2.1.10 Cell culture media
Table 2.8: Definition of cell culture media used in this project

Medium Component Concentration/Dilution
Pre-Digestion Medium HBSS

DTT 154 pg/ml

EDTA 5 mM

NAC 0.25 %

P/S 1%
Digestion Medium RPMI-1640

FBS 10 %

P/S 1%

Collagenase Type IV 125 U/ml

HS-Nuclease 25 U/ml
Freezing Medium RPMI-1640

FBS 10 %

DMSO 10 %

P/S 1%
Thawing Medium HBSS

HSA 1%

P/S 1%

HS-Nuclease 25 U/ml
Differentiation Medium Ham’s F12 Nutrient Mix

Human AB Serum 10 %

Antibiotic-Antimycotic 1%

Ascorbic acid 20 mg/ml

Sodium selenite 0.05 mg/ml

2-Mercaptoethanol 24 mM
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2.2 Methods

2.2.1 Isolation of tissue-resident lymphocytes

Liver-infiltrating lymphocytes were isolated from explanted or resected liver tissue as well
as from perfusation liquid of transplant organs. Solid tissue was cut into small pieces,
washed with PBS containing 100 U/ml Heparin and then incubated in digestion medium
(Table 2.8) at 37 °C for 45 min. The suspension was then homogenized using a
Stomacher® 400 Circulator (230 rpm, 10 min, 3 repetitions) and filtered through a sterile
100 um gauze tissue. Isolation of the lymphocyte fraction was achieved by density
centrifugation (1000 x g, 15 min) using a Percoll™ gradient of 40.5 % : 58.5 %.

Isolation of lymphocytes from liver perfusation liquid was achieved by density gradient
centrifugation (1000 x g, 15 min) using Pancoll (human).

For the preparation of lymphocytes from intestinal biopsies or resections, tissue specimen
were cut into small pieces and incubated in pre-digestion medium (Table 2.8) at 37 °C for
45 min to dissolve epithelial tight junctions and excess mucus. The mucosal tissue was
then washed with PBS and further incubated in digestion medium at 37 °C for 45 min
before being filtered through sterile 70 um gauze tissue. The obtained cell suspension
was merged with pre-digestion supernatant containing the intraepithelial lymphocyte
fraction.

Tonsillar lymphocytes were isolated from whole ectomized tonsils which were cut into
small pieces and passed through a sterile stainless stell strainer. Lymphocyte isolation
was achieved by density gradient centrifugation (1000 x g, 15 min) of the obtained cell
suspension using Pancoll (human).

Following the isolation procedure, cells were either used directly for experimentation or

cryopreserved.

2.2.2 PBMC isolation

Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood
samples by density gradient centrifugation (1000 x g, 15 min) using Pancoll (human). Cells
were either used directly for experimentation or cryopreserved.

Further isolation of circulating monocytes was performed using the Pan Monocyte
Isolation Kit (human) from Miltenyi Biotec according to the manufacturer’s protocols.

Monocytes were used directly after isolation and were not subjected to cryopreservation.
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2.2.3 Cryopreservation and thawing of cell suspensions

For long-term storage of specimens, isolated cells were resuspended in 0.5-1 ml freezing
medium (Table 2.8), transferred to a cryopreservation vial and frozen to -80 °C at a cooling
rate of 1 °C/min. This was achieved by placing the cryopreservation vial in a 15 mm thick

polystyrene tray. After 24 h, cell specimens were transferred to -150 °C.

Retrieving cells from cryopreservation was performed by rapidly thawing the cell
suspension in a 37 °C water bath until all ice crystals had melted. In a drop-wise fashion,
thawing media (Table 2.8) was added to the cryopreservation vial until the suspension
volume was doubled. The cells were then transferred to a 15 ml Falcon tube, and
additional thawing medium was slowly added until DMSO concentration had been diluted
to at least <0.1 %. Following a resting phase of 10 min to achieve complete osmotic
equilibration, freezing and thawing media were removed by centrifugation (250 x g, 10

min) and cells were recovered in the appropriate medium.

2.2.4 Maintenance of lymphocyte/ILC suspensions

For short-term cultures (<3 d), lymphocyte suspensions or purified ILCs were maintained
in RPMI-1640, supplemented with 10 % FBS and 1 % P/S at 37 °C and 5 % COz. Prior to
functional assays, cells were rested for at least 2 h if they had been previously recovered

from cryopreservation, in order to restore their metabolic activity.

2.2.5 Stimulation of lymphocyte/ILC suspensions

Stimulation with PMA (50 ng/ml) and lonomycin (1 pg/ml) was used to assess the overall
functional capacity of mixed lymphocyte suspensions and sort-purified or expanded ILCs.
Cells were stimulated for 2 h with PMA/lonomycin and subsequently treated with BFA
(5 pg/ml) for another 2 h, if a flow cytometric analysis was intended.

Cytokine-specific stimulation of cells was performed overnight (18-20 h) with IL-1p, IL-23,
IL-33 or TSLP in the indicated combination and concentration. In this setting, BFA was
added during the last 4-6 h of the experiment, to account for the more moderate induction
of cytokine secretion.

Supernatant was collected at the end of the stimulation, if quantification of cytokine

secretion was intended.
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2.2.6 Maintenance of HSCs

Following the recovery from cryopreservation, HSCs were cultured according to the
manufacturer’s protocols, with the exception of FBS being replaced by 1 % HSA. Cells
were seeded into 96 well flat-bottom plates (10’000 cells per well) and maintained
overnight before being stimulated with recombinant human cytokines or co-cultured with
sort-purified ILCs.

2.2.7 Stimulation of HSCs

HSCs were treated with the indicated concentrations of recombinant human IL-13, IL-22
and TGFB to assess the cytokine-specific effects on gene expression and cytokine
secretion. After 48 h of treatment, the complete supernatant was removed and collected.
The adherent cell layer was then directly lysed by the addition of RNA isolation buffer
(Lexogen). Flow cytometric analyses were performed after 24 h of treatment, including
addition of BFA for the last 4-6 h of culture.

To investigate the impact of ILC-derived cytokine secretion on HSCs, both cell types were
co-cultured in RPMI-1640, supplemented with 10 % FBS and 1 % P/S at 37 °C and 5 %
CO2. Sort-purified ILCs were previously stimulated with PMA/lonomycin for 4 h. Prior to
the initiation of co-culture, the activating agents were removed by extensive washing
(dilution > 1:1 x 109 in order to avoid unspecific activation of HSCs. Appropriate
stimulation controls were included. Flow cytometric analyses were performed after 24 h

of co-culture, which included addition of BFA for the last 4-6 h of culture.

2.2.8 Monocyte migration assay

The chemotactic potential of HSCs-derived cytokine secretion on circulating monocytes
was evaluated in 24-transwell assay plates with a pore diameter of 5 pm. Previously
collected supernatant of HSCs treated with IL-13 for 48 h was added to the lower chamber
and 2 x 10° freshly isolated monocytes were added to the upper chamber. After 4 h, all
migrated cells were harvested from the lower chamber using PBS supplemented with
0.2 % EDTA to detach adherent monocytes. Cells were stained for flow cytometric
counting analysis and a defined volume of Precision Count Beads™ (Biolegend®) for

normalization was added before starting acquisition.
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2.2.9 Maintenance of OP9-DL4

OP9-DL4 stromal cells were continuously maintained in DMEM, supplemented with 10 %
FBS and 1 % P/S at 37 °C and 5 % COz2. One batch of cells was subcultured for up to 6
weeks, before being discarded and a new batch was thawed. Cells were maintained at
least for one week before serving as a feeder cell layer in bulk or clonal expansion

cultures.

2.2.10 Bulk and clonal expansion culture of ILCs

Two days before the addition of purified ILCs, OP9-DL4 stromal cells were growth-
inhibited by irradiation (25 Gy), recovered in differentiation medium (Table 2.8) (Cichocki
and Miller, 2010) and seeded either in 24 well plates (10’000 cells/well) for bulk culture or
96 well plates (3’500 cells/well) for clonal expansion assays. ILCs were added to the
feeder cells either as sort-purified bulk population (100-1000 cells) or sorted directly as
single cells into a prepared 96 well plate. Medium was supplemented as indicated with the
following cytokines (10 ng/ml each): IL-2, IL-7, TGF, IL-1pB, IL-23, IL-33, TSLP and FICZ.
Both medium and cytokines were refreshed every 3 days for bulk cultures and every 7
days for clonal expansion assays by exchanging half of the culture volume.

Clone splitting experiments were performed by dividing all wells of a plate on two freshly
prepared plates after an initial expansion period of 7 days. Medium was renewed after the
splitting procedure. All long-term cultures were maintained for 12-14 days, depending on

the density of the expanded cells.

2.2.11 Flow cytometric analysis and cell sorting

Following cell isolation or cell culture, samples were prepared as single-cell suspension,
stained with the Zombie Aqua™ Fixable Viability Kit (Biolegend®) for live-dead
discrimination and labelled with conjugated antibodies. For the detection of nucleic
antigens such as transcription factors the eBioscience™ Foxp3/Transcription Factor
Staining Buffer Set (Invitrogen™) was used in accordance with the manufacturer’s
instructions.

For the detection of intracellular cytokines, cells were stimulated as indicated and treated
with BFA (5ug/ml) for the last 2-4 h of culture. Fixation and permeabilization was
performed using Cytofix/Cytoperm™ (BD Bioscience).

All flow cytometric data was acquired on a BD LSRFortessa™ cell analyzer (BD
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Bioscience). Data analysis was performed using FlowJo® Software V10 (continuously
updated version), including the following packages: DownSample v3, FlowAl, FlowSOM,
IndexSort v3 and UMAP v3.

Sort-purification of total ILCs and ILC subsets was performed with a FACSAria™ Il or
FACSAria™ Fusion cell sorter (BD Bioscience). Larger batches of cell samples (> 2 x 107
cells) were previously depleted of CD3+, CD19+ and CD14+ cells, using the respective
biotinylated antibodies, MojoSort™ Streptavidin Nanobeads (Biolegend®) and MACS
columns (Miltenyi Biotec) as specified by the manufacturers.

A comprehensive list of all antibodies used in this study can be found in Table 2.5.

2.2.12 Post-culture analysis of IL-13-secreting cells

Expanded bulks were stained for flow cytometric analysis and Lin-CRTH2-
CD117+NKp44+ cells were sort-purified by FACS. These cells were recovered in
differentiation medium and stimulated with PMA/lonomycin for 2 h. Next, IL-13 secreting
cells were labelled and isolated using the IL-13 Secretion Assay - Cell Enrichment and
Detection Kit from Miltenyi Biotec according to the manufacturer’s instructions. Positively

selected cells were then lysed in mMRNA isolation buffer (Lexogen) and stored at -80 °C.

2.2.13 Quantitative PCR analysis

Isolation of RNA samples was performed utilizing the SPLIT RNA Extraction Kit
(Lexogen). Cultured cells were lysed immediately after aspiration of the supernatant and
further processed following the manufacturer’s instructions. RNA concentration was
measured with a Qubit Fluorometer using the Qubit™ RNA HS Assay Kit (Invitrogen™)
and RNA purity was assessed with a NanoDrop™ 1000 Spectrophotometer (Thermo
Scientic™). Transcription of cDNA was done using the QuantiTect® Reverse Transcription
Kit (Qiagen) in accordance with the manufacturer’s protocol.

Quantitative PCR was performed in a LightCycler® 96 Real-Time PCR System (Roche).
Reactions were set up with the Blue S’ Green qPCR Kit (Biozym®) and the customized
primers listed in Table 2.6. The individual primers were designed using the Primer-BLAST
online platform of the U.S. National Library of Medicine and selected to specifically amplify
the respective gene and potential splice variants. Gene-specific amplification was tested
by agarose gel electrophoresis of the PCR product and amplicon size evaluation.

Alternatively, pre-designed assays were commercially obtained from IDT™. Relative
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target gene expression was calculated with the 2*-ACt-method using mean expression of
the house keeping genes EEF1A1 and GAPDH as reference for normalization.

2.2.14 Analysis of cytokine secretion

Cell culture supernatants were measured for secreted CXCL8 using the Human CXCL8
DuoSet ELISA (R&D Systems®) according to the manufacturer’s instructions. Photometric
analysis was performed with a Sunrise™ Absorbance Microplate Reader (Tecan).

In addition, culture supernatants were screened for further secreted cytokines such as
IFNy, TNFa, IL-13, IL-17A, IL-17F and IL-22 using the LEGENDplex™ Human Th
Cytokine Panel Kit (Biolegend®). Data acquisition was performed on a BD FACSCanto Il
flow cytometer and samples were analysed using the LEGENDplex™ Data Analysis

Software.

2.2.15 Single-cell RNA-sequencing (scRNA-seq) of intrahepatic ILCs

Total viable intrahepatic CD45+Lin-CD127+ ILCs from three individual donors were sort-
purified, recovered in supplemented RPMI-1640 (10 % FCS, 1 % P/S) and cultured at
37 °C for post-sort stimulation (1 h PMA/lonomycin). Cells with faint CD127 expression
were also included to cover the full spectrum of CD127+ ILCs. Although this strategy was
associated with an increased risk of potential contamination, subsequent scRNA-seq
analysis would allow the exclusion of non-ILCs based on their differential expression
patterns. In the following, samples were processed with the Chromium™ Single Cell 3’
Reagent Kits v2 (10x Genomics®) according to the manufacturer’s instructions in order to

generate barcoded sequencing libraries for scRNA-seq.

Subsequent data processing and analysis were performed at the Interdisciplinary Center
for Clinical Research (IZKF) at the RWTH Aachen University in cooperation with Ali T.
Abdallah (NGS-Research Group). In brief, all samples were sequenced on a NextSeq 500
sequencing system with the following run parameters: 26 cycles for read 1, 98 cycles for
read 2, 8 cycles for sample Index. The mkfastq command of CellRanger (v2.0.0; 10x
Genomics®) was then used to demultiplex sequencing data, converting them to the fastq
format. The count command of mkfastg was used to align the sequences to the human
genome reference sequence GRCh38 (pre-processed release 84; 10x Genomics®) and
generate gene expression matrices across all cells for all samples. Using the Seurat

package (v v2.3.0) (Satija et al., 2015), the filtered digital gene expression matrices (UMI
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counts per gene per cell) were merged and further processed by filtering, normalizing and
clustering the cells and performing differential expression analyses. Imputation
procedures were performed using Rmagic r package (v1.4.0) (van Dijk et al., 2018).

All scRNA-seq data including relevant supplemental information have been deposited at

GEO and are currently available upon request.

2.2.16 Statistical analysis

Further statistical analysis and data visualization was performed using GraphPad Prism 9
and R (including R packages f“ggplot2”, “Rtsne”, “uwot”, ‘pheatmap”). Gaussian
distribution of datasets was tested by D’Agostino & Pearson omnibus normality test (N =
8) or Shapiro-Wilk normality test (N = 4). Statistical significance was determined as
indicated by means of the appropriate test and corrected for multiple comparisons, if
applicable, by controlling the False Discovery Rate (FDR; Two-stage step-up method
(Benjamini et al., 2006)). P values (corrected for multiple comparisons, if applicable) are
indicated in figures as follows: ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001,
**&% = p < 0.0001. For data visualization in heatmaps, individual values were z-score-
normalized (z-score = (X — meanrw)/SDrow)) to enable transcript-specific resolution of
expressional differences by global colour coding. Exemplary depiction of flow cytometric
data in form of histograms, dot plots or contour plots is representative for multiple (N > 3)
independent experiments. For expression level analyses in flow cytometric data, the mean
fluorescent intensity (MFI) was calculated using the geometric mean. Depicted boxplots
indicate 25" — 75" percentiles with a horizontal line indicating the median. Unless
otherwise specified, whiskers indicate min-max range, in contrast to error bars which

indicate standard deviation (SD).
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3. Results

This study was designed to initially provide a general overview of the phenotypical and
functional properties of human liver ILCs, as previously published reports have provided
inconsistent results with regard to these basic aspects (Forkel et al., 2017; Jeffery et al.,
2017). For this purpose, tissue-resident ILCs were investigated in isolates of liver-
infiltrating mononuclear cells obtained from non-fibrotic liver tissue using a flow cytometric
approach. To identify liver-specific features, a comparative evaluation of liver ILCs and

tonsillar, colonic or circulating ILCs was performed.

3.1 Phenotypical characterisation of the intrahepatic ILC pool

Following established gating protocols (Hazenberg and Spits, 2014, Spits et al., 2013), all
conventionally described ILC subsets could be identified within the human liver (Fig.
3.1A). ILCs were defined as lineage-negative, CD127-expressing cells and further
subdivided based on their expression of the surface markers CRTH2 and CD117. Since
all further analyses were focussed on helper-like ILCs, NK cells were excluded based on
their expression of CD94 and NKp80. Among these ILC subsets, CRTH2-CD117+ ILCs,
typically referred to as ILC3, formed the most abundant subset in the liver, followed by
CRTH2-CD117- ILC1 and CRTH2+ ILC2 (Fig. 3.1B).
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Fig. 3.1 Identification of human intrahepatic ILCs in healthy livers by flow cytometry
(A) Applied gating strategy defining non-NK ILCs as single viable CD45+, lineage-
negative (CD3-, TCRaB-, TCRyd-, CD14-, CD19-, CD20-, CD14-, CD16-, NKp80-, CD94-,
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CD1a-, CD123-, CD34-, FceR1a-, BDCA-2-) CD127+ cells. Subdivision into
conventionally described subsets based on expression of CD117 and CRTH2. (B) ILC
subset frequency as percentage of CD45+ cells for CRTH2-CD117- ILC1, CRTH2+ ILC2
and CRTH2-CD117+ ILC3 (N = 18). Statistical significance determined by Kruskal-Wallis
test (B), corrected for multiple comparisons by controlling FDR.

To evaluate if the identified intrahepatic ILCs matched the commonly reported subset-
specific expression patterns (Artis and Spits, 2015; Simoni and Newell, 2018), an
extended phenotypical characterisation was performed next. As expected and described,
CRTH2+ ILC2 expressed high levels of their canonical transcription factor GATA3 and the
surface markers CD161 and KLRG1, while lacking expression of CD56 and NKp44 (Fig.
3.2A, B). CRTH2-CD117+ ILC3 displayed prominent expression of the transcription factor
RORyt and the surface markers IL1R1 and NKp44. Low levels of the ILC1-specific
transcription factor T-bet could be observed in CRTH2-CD117- ILCs, nevertheless these
cells expressed a typical pattern of surface markers such as CD161, CD49a and CD56.
Overall, all ILC subsets identified in the human liver displayed a conventional phenotype,

as far as assessed by this initial flow cytometric characterisation.
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Fig. 3.2 Phenotypical profile of ILC subsets (A) Histograms showing expression of
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transcription factors and (B) surface markers in CRTH2-CD117-, CRTH2+ and CRTH2-
CD117+ ILCs in relation to isotype controls or among each other.

In order to evaluate tissue-specific features of the intrahepatic ILCs pool, further analyses
were performed comparing liver ILCs to ILCs isolated from tonsils, colon and peripheral
blood. In contrast to the low frequency of circulating ILCs, the liver contained an enriched
proportion of CD45+Lin-CD127+ cells, although even higher numbers were found in
tonsillar or colonic tissue (Fig. 3.3A). The composition of the hepatic ILC pool on the other
hand, appeared to be more balanced than in tonsils and colon, containing also CRTH2+

ILC2, which were hardly detectable in the other tissues (Fig. 3.3B).
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Fig. 3.3 Frequency and composition of the ILC pool in different compartments of
the human body (A) Frequency of intrahepatic Lin-CD127+ ILCs (N = 18) as percentage
of CD45+ cells in comparison to ILCs from tonsils (N = 8), colon (N = 15) and peripheral
blood (N = 34). (B) Compartment-specific composition of ILC pool as mean percentages
of individual subsets among Lin-CD127+ ILCs in assessed samples. Statistical
significance determined by ANOVA (A), corrected for multiple comparisons by controlling
FDR. Error bar showing SD.

To investigate this compartment-specific heterogeneity in an unbiased manner and in
more detail, equal proportions of Lin-CD127+ ILCs from liver, tonsil, colon and peripheral
blood of multiple representative donors were merged to form a composite dataset. Using
the FlowSOM algorithm for unsupervised clustering (Van Gassen et al., 2015), eight
distinct clusters could be identified in the dataset (Fig. 3.4A), based on the expression of

11 different flow cytometric parameters (Fig. 3.4B). All clusters as well as all analysed
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Fig. 3.4 Visualization of inter-
compartmental phenotypic heterogeneity of
ILC pools (A) UMAP plot and clusters
identified by FlowSOM within dataset of
merged liver, tonsil, colon and blood Lin-
CD127+ ILCs (N = 2’410 cells/ compartment)
from multiple representative donors (N = 2-4),
based on (B) expression of 11 flow cytometric
parameters. (C) Density plot showing
embedding of individual tissue-specific ILC
pools within UMAP of global dataset.

compartments were specifically embedded in a UMAP plot, used for reduction of

dimensionality and data visualization, highlighting their distinctive phenotypical profiles

(Fig. 3.4C).

Based on their expressional properties, all clusters could be unambiguously assigned to
a distinct ILC subset: Clusters 3 and 7 as CRTH2-CD117- ILC1-like, clusters 0, 4 and 6
as CRTH2+ ILC2-like and cluster 1, 2 and 5 as CRTH2-CD117+ ILC3-like cells (Fig.

3.5A). Further separation was driven by the specific expression of CD62L (associated with

circulating cells) and CD69 (associated with tissue-resident cells), as well as the

expression of NKp44 among the subsets with an ILC3-like phenotype. The distribution of
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Fig. 3.5 Identification of subclusters within intrahepatic ILC pool in comparison to
other compartments (A) Expression signature of FlowSOM clusters depicted as
heatmap, displaying MFI z-score of individual markers. Assignment of clusters to ILC
subsets (ILC1-, ILC2-, ILC3-like) based on expression pattern of CRTH2 and CD117. (B)
Bubble chart displaying proportion of clusters within (area) and across (colour) different
compartments. (C) Percentage of NKp44+ and CD62L+ CRTH2-CD117+ ILCs in
additionally sampled donors (Niver=11, Nitonsi=8, Ncolon=12, Nbiood=11). (D) ILC1-like, ILC2-
like and ILC3-like cells identified by clustering (top left) versus manual gating (top right)
embedded in global UMAP plot. Bar chart (bottom panel) displaying mean number of
assigned events, with symbol and lines depicting paired observations within individual
compartments. Statistical significance determined by Kruskal-Wallis test (C), corrected for
multiple comparisons by controlling FDR. Error bars showing SD.
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clusters yielded a specific pattern for each compartment (Fig. 3.5B). While tissue-resident
NKp44- ILC3 (cluster 5) predominated particularly in the intrahepatic ILC pool, tonsil and
colon ILCs displayed higher proportions of NKp44+ ILCs (cluster 2), whereas among
circulating ILCs CD62L-expressing cells (cluster 0, 1 and 3) were most abundant. These
findings, which were in line with previous observations (Bar-Ephraim et al., 2019; Glatzer
et al., 2013; Kramer et al., 2017), could also be confirmed by analysing a larger number
of samples (Fig. 3.5C). In addition, the liver contained the highest proportion of tissue-

resident ILC2 (cluster 6) which were virtually absent in all other assessed compartments.

Furthermore, the assignment of clusters identified in an unbiased manner validated the
manual gating approach, yielding a level of congruence of 92.4 % matched items (Fig.
3.5D) between both methods.

Taken together, all major ILC subsets could be detected in the human liver. While
intrahepatic ILCs displayed conventional surface marker patterns, a tissue-specific
composition of the liver ILC pool could be outlined by this initial analysis, identifying tissue-

resident ILC3 to represent the predominant subset among Lin-CD127+ liver ILCs.

3.2 Functional characterisation of the intrahepatic ILC pool

Tissue-specific cues of the local microenvironments have been reported not only to shape
development and phenotype of distinct ILC pools, but also to affect the functional
properties of the individual subsets (Bal et al., 2020). Given the unique composition of the
intrahepatic ILC pool, further analyses were performed to assess if the cytokine profile of
liver-resident ILCs exhibited tissue-specific features as well. In contrast to former studies
(Forkel et al., 2017; Jeffery et al., 2017), these analyses were designed to initially address
cytokine production by pan-ILCs, in order to allow for the unbiased detection of cytokine

expression beyond the expectable repertoire of individual ILC subsets.

For this purpose, isolated liver-infiltrating lymphocytes were stimulated with
PMA/lonomycin for 4h and the induction of IFNy, IL-17A, IL-22 and IL-13 was assessed
among total Lin-CD127+ ILCs using flow cytometry (Fig. 3.6A). As expected and
commonly described (Nagasawa et al., 2018; Vivier et al., 2018), most of the IFNy-
producing ILCs were found among CRTH2-CD117- ILC1, whereas the ILC3-specific
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Fig. 3.6 Assessment of functional capacity in intrahepatic non-NK ILCs (A) Flow
cytometric analysis of cytokine production in gated CD45+Lin-CD127+ pan-ILCs after
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stimulation with PMA/lonomycin. (B) Percentage of cytokine-positive cells within each ILC
subset in relation to IFNy+, IL-17A+, IL-22+ or IL-13+ pan-ILCs. (C) Percentage of IFNy+,
IL-17A+, IL-22+ and IL-13+ cells within individual subsets. (D) Mean percentages of
cytokine-positive subsets as fraction of total ILC pool. Statistical significance determined
by ANOVA (B: IFNy, IL-17A, IL-13) and Kruskal-Wallis test (B: IL-22), corrected for
multiple comparisons by controlling FDR.

cytokines IL-17A and IL-22 were predominantly expressed by CRTH2-CD117+ ILC3 (Fig.
3.6B), although only a minor induction of cytokine production was observed in these cells
(Fig. 3.6C).

With regard to the ILC2-specific cytokine IL-13 however, a substantial proportion of
PMA/lonomycin-responsive cells was not only detected among CRTH2+ ILC2 but also
among CRTH2-CD117+ ILCs. Within this ILC3-like subset, the amount of IL-13+ cells
constituted even the dominant fraction of cytokine-producing cells. Although the subset-
intrinsic frequency of IL-13-producing cells was higher in CRTH2+ compared to CRTH2-
CD117+ ILCs, the latter represented the major IL-13+ as well as cytokine-positive
population within the intrahepatic ILC pool given their higher overall abundance (Fig.
3.6D).

This enrichment of IL-13-producing CRTH2-CD117+ ILC3 appeared to be specific for the
hepatic compartment, as only marginal numbers could be observed among tonsil, colon
and blood ILC3 (Fig. 3.7A). To evaluate if this particular functional profile of intrahepatic
CRTH2-CD117+ ILCs also manifested upon physiologic stimulation, cells were treated
with the ILC3-priming cytokines IL-13 and IL-23 instead of PMA/lonomycin and analysed
after overnight incubation (Fig. 3.7B). Here however, no IL-13 expression could be
observed in liver ILC3, indicating that the activation of intrahepatic IL-13-producing
CRTH2-CD117+ ILCs required different or additional stimuli.

Of note, both pharmacological and physiological stimulation of liver ILC3 induced only low
levels of ILC3-specific cytokines such as IL-22, similar to colon or peripheral blood ILC3
(Fig. 3.7C, D). This was in contrast to tonsillar ILC3 that displayed a robust induction of
IL-22 after PMA/lonomycin- or IL-1B/IL-23-stimulation, thereby validating the overall
efficacy of the treatment and emphasizing the tissue-specific differences in ILC

functionality.
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Fig. 3.7 Comparison of functional capacity in liver ILCs to other compartments
(A) Percentage of IL-13+ and (C) IL-22+ cells among CRTH2-CD117+ ILCs in
PMA/lonomycin-stimulated liver (N = 10), tonsil (N = 9), colon (N = 6) and peripheral blood
(N = 6) ILCs. (B) Histograms showing intracellular expression of IL-13 and (D) IL-22 in
CRTH2-CD117+ ILCs from indicated compartments after overnight stimulation with IL-13
and IL-23. Statistical significance determined by Kruskal-Wallis test (A) and ANOVA (C),
corrected for multiple comparisons by controlling FDR.

In summary, this functional analysis of human intrahepatic ILCs identified a formerly
unrecognised subset with an ILC3-like phenotype and the capacity to produce the
ILC2-specific cytokine IL-13. This subset appeared to be specifically enriched in the
human liver, where it constituted a substantial proportion of the cytokine-producing liver
ILCs. Aside from IL-13+ CRTH2-CD117+ ILCs, these included only minor proportions of
conventionally described IFNy+ ILC1-like cells, IL-17A+ or IL-22+ ILC3-like cells or IL-13+
ILC2-like cells.



50

3.3 Assesment of the heterogeneity of intrahepatic IL-13-expressing ILCs

In the next step, a detailed phenotypic profiling of the IL-13-producing CRTH2-CD117+
liver ILCs was performed, in order to define this subset more precisely, since the initial
analysis had only accounted for CD127, CRTH2 and CD117 expression. Given that an
activation-induced downregulation of CRTH2 expression has been described in Th2 cells
(MacLean Scott et al.,, 2018), the observation of IL-13+CRTH2-CD117+ might have
merely resulted from an erroneous identification of conventional ILC2 with downregulated

CRTH2 expression.

To address this hypothesis, the expression of further ILC2-specific markers was assessed
in PMA/lonomycin-induced IL-13+ CRTH2-CD117+ ILCs and compared to their CRTH2+
counterparts (Fig. 3.8A). In contrast to the ILC2-like cells however, no prominent
expression of GATA3, KLRG1 or CD161 could be observed in IL-13-producing CRTH2-
CD117+ cells, which instead resembled the phenotype of IL-13-CRTH2-CD117+ ILC3
(Fig. 3.8B). Moreover, the CRTH2-CD117+ subset also appeared to be unresponsive to
the ILC2-specific stimuli IL-33 and TSLP, unlike CRTH2+ ILCs (Fig. 3.8C). Following
overnight stimulation, no expression of IL-13 could be observed among ILC3-like cells,
indicating that these cells were also functionally distinct from conventional ILC2.

In return, IL-13+ CRTH2-CD117+ ILCs displayed a substantial expression of the ILC3-
specific transcription factor RORyt, similar to that observed in conventional IL-13-CRTH2-
CD117+ ILC3 (Fig. 3.9A). In addition, expression of two ILC2-exclusion markers, CD56
and NKp44, could be detected, which marked another sharp distinction to IL-13+ CRTH2+
ILC2 (Fig. 3.9B).

Interestingly, IL-13 was the only cytokine produced by CRTH2-CD117+ liver ILC3, which
was found among both the NKp44- as well as the NKp44+ subset. This was in contrast to
the expression of IFNy, IL-17A or IL-22, which were predominantly found in only one of
these subsets (Fig. 3.9C), and thus appeared to be more dependent on the maturation-

associated upregulation of NKp44 in ILC3.

Altogether, these observations suggested a profound distinction between conventional
IL-13+ CRTH2+ ILC2 and IL-13+ CRTH2-CD117+ ILC3-like cells in the human liver,

based on the differential phenotypical and functional properties of both cell types.
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Fig. 3.8 Evaluation of ILC2-specific features in IL-13+ CRTH2-CD117+ ILCs (A)
Histograms showing expression levels of indicated markers in IL-13+ CRTH2+ and
IL-13+/- CRTH2-CD117+ ILCs in comparison to isotype control after stimulation with
PMA/lonomycin. (B) MFI of indicated markers between the different subsets in relation to
sample-intrinsic mean. (C) Proportion of IL-13+ cells among CRTH2+ and CRTH2-
CD117+ ILCs after overnight stimulation with IL-33 +/- TSLP depicted as histogram and
bar chart. Statistical significance determined by ANOVA (C), corrected for multiple
comparisons by controlling FDR. Error bars showing SD.
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Fig. 3.9 Evaluation of ILC3-specific features in IL-13+ CRTH2-CD117+ ILCs (A)
Histograms showing expression levels of indicated markers in IL-13+ and IL-13- CRTH2-
CD117+ ILCs in comparison to isotype control after stimulation with PMA/lonomycin. (B)
Percentage of NKp44+/- (left) and CD56+/- (right) cells among IL-13+CRTH2+ and IL-
13+CRTH2-CD117+ ILCs. (C) Contour plots showing distribution of cytokine-positive cells
across NKp44+ and NKp44- subset among CRTH2-CD117+ ILCs. Statistical significance
determined by Kruskal-Wallis test (B), corrected for multiple comparisons by controlling
FDR. Error bars showing SD.

In order to substantiate these findings and to allow for a more detailed characterization of
the intrahepatic IL-13+ ILC3-like cells, an in-depth transcriptional analysis was performed

next. Since this approach partially aimed to exclude the possibility of biases stemming
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from contaminated bulk populations, the resolution of gene expression on single cell level
was of vital importance in this context. For this purpose, intrahepatic CD45+Lin-CD127+
pan-ILCs of three different donors were sort-purified, stimulated with PMA/lonomycin and

then processed using a droplet-based platform for scRNA-seq (10x Genomics®).

Liver specimens with an above-average frequency of CRTH2+ ILCs were chosen, to allow
for a balanced representation of the full spectrum of ILC subsets in the scRNA-seq
dataset. Furthermore, stimulation with PMA/lonomycin was reduced to 60 min in order to
limit global, activation-induced changes in gene expression and potential non-

physiological apoptotic responses.
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Fig. 3.10 Identification of ILCs in global scRNA-seq dataset (A) tSNE projection of
global dataset including all recovered viable single cells (N = 7'877) from total input of
sort-purified, PMA/lonomycin-stimulated CD45+Lin-CD127+ cells. Distinct identified
clusters (graph-based, Seurat) indicated by colour. (B) Reflection of ILC (subset)-specific
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expression signature in identified clusters, depicting the percentage of expressing cells
(area) and mean expression level (colour) in each cluster. Figures (A, B) created in
cooperation with A. T. Abdallah (IZKF, RWTH Aachen).

Starting with a total input of 23’762 recorded cells, 7’877 items (33.14 %) could be
recovered as viable single cells for further analysis after the pre-processing workflow,
which accounted for the removal of technical artefacts and items with insufficient quality.
These removed items included cells with a very small (fragmented cells) or very high
library size (multiplets) and cells with a high genome-transcript ratio of ribosomal,
mitochondrial or cell cycle genes.

An initial clustering analysis of the cleansed dataset identified nine distinct clusters which
were specifically embedded in a tSNE projection, used for data visualization (Fig. 3.10A).
Of these, clusters 0, 1, 2 and 6 displayed a clear ILC signature with a marked expression
of the ILC-defining transcripts PTPRC and IL7R (Fig. 3.10B). Within the other grouped
subpopulations, only low levels of these features could be observed, indicating a
contamination with other cell types. Indeed, high expression of NK-cell-associated
transcripts such as GZMB, IFNG and KLRD1 could be observed in clusters 3, 4 and 5,
while the smaller clusters 7 and 8 showed an enrichment of antigen presenting cell-
associated genes (data not shown). Consequently, these items were removed from the
global dataset, leaving a total of 4’693 non-NK ILCs for downstream analysis.

To assess the ILC-intrinsic heterogeneity in the following, the processed dataset was then
subjected to a renewed clustering and tSNE analysis. This resulted in the identification of
seven transcriptionally and spatially distinct ILC subclusters (Fig. 3.11A). Using previously
published ILC subset-specific expression signatures (Bjorklund et al., 2016), these
clusters could be unambiguously classified as either ILC1 (cluster 5), ILC2 (clusters 2, 4,
6) and ILC3 (clusters 0, 1, 3). This was achieved by evaluating the mean enrichment of
subset-specific transcripts in each cluster in an overall comparison (Fig. 3.11B, C).
Thereby a total number of 251 ILC1, 1’318 ILC2 and 3’124 ILC3 could be identified within
the dataset (Fig. 3.11D). Of note, a paired comparison of transcriptional data and flow
cytometric data from matched donors indicated an overrepresentation of ILC1 in the latter

(Fig. 3.11E). This finding might either indicate a lower abundance of intrahepatic ILC1-
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or instead might have resulted from a loss of ILC1

alongside the removal of the transcriptionally similar NK cells from the global dataset.
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(A) tSNE projection of cleansed dataset (N = 4’693 cells) after removal of contaminating
non-ILCs, including renewed clustering analysis indicated by colour. (B) Violin plots
showing mean cluster expression of ILC1-, ILC2- or ILC3-related genes, calculated as
modular score (Seurat) of all subset-specific transcripts. (C) Reflection of ILC (subset) -
specific expression signature in re-defined clusters, depicting the percentage of
expressing cells (area) and mean expression level (colour) in each cluster. (D) Embedding
of identified ILC subsets in tSNE projection. (E) Percentages of ILC1, ILC2 and ILC3
among Lin-CD127+, identified in matched donors by flow cytometry (FC) versus scRNA-
seq. Figures (A-D) created in cooperation with A. T. Abdallah (IZKF, RWTH Aachen).

In line with the previous observations, expression of /[L13 could be detected in both the
ILC2 and ILC3 supercluster, while IL13+ ILC1-like cells were absent (Fig. 3.12A). In
addition, a direct comparison of both /L13+ cell types indicated that their distinction was
indeed driven by relevant ILC-defining genes, as ILC2- and ILC3-specific transcripts were
found among the respective top 30 differentially expressed (DE) genes. These included
genes such as IL1RL1, IL17RB and HPGDS which are phenotypically and functionally
associated with conventional ILC2 (Maric et al., 2019; Mjosberg et al., 2011), as well as,
respectively, IL1R1, IL23R and TYROBP, which mark ILC3-defining features
(Sonnenberg, 2016) (Fig. 3.12B), altogether underlining the significance of the observed

heterogeneity.

Accordingly, this distinction was also preserved upon a renewed clustering and tSNE
analysis of an isolated dataset of all IL713-expressing cells (Fig. 3.12C). Here, the two
newly identified clusters almost completely overlapped with the superordinate cluster
annotation, which confirmed the inherently different gene expression profiles of cells
derived from the ILC2-supercluster (/L13+ cluster 0) and those derived from the ILC3-

supercluster (/L13+ cluster 1).

In order to validate their ILC2-like and ILC3-like phenotypes, the enrichment of the
complete subset-specific gene expression signatures was evaluated in the /IL713+ sub-
clusters next. Here, cluster 0 displayed a distinct upregulation of ILC2-related transcripts
whereas in cluster 1 an upregulation of the ILC3-specific profile could be observed (Fig.
3.12D). This did not only manifest in the mean enrichment of the entire signatures, but
also with regard to the expression of multiple hallmark genes, which were initially used for
the discrimination of the ILC subsets, such as GATA3, RORC, PTGDRZ2 and KIT (Fig.
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3.12E). Moreover, as observed in the flow cytometric analysis, /L13+ ILC3 were not only
distinct from /L 13+ ILC2 but also reflected the expressional profile of IL13- ILC3.
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Fig. 3.12 Transcriptional analysis of ILC2-specific and ILC3-specific features in
IL13+ ILCs (A) Representation of /L13-expressing in tSNE-projection of cleansed ILC
dataset. Level of expression, as relative arbitrary units (AU), coloured as indicated.
Dashed Lines indicating outlines of ILC1, ILC2 and ILC3 supercluster. (B) Differential
Gene Expression (DGE) analysis of IL13+ cells from ILC2 versus ILC3 supercluster. Top
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30 DE genes are depicted, annotated individual gene names as indication of ILC2- or
ILC3-specific features. (C) tSNE projection of isolated 1L13+ dataset, indicating
representation of newly defined clusters (top) in comparison to affiliation of original
supercluster (bottom). (D) Violin plots showing the enrichment of ILC2-specific and ILC3-
specific transcriptional signatures (Bjorklund et al., 2016) within clusters identified in (C).
(E) Violin plots depicting expression (as AU) of individual ILC2-specific (top row) and ILC3-
specific (bottom row) hallmark genes in a comparison of IL13+/- ILC3 and IL13+ ILC2.
Dashed lines indicating median. Figures (A-D) created in cooperation with A. T. Abdallah
(IZKF, RWTH Aachen).

In summary, this extensive proteomic and transcriptional analysis comprehensively
validated the initially observed heterogeneity among IL13-producing liver ILCs. Thus, the
intrahepatic ILC pool can be characterized by the presence of a previously unrecognized
subset of ILC3-like cells with the capacity to produce the ILC2-specific cytokine IL-13. Due
to its relative abundance among tissue-resident Lin-CD127+ ILCs, these IL-13+ ILC3-like
cells might considerably influence the overall effects mediated by ILCs in the liver

microenvironment.

3.4 Involvement of pan-ILCs and IL13-producing ILC3 in chronic liver disease

Based on the previous findings, which were observed in histologically normal livers,
subsequent analyses aimed to address the potential involvement of ILCs and IL-13-

producing ILC3-like cells in the context of chronic liver disease (CLD).

So far, the contribution of ILCs in this setting has been typically discussed in light of their
conventional subset-specific cytokine-profiles. As such, both protective as well as
detrimental effects have been described for ILC3 in hepatic fibrogenesis (Kong et al.,
2012; Zhao et al., 2014), primarily due to their assumed expression of IL-22. Given the
atypical functional profile of human liver ILC3 however, they might in fact exert similar
effects as IL-13-producing ILC2 for which murine studies have suggested a pro-fibrotic
role in liver fibrosis (Marvie et al., 2009; Mchedlidze et al., 2013).

In order to screen for an overall disease-related perturbation of the intrahepatic ILC pool,
first, the frequency of Lin-CD127+ ILCs was assessed in isolates of fibrotic or cirrhotic
livers and compared to non-fibrotic controls. In fact, all ILC subsets were found to be
significantly increased in CLD patients (Fig. 3.13A). In CRTH2-CD117+ ILC3, this was
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mainly due to a substantial expansion of the NKp44-expressing subset, which represented
the dominant ILC subset in fibrotic livers (Fig. 3.13B). To evaluate, whether this was due
to a systemic increase of ILCs in the diseased patient cohort, pan-ILC frequency was
further analysed in colon and peripheral blood samples of CLD patients (Fig. 3.13C, D).
However, no significant alterations could be detected in comparison to samples from non-

fibrotic control donors, indicating a liver-specific expansion of ILCs.
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Fig. 3.13 Frequency of pan-ILCs and ILC subsets in controls vs CLD patients (A)
Percentage of intrahepatic pan-ILCs and individual subsets among CD45+ cells as well
as (B) percentage of NKp44+ cells among CRTH2-CD117+ ILCs in isolates of fibrotic or
cirrhotic livers compared to non-fibrotic controls. (C) Percentage of pan-ILC frequency in
colon tissue and (D) peripheral blood among CD45+ cells in samples of CLD patients
compared to non-fibrotic controls. Statistical significance determined by Mann-Whitney
test (A, B, C) or unpaired t-test (D). Error bars indicating SD.

Furthermore, fibrotic or cirrhotic livers also contained an enriched proportion of 1L-13-
producing ILC3-like cells, indicating an involvement of this previously identified liver-
specific cell type in a pathological setting (Fig. 3.14A). Of note, IL-13+CRTH2+ ILC2 were
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not increased in livers of diseased patients, thus implying that the disease-related
expansion of IL-13-producing cells only affected the ILC3-like subset (Fig. 3.14B).
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Fig. 3.14 Frequency of IL-13-producing ILCs in controls vs CLD patients (A)
Frequency of intrahepatic IL-13+ cells among CRTH2-CD117+ ILCs in samples of CLD
patients compared to non-fibrotic controls after stimulation with PMA/lonomycin. (B)
Percentage of IL-13+CRTH2+ or IL-13+CRTH2-CD117+ ILCs among CD45+ cells in
samples of CLD patients compared to non-fibrotic controls. Statistical significance
determined by Mann-Whitney test (A, B).

Interestingly, subset-specific differences were also observed with regard to the course of
CLD progression. Using the model for end-stage liver disease- (MELD-) score as
surrogate for disease severity, the frequency of intrahepatic CRTH2+ ILC2 was found to
negatively correlate with CLD staging (Fig. 3.15A). CRTH2-CD117+ ILC3 on the other
hand, as well as the proportion of IL-13+ ILC3-like cells (Fig. 3.15A, B) increased with
ongoing hepatic fibrogenesis, further suggesting that the two ILC subsets might be

differentially involved at distinct time points of CLD progression.
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Fig. 3.15 Frequency of intrahepatic ILC subsets in course of CLD progression
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(A, B) Pearson correlation of indicated ILC subset frequencies in CLD patients with
corresponding MELD score, used as surrogate for disease severity.

3.5 Functional impact of IL-13-producing ILC3 on HSCs

Given the general involvement of ILCs and IL-13-expressing ILC3 in hepatic fibrogenesis,
further analyses were performed to assess the functional impact of IL-13 producing cells
in a pathological setting. For this purpose, an in vitro culture system of primary human
HSCs was utilized, as the influence of ILCs in this context has typically been attributed to
the modulation of these cells (Fabre et al., 2018; Liu and Zhang, 2017; Wang et al., 2018;
Wang and Zhang, 2019).

In the first step, HSCs were treated with recombinant human IL-13 (rhlL-13) in order to
assess the overall effects of this cytokine in the chosen setting. After 48 h of stimulation,
changes in gene expression were analysed and evaluated in comparison to cells treated
with TGF[3, which served as a positive control for the induction of a pro-fibrotic phenotype
in HSCs. In contrast to the previously described direct pro-fibrotic effects of IL-13 (Liu et
al., 2011; Mchedlidze et al., 2013; Sugimoto et al., 2005), treatment of HSCs with rhIL-13
did not result in the upregulation of fibrosis-associated markers, such as COL1A1, ACTAZ2,
ACTG2 or MMP2 (Fig. 3.16A). This was also observed when rhiL-13 was administered in
combination with TGF[3, which for itself significantly increased expression of these genes.
In return, IL-13 caused a significantly increased expression of pro-inflammatory genes
such as CXCL8 and CXCL1, revealing a functional impact which has not been reported
for this cytokine and cell type up to date (Fig. 3.16B).

The increased gene expression of CXCL8 in IL-13-treated HSCs, also translated into
increased protein expression and secretion as detected in the supernatant after 48 h by
ELISA (Fig. 3.17A). Overall, this functional impact appeared to be specific for IL-13 in the
established setting, since neither the pro-fibrotic agent TGFf nor the typical ILC3-specific
cytokine IL-22 induced similar effects. Of note, a combination of IL-13 and TGFf
synergistically enhanced the observed induction of CXCL8 secretion, indicating that this
IL-13-mediated effect might be even more pronounced in pre-activated HSCs. Importantly,
the increase in CXCL8 expression in HSCs was not only observed after treatment with
rhiL-13 but also after co-culture with purified, pre-stimulated liver ILC3 (Fig. 3.17B, C).
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Fig. 3.16 Functional impact of rhiL-13-treatment on HSCs (A) Boxplots displaying
MRNA expression levels of pro-fibrotic and (B) pro-inflammatory marker genes in HSCs
after 48 h of treatment with indicated doses and combinations of rhiL-13 and TGFf.
Statistical significance determined by ANOVA (A: COL1A1, ACTA2; B: CXCL8, CXCL1)
or Friedman test (A: ACTG2, MMP2; B: IL1B, IL33) corrected for multiple comparisons by
controlling FDR.

In the next step, the chemotactic potential of IL-13-stimulated HSCs was assessed, in
order to evaluate if the observed changes in gene expression were sufficient to induce an
effective pro-inflammatory phenotype in stellate cells. For this purpose, the migration of
isolated peripheral blood monocytes towards supernatants of pre-treated HSCs was

measured. Here, a dose-dependent increase in myeloid cell chemotaxis could be
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Fig. 3.17 Induction of CXCL8 in HSCs by IL-13 and stimulated liver ILC3
(A) Concentration of CXCL8 in supernatant of HSCs after 48 h of treatment with indicated
doses and combinations of rhiL-13, rhiL-22 and TGFB. (B, C) Proportion of CXCL8
expressing HSCs after 24 h of co-culture with sort-purified, PMA/lonomycin (P/l) pre-
stimulated CRTH2-CD117+ liver ILCs or treatment with rhiL-13. Statistical significance
determined by ANOVA (A, C) corrected for multiple comparisons by controlling FDR. Error
bars showing SD.

observed, which was dependent on the IL-13-mediated upregulation of CXCL8 and not
caused by rhiL-13 alone (Fig. 3.18A, B). These findings indicate that IL-13-producing liver
ILCs may promote an inflammatory signaling in HSCs and therefore might be linked to
reported hallmarks of liver fibrogenesis such as the accumulation of myeloid cells
(Zimmermann et al., 2011).

Taken together, these observations suggested that the progression of fibrotic liver disease
can be characterized by an accumulation of intrahepatic ILCs and IL-13-producing ILC3
in particular. Mechanistically, these might contribute to a pro-inflammatory modulation of
HSCs and, as such, display the capacity to critically influence an acknowledged driver of

hepatic fibrogenesis.



64

A B
= S r2=0.65
4 g 57 ——r—— ax104q P =0.0016
= ® f— °
8 'g 47 E 3 4]
~ x10
c o ° S
o £ 3 Ole ® o
_E o o ; 2x1044
8 g 21 -
S c o Q 1x10-
@g 1 o @ 6
E -; 0 ? T T 0+ 1
—_ ™ N & >
2 & SRR ° S S S S
S S L1V = S
27 oY O # migrated monocytes
NIFC N R y
ox\ NN (norm. to bead count)
o7 O X
F L Q}&\@
<

Fig. 3.18 Mechanistic impact of CXCL8 secretion by HSCs on monocyte migration
(A) Number of monocytes migrated through 5um transwell pores towards indicated HSC
supernatant after 4 h of incubation. Indicated fold change calculated by normalization to
medium control without HSCs. (B) Pearson correlation of number of transmigrated
monocytes and CXCL8 concentration in corresponding HSC supernatants. Statistical
significance determined by ANOVA (A) corrected for multiple comparisons by controlling
FDR. Error bars showing SD.

3.6 Investigation of the emergence of IL-13+ liver ILC3

Given the tissue-specific enrichment of IL-13-producing liver ILC3 and their implications
for the progression of fibrotic liver disease, subsequent research was focussed on the
investigation of the mechanisms and circumstances, under which these newly
characterized cells arise. A better understanding of these processes could provide insights
on multiple hepatic diseases, in which an involvement of IL-13-mediated signaling has
been reported (Gieseck et al., 2016; Liu et al., 2012; Shimamura et al., 2008).

As recently described, chimeric expression signatures with combined ILC3- and ILC2-like
features can be observed when mature CRTH2+ ILC2 or CRTH2-CD117+ ILC progenitors
are exposed to prolonged stimulation with IL-1B, IL-23 and TGFB (Bernink et al., 2019;
Golebski et al., 2019; Lim et al., 2017; Nagasawa et al., 2019). Of note, expression of all
these ILC3-priming factors could be detected in the intrahepatic microenvironment, with
increased levels of TGF in fibrotic or cirrhotic tissue (Fig. 3.19A). In addition, IL13+ ILC3
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displayed elevated expression of the corresponding cytokine receptors when compared
to IL13- ILC3 (Fig. 3.19B), indicating that this specific signaling potentially contributes to

the differential properties of both cell types.
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Fig. 3.19 Involvement of ILC3-priming signaling in hepatic tissue and IL13+ ILC3 (A)
MRNA expression levels of indicated genes in tissue lysates from non-fibrotic vs fibrotic
or cirrhotic liver specimen. (B) Expression of indicated cytokine receptors in IL13- and
IL13+ liver ILC3, extracted from cleansed ILC scRNA-seq dataset. Bubble chart depicting
percentage of expressing cells (area) and mean expression level (colour) in each cluster.
Statistical significance determined by Mann-Whitney test (A, B).

In order to evaluate whether such a mechanism might be involved in the emergence of
IL-13+ ILC3 in the human liver, the plasticity of intrahepatic ILCs was studied using an
OP9-DL4 stromal cell-based in vitro culture system. OP9-DL4 feeder cells, which express
the Notch ligands DLL1 and DLL4, are routinely employed in ILC plasticity studies (Klose
et al., 2014, Lim et al., 2017; Scoville et al., 2016), given the critical requirement of Notch
signaling for ILC differentiation (Chea et al., 2016; Golub, 2021; Zhang et al., 2017).

In this setting, sort-purified bulks of CRTH2+ and CRTH2-CD117+ liver ILCs were cultured
in presence of IL-2, IL-7, IL-1B and IL-23 with or without TGF( for 14 days, as described
in previous reports (Fig. 3.20A) (Golebski et al., 2019). In CRTH2+ ILCs, exposure to this
cytokine combination resulted in increased expression of CD117 but decreased
expression of the ILC2-specific markers CRTH2 and KLRG1 and, thus, the induction of a
prominent CRTH2-CD117+ ILC3-like subpopulation (Fig. 3.20B). This effect was

particularly pronounced when TGF was added to the culture. Similar observations were
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Fig. 3.20 Phenotypical analysis of bulk ILCs cultured under ILC3-priming conditions
(A) Ex vivo phenotype of sort-purified CRTH2+ (left) and CRTH2-CD117+ (right) liver ILCs
and experimental design for subsequent bulk culture expansion assay. (B) Analysis of
surface marker expression in expanded CRTH2+ and (C) CRTH2-CD117+ bulk ILCs after
14 d of culture in presence of indicated stimuli. Columns showing mean percentages of
Lin-CRTH2+ and Lin-CRTH2-CD117+ cells identified post-culture (N = 7). Symbols and
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lines indicate fold change in proliferation as relative to basal maintenance condition (IL-2,
IL-7). Error bars showing SD.

made for cultured CRTH2-CD117+ ILCs, yet here CRTH2- and KLRG1-expressing cells
were virtually absent post-culture (Fig. 3.20C). Overall, administration of the ILC3-priming
cytokines IL-1B, IL-23 and TGFpB resulted in a marked increase of proliferation in

comparison to basally maintained IL-2/IL-7-treated cells.

Supporting the concept of an ILC3-directed conversion, ILC2-derived CRTH2-CD117+
cells displayed decreased GATA3 expression in comparison to post-culture identified
CRTH2+ cells, while in parallel RORyt expression was found to be increased (Fig. 3.21A).
While the upregulation of RORyt even surpassed the level of expression observed in ILC3-
derived CRTH2-CD117+ cells, GATAS3 expression remained to be significantly higher in
ILC2-derived cells. This finding indicated that, while cultured ILC2 are converting towards

an ILC3-like phenotype, they might retain “ex-ILC2”-like properties.
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Fig. 3.21 Transcription factor profile of bulk cultured ILCs (A) Expression level (MFI)
of GATA3 and (B) RORyt in post-culture identified subsets arising from indicated
precursor cell type under influence of IL-2, IL-7, IL-1B, IL-23 and TGFf. Statistical
significance determined by ANOVA (A, B) corrected for multiple comparisons by
controlling FDR.
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Despite this ILC3-directed conversion of cultured CRTH2+ and CRTH2-CD117+ ILCs,
elevated levels of IL-13 could be detected in the supernatant of both cell types, when
expanded in presence of IL-1B, IL-23 and TGFB (Fig. 3.22A). To analyse the functional
capacities of differentiated bulk ILCs in more detail, cells were re-stimulated with
PMA/lonomycin upon culture harvest and the frequency of cytokine-producing cells
among gated subsets was determined by flow cytometry (Fig. 3.22B). While most of the

A cultured: cultured:
CRTH2+ CRTH2-CD117+
* %k
1
105+ %* %k
|
— —_ 1044
: : ;
g g
o @ 102
2 2
101-
100-
B C
cultured: Al Al A B IL-13+
] ] , ] W IL-13+IL-22+
CRTH2+ | e ] N W IL-13+IL-17A+
| S I = { € M triple positive
Lo -~ . W IL-22+
O IL-17A+
CRTH2- ] 1 ] B L-22+IL-17A+
CD117+ & | E' N [ triple negative
| = [ _'|
- =i =/ :l, (@ — o
NKpa4 T = 1 % of gated
e CRHT2-CD117+
CRTH2-
CD117+ = ]
NKp44+ ] 3
13— LA

Fig. 3.22 Cytokine production profile of bulk cultured ILCs (A) Concentration of IL-13
in supernatant of indicated bulk ILC cultures after 10 d of treatment (N = 7). (B) Analysis
of cytokine production in Lin- progeny of indicated ILC subset after culture in presence of
IL-2, IL-7, IL-1B, IL-23 and TGFf and subsequent re-stimulation with PMA/lonomycin. (C)
Percentage of IL-13, IL-17A and IL-22 (co-) expressing cells detected among post-culture
identified Lin-CRTH2-CD117+ cells of analysed bulks of CRTH2+ (N = 4), NKp44-CRTH2-
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CD117+ (N = 5) or NKp44+CRTH2-CD117+ (N = 3) ILCs. Statistical significance
determined by Kruskal-Wallis test (A) corrected for multiple comparisons by controlling
FDR. Error bars showing SD.

ILC2-derived ILC3-like cells displayed a robust induction of IL-13 production, this capacity
could only be observed in the progeny of the NCR- subset of cultured CRTH2-CD117+
ILCs (Fig. 3.22C). Cultured NKp44+ ILC3 on the other hand mainly gave rise to IL-22-

producing cells, outlining potential subset-specific limitations of ILC plasticity.

To further dissect these differences in the potential to generate IL-13+ ILC3-like cells and
to exclude any bias due to bulk contaminations, CRTH2+ ILC2 and NCR-CRTH2-CD117+
ILC3 were subsequently cultured and studied in clonal assays. To avoid cultivation of pre-
differentiated ex vivo IL-13+CRTH2-CD117+ ILCs, cells were sort-purified from peripheral

blood, where only marginal numbers of this cell type had been observed (Fig. 3.7A).
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Fig. 3.23 Phenotypical analysis of clonally expanded ILCs (A) Experimental design
for clonal expansion of single CRTH2+ (top) or CRTH2-CD117+ (bottom) ILCs under
influence of IL-2, IL-7, IL-1B, IL-23 and TGF. (B, C) Percentage of Lin-CRTH2+ and Lin-
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CRTH2-CD117+ cells identified post-culture among total CD45+ cells in indicated subset.
Error bars showing SD.

Phenotypic analysis of the clonal progeny confirmed the observations made in bulk culture
experiments, indicating an equally distributed potential for the generation of Lin-CRTH2-
CD117+ among cultured CRTH2+ and CRTH2-CD117+ ILCs upon exposure to IL-18,
IL-23 and TGFp (Fig. 3.23A, B).

IL-13 production appeared to be preserved in virtually all cultured CRTH2+ clones,

whereas among NCR-ILC3-derived clones only some acquired this capacity (Fig. 3.24A).
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Fig. 3.24 Cytokine production and secretion in clonally expanded ILCs (A)
Percentage of cytokine-positive cells among post-culture identified CRHT2-CD117+ cells
arising from indicated cell type. (B) Concentration of indicated cytokines in supernatant of
clonally expanded CRTH2+ or CRTH2-CD117+ ILCs. Assessment of cytokine production
and secretion performed after re-stimulation with PMA/lonomycin. Error bars showing SD.
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In addition, both frequency of IL-13+ cells as well as their quantitative output was found
to be distinctively higher in clonally expanded ILC2 (Fig. 3.24B). The extended cytokine
profile on the other hand was found to be qualitatively similar among CRTH2+ and NCR-
ILC3-derived clones, including secretion of TNFa, IL-22 and IFNy but almost no IL-17,

which was in contrast to observations from previous reports (Golebski et al., 2019).

Although the progeny of both cultured cell types displayed certain similarities to IL-13-
producing intrahepatic ILC3, expression of critical ILC3-defining markers such as NKp44
and CD56 was lacking (Fig. 3.25A). While cultured NCR-ILC3 did at least show

expression of these markers, no co-expression with IL-13 could be observed (Fig. 3.25B).
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Fig. 3.25 Co-expression of IL-13 and ILC3-restricted markers in bulk cultured ILCs
(A) Co-expression of IL-13 with NKp44 or CD56 among Lin- cells arising from
IL-2/IL-7/1L-1B/IL-23/TGFB-cultured bulk ILCs after re-stimulation with PMA/lonomycin.
(B) Percentage of IL-13+NKp44+ double-positive ILC3-like cells detected among progeny
of indicated subsets. Error bars showing SD.

Therefore, the initial experimental set-up was modified in order to enhance the ILC3-
directed conversion of CRTH2+ and NCR-CRTH2-CD117+ ILCs and to achieve a more
consistent phenotypical reflection of IL-13+ liver ILC3. Given the acknowledged role of
AhR receptor signaling in the stabilization of ILC3 identity and regulation of NKp44
expression (Hughes et al., 2014, Li et al., 2018; Moreno-Nieves et al., 2018), culture
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conditions were expanded for the well-studied AhR agonist 6-formylindolo[3,2-b]carbazole
(FICZ) for this purpose.
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Fig. 3.26 Impact of FICZ supplementation on phenotype of bulk cultured ILCs (A)
Number of viable CD45+ lymphocytes detected in bulk cultures of indicated subset after
treatment with original stimuli (“TGFB”), TGFB substitution by FICZ at D7 (“TGFB/FICZ”)
or full replacement of TGF with FICZ (“FICZ”). (B) Percentage of Lin- cells among CD45+
progeny of analysed culture samples. (C) Percentage of ILC3-like cells (Lin-CRTH2-
CD117+NKp44+) arising from TGFB- or TGFB/FICZ-cultured indicated ILC subsets. (D)
Co-expression of IL-13 with NKp44 or CD56 among Lin- cells arising from TGFB/FICZ-
cultured bulk ILCs after re-stimulation with PMA/lonomycin. Statistical significance
determined by ANOVA (C) corrected for multiple testing by controlling FDR. Error bars
showing SD.
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Since mere addition of FICZ drastically impaired cell proliferation of bulk cultured CRTH2+
and NCR-CRTH2-CD117+ ILCs (Fig. 3.26A), a primary expansion period with the initial
stimuli was maintained, before substituting TGFB with FICZ for the second half of the
culture. The proportion of Lin- cells arising from these culture conditions remained
unaltered by the addition of FICZ, indicating an unchanged stable generation of non-NK
ILCs (Fig. 3.26B). As intended TGFpB/FICZ-treated ILC bulks did not only display
increased proportions of NKp44+CRTH2-CD117+ cells after culture (Fig. 3.26C), but also
gave rise to IL-13+NKp44+/CD56+ ILC3-like cells (Fig. 3.26D), thus more closely
resembling intrahepatic IL-13+ ILC3.

In order to specifically evaluate the effects of FICZ in comparison to TGFB-only cultures,
clone-splitting experiments were performed next, enabling a setting-dependent

comparison of individual clones. In this setting, the progeny of single clones was divided
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Fig. 3.27 Analysis of FICZ-specific effects in clone splitting experiments (A)
Experimental design for the paired analysis of setting-dependent effects on the
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development of individual clones. (B) Co-expression of CD117 and NKp44 in matched
clones treated with TGFB or TGFB/FICZ. (C) Paired analysis of CD117 and NKp44
expression levels (MFI) in clones derived from indicated ILC subset and culture setting.
Statistical analysis determined by Wilcoxon test (C).

after 7 days of the primary expansion period and the two batches were subsequently
treated either with TGF or FICZ for the following culture time (Fig. 3.27A). This paired
analysis precisely revealed that ligation of the AhR caused the significant upregulation of
CD117 and NKp44 in TGFB/FICZ-cultured clones (Fig. 3.27B, C).

Accordingly, the enhanced generation of CRTH2-CD117+ ILC3-like cells observed in
TGFB/FICZ-treated bulks was also found among clonally expanded single CRTH2+ and
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Fig. 3.28 Phenotypical and functional analysis of TGFB/FICZ-cultured clonal ILCs
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(A) Percentage of Lin-, Lin-CRTH2+ and Lin-CRTH2-CD117+ cells identified post-culture
among total CD45+ cells arising from TGFB/FICZ-treated clonal CRTH2+ and (B) CRTH2-
CD117+ ILCs. (C) Co-expression of IL-13 with NKp44 or CD56 among Lin- cells arising
from analysed clones after re-stimulation with PMA/lonomycin. (D) Percentage of IL-13+
CRTH2-CD117+ cells among progeny of clonal CRTH2+ and (E) CRTH2-117+ ILCs and
corresponding percentages of NKp44+ and CD56+ cells. Error bars showing SD.

CRTH2-CD117+ ILCs (Fig. 3.28A, B), as was the emergence of IL-13+NKp44+/CD56+
co-expressing cells (Fig. 3.28C). Of note, cultured CRTH2+ ILCs appeared to be more
potent in generating IL-13-producing cells, whereas among cultured CRTH2-CD117+
ILCs a stronger induction of NKp44 and CD56 could be detected (Fig. 3.28.D, E), once

again outlining the differential plastic capacities of both cell types.

In contrast to the TGFB/FICZ-cultured single CRTH2+ ILC2, only some CRTH2-CD117+
ILC clones acquired the capacity to produce IL-13, which reflected the observations made
in culture settings without FICZ supplementation (Fig. 3.24A, B). In order to evaluate if
this variability was due to the acknowledged subset-intrinsic heterogeneity of CRTH2-
CD117+ ILCs (Lim et al., 2017), a retrospective phenotypical analysis of the cultured
precursor cells was conducted. By indexing of single cells upon sort-purification, these
could be stratified for the expression of specific surface markers afterwards. Using this
approach, IL-13-expressing cells were found to predominantly arise from KLRG1-
expressing CRTH2-CD117+ ILCs (Fig. 3.29A), a cell type, which has been previously

described to comprise ILC2-skewed progenitors (Nagasawa et al., 2019).
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Fig. 3.29 Retrospective profiling of IL-13+ cells arising from CRTH2-CD117+ ILCs
(A) Percentage of Lin-IL-13+ (left) and IL-13+ ILC3-like cells (right) detected among
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TGFB/FICZ-cultured CRTH2-CD117+ ILC clones after re-stimulation  with
PMA/lonomycin, stratified for KLRG1 expression. (B) Co-expression of IL-13 and NKp44
among Lin- progeny of indicated ILC subset cultured under TGFB/FICZ. Statistical
significance determined by Mann-Whitney test (A). Error bar showing SD.

This finding could also be observed in a comparative bulk culture analysis of sort-purified
KLRG1+ versus KLRG1- CRTH2-CD117+ ILCs (Fig. 3.29B), validating the retrospective

identification of cultured clones.

Since KLRG1 expression is predominantly, albeit not exclusively, observed in mature
ILC2, further post-culture analyses were performed to exclude a potential inclusion of
misidentified ILC2 among sort-purified clonal KLRG1+CRTH2-CD117+ ILCs. For this
purpose, the expression of GATA3 by cultured clonal CRTH2+ and CRTH2-CD117+ ILCs
was analysed, given the significant differences previously observed between both cell
types (Fig. 3.21A). Here, the progeny of KLRG1-expressing CRTH2-CD117+ ILCs could
be clearly distinguished from ILC2-derived cells and instead displayed a similar pattern as
observed in cultured KLRG1-CRTH2-CD117+ ILCs (Fig. 3.30A).
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among total CD45+ cells in indicated cultured ILC subsets. Statistical significance
determined by Kruskal-Wallis test (A) corrected for multiple testing by controlling FDR.

This finding supported the progenitor-like phenotype of KLRG1+CRTH2-CD117+ ILCs as
well as their distinction from CRTH2+ ILC2. Interestingly, GATAS3 expression correlated
with the percentage of IL-13+ cells arising from all cultured subsets, indicating a general
role of this transcription factor in the regulation of IL-13 production by ILCs (Fig. 3.30B).
Taken together, these data obtained in culture experiments suggested that a balanced
engagement of ILC2-specific (GATA3) and ILC3-stabilizing (AhR) transcription factors
might be important for the development of IL-13+ ILC3-like cells.

Given the observed differences between IL-13+NKp44+CRTH2-CD117+ cells originating
from CRTH2+ and KLRG1+CRTH2-CD117+ ILCs, a detailed transcriptional analysis was
performed next, to evaluate if any or both cultured cell types in fact reflected the
transcriptional signature of intrahepatic IL13+ ILC3. Isolation of viable IL-13+ cells for
MRNA analysis was achieved by the use of an IL-13-secretion detection and enrichment
assay after sort-purifying Lin-CRTH2-CD117+NKp44+ cells from TGFB/FICZ-cultured
bulks of CRTH2+ or KLRG1+CRTH2-CD117+ ILCs (Fig. 3.31A, also see 2.2.12). Multiple
ILC2- and ILC3-specific signature genes (Bjorklund et al., 2016) were selected for analysis
and their expression was compared to the transcriptional profile of stimulated ex vivo
CRTH2+ ILC2, ex vivo CRTH2-CD117+ ILC3 and the intrahepatic 1L13+ ILC2 and ILC3
(Fig. 3.31B). Cells derived from CRTH2+-progenitors indeed showed a decreased
expression of some ILC2-related genes, however their mean score of expression was
significantly higher than in ex vivo ILC3 or cultured KLRG1+CRTH2-CD117+ ILCs (Fig.
3.31C, upper panel). In parallel, only a minor upregulation of single ILC3-related genes
was detected in these cells (lower panel). This was in strong contrast to cells derived from
KLRG1+CRTH2-CD117+ ILCs, which displayed a consistent ILC3-like expression
pattern, thus resembling the molecular phenotype of intrahepatic IL13+ ILC3.

In summary, these findings indicated that intrahepatic IL-13-producing ILC3 most likely
arise from KLRG1-expressing CRTH2-CD117+ ILC precursors under the given

environmental conditions and not from converted mature ILC2.
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Fig. 3.31 Transcriptional profiling of IL-13+ ILC3-like cells derived from different ILC
subsets (A) Experimental design for the isolation of viable IL-13-secreting ILC3-like cells
arising from indicated bulk ILC subset after TGFB/FICZ culture. (B) Heatmap depicting
MRNA expression levels of indicated genes (z-score normalized) in ex vivo stimulated
CRTH2+ or CRTH2-CD117+ ILCs (white blocks) or post-culture isolated IL-13+ ILC3-like
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Bubble Chart showing corresponding expression signature of intrahepatic IL13+ ILC
subset, indicating percentage of expressing cells (area) and mean expression (colour).
(C) Mean expression of z-scores of all ILC2-related (top) and ILC3-related (bottom)
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transcripts in analysed ex vivo or post-culture purified ILC subsets. Statistical significance
determined by mixed effects analysis (C) corrected for multiple testing by controlling FDR.

Finally, this hypothesis was in line with the tissue-specific enrichment of KLRG1+ ILC
precursors in the human liver in comparison to tonsils or colon mucosa (Fig. 3.32A, B).
Among circulating ILCs even higher proportions were detectable, potentially
corresponding to the large reservoir of progenitor ILCs in peripheral blood (Lim et al.,
2017).
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Fig. 3.32 Frequency of KLRG1-expressing progenitors in different human tissues
(A, B) Percentage of KLRG1+ cells among CRTH2-CD117+ ILCs in liver, tonsil, colon and
peripheral blood. Statistical significance determined by Kruskal-Wallis test (B), corrected
for multiple comparisons by controlling FDR if applicable. Error bars showing SD.
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4. Discussion

Over the past decade, the appreciation of innate lymphoid cells as important regulators of
homeostatic and immunologic processes has steadily increased alongside the
accumulating evidence for their involvement in numerous inflammatory diseases
(Castellanos and Longman, 2019; Ebbo et al., 2017). Their extensive investigation has
led to a better understanding of a wide variety of elusive pathologies, which are typically
characterized by persistent, dysregulated immune responses, such as Crohn’s disease,
asthma or psoriasis (Bartemes et al., 2012; Bernink et al., 2013; Forkel et al., 2019; Fuchs
et al., 2013; Smith et al., 2016; Teunissen et al., 2014).

In the human liver however, the overall involvement of ILCs in physiological and
pathological settings has remained scarcely studied and poorly understood, despite the
importance of inflammatory processes in hepatic fiborogenesis and the predominant role
of the local innate immune system (Chen and Tian, 2021). Data obtained in mouse models
strongly suggest that ILCs contribute to the progression of liver fibrosis (Marvie et al.,
2009; Mchedlidze et al., 2013), yet human studies have reported inconsistent results and

were primarily focussed on minor subsets (Forkel et al., 2017; Jeffery et al., 2017).

The aim of this project was to significantly extend the current knowledge of human
intrahepatic ILCs, to resolve existing conflicts in the published literature and to assess
potential tissue-specific features as well as implications of ILCs in chronic fibrotic liver

disease.

The present study demonstrates that the human intrahepatic ILC pool is characterized by
a predominance of tissue-resident ILC3 and in addition identifies a so far unrecognized
cell type with an ILC3-like phenotype and the capacity to produce the ILC2-specific
cytokine IL-13. These cells were specifically enriched in the human liver where they
represented the dominant fraction of IL-13-producing ILCs, whose abundance and
influence might have been drastically underestimated up to date. Furthermore, this study
provides first evidence for an involvement of this cell type in hepatic fibrogenesis and
additionally outlines its functional impact on the liver microenvironment by characterizing
its pro-inflammatory influence on HSCs. Moreover, the identification of KLRG1-expressing

ILCPs as putative progenitors of intrahepatic IL-13+ ILC3-like cells marks a novel
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developmental trajectory, reinforcing our understanding of ILCs as highly versatile branch

of the innate immune system.

These key findings will be discussed in the following section, addressing their significance
and implications in the context of our current knowledge, limitations as well as future

directions for further research.

4.1 Characterization of human intrahepatic ILCs
4.1.1 The human intrahepatic ILC pool is dominated by tissue-resident NCR- ILC3

Although several reports have previously addressed the composition and functionality of
the intrahepatic ILC pool, its overall characterization remained an important aspect of this
project. This is primarily due to the limited availability of studies which have investigated
human liver-resident ILCs and the conflicting findings they have reported.

This study demonstrates that a majority of over 70 % of ILCs in the human liver belong to
the subset of CRTH2-CD117+ ILC3, supporting one of the first reports on this subject by
Forkel et al. (2017). This finding had been questioned by another study, in which Jefferey
et al. (2017) have described a predominance of CRHT2-CD117- ILC1 among intrahepatic
ILCs. In their work however, Jefferey et al. did not include any markers to identify CD3'ow-
T cells in their lineage definition, as for example TCRaf or TCRyd. This renders their
identification of ILC1, which were merely characterized by the lack of CRTH2 and CD117
expression, prone to contamination with CD127-expressing T cells, potentially causing an
artificial inflation of the ILC1 population. Flow cytometric analyses, which can only account
for a limited number of markers, are particularly affected by this bias as it has been
demonstrated in detailed transcriptional studies (Simoni et al., 2017). Given the low
frequency of ILCs and their similarity to T cells, even slight contaminations can result in a
drastic distortion of the assessed ILC frequencies. Consequently, the present study as
well as the work of Forkel and colleagues have most likely provided a more accurate
depiction of the intrahepatic ILC pool, due to a more comprehensive exclusion of non-ILC

contaminants.

Despite these relations in ILC frequency, previous reports on liver ILCs have been mainly

focussed on phenotype and function of IL-33-responsive ILC2 (Forkel et al., 2017; Jeffery
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et al., 2017; Marvie et al., 2009; Mchedlidze et al., 2013). As these and the current study
have shown, such analyses are neglecting over 90 % of tissue-resident non-NK ILCs since
ILC2 account for only 7 % of them on average in the human liver. In contrast, the
comparative compartment analysis conducted in this project indicates that one of the most
prominent and major distinguishing features of the intrahepatic ILC pool is the
characteristic enrichment of tissue-resident NCR-negative ILC3. In their report, Forkel et
al. speculate that these NCR- ILC3 mainly constitute a pool of immature ILC progenitors,
similar to their circulating counterparts in peripheral blood (Lim et al., 2017). Accordingly,
this hypothesis suggests that the main ILC subset in the human liver does not convey any
primary functional influence, which might be supported by its low production of proto-
typical ILC3-specific cytokines such as IL-22 and IL-17A.

However, this perception is contradicted by one of the major findings of the present study,
the identification of intrahepatic ILC3-like cells as a substantial source of IL-13.

4.1.2 The human intrahepatic ILC pool contains an IL-13-producing ILC3-like cell

Given the predominance of ILC3 in the liver ILC pool, the previously unrecognized IL-13+
ILC3-like cells comprise the majority of IL-13-producing ILCs in the human liver.
Considering the comparably low amounts of other cytokine-producing cells among
intrahepatic ILCs, this implies that the functional impact of both ILC3 and ILC-derived IL-13
in the hepatic compartment might have been drastically underestimated up to date.
Consequently, a central part of this study has been dedicated to further investigate this

newly characterized subset and to enable a reliable classification within the ILC family.

Several lines of evidence indicate that the intrahepatic IL-13+ ILC3-like cells are
profoundly different from conventional ILC2 and do not reflect any transitional or activated
stage of ILC2 or even misidentified ILC2 with downregulated CRTH2 expression. This
could be demonstrated on the basis of detailed proteomic and transcriptional analyses,
which show that IL-13+ ILC3-like cells do not share the expressional pattern of IL-13+
ILC2 with regard to multiple reported ILC2-specific markers (Bjorklund et al., 2016). Of
note, this also applies to transcription factors which are critically required for the ILC2-
directed development of ILCs, such as GATA3 and RORa (Ferreira et al., 2021; Klein



83

Wolterink et al., 2013; Mjosberg et al., 2012). In addition, IL-13+ ILC3-like cells partially
express CD56, which has been shown to be absent on ILC2 and ILC2-skewed progenitors
and marks a delineating feature in the development of ILC precursors (Chen et al., 2018;
Nagasawa et al., 2019). Hence, these data indicate an early divergence of IL-13+ ILC3-
like cells from an ILC2-directed developmental pathway.

In return, they reflect a consistent ILC3-specific gene expression signature which supports
their classification as ILC3-like cells. This transcriptional profile includes expression of
important ILC3-defining features such as the key transcription factor RORC/RORyt (Lim
and Di Santo, 2019), the maturation-associated marker NKp44 as well as functionally
relevant genes such as IL1R1, IL23R and AHR (Sonnenberg, 2016). Of note, the
presence of IL-13+ cells among both the NKp44- and NKp44+ subset indicates that IL-13
expression persists during several stages of maturation of liver ILC3. This is in contrast to
other ILC3-specific cytokines such as IL-22, which is predominantly produced by the
maturated subsets but undetectable in immature NKp44- ILC3 (Hoorweg et al., 2012; Lim
et al., 2017).

Taken together, these data suggest that the capacity of ILCs to produce IL-13 might arise
along several distinct developmental trajectories and is not solely restricted to ILC2, unlike
currently assumed (Vivier et al., 2018). While this finding indicates a higher versatility of
ILC3 in general, it also fundamentally affects the functional impact of liver ILCs in

particular.

4.1.3 Intrahepatic IL-13-producing ILC2 and ILC3-like cells are functionally different

In this context, the functional differences between intrahepatic IL-13+ ILC2 and IL-13+
ILC3 mark another important aspect, as they imply distinct modes of activation for each
cell type. Human liver ILC2 produce IL-13 in response to the ILC2-specific (Barlow et al.,
2013; Han et al., 2017) stimuli IL-33 and TSLP, whereas intrahepatic ILC3 were
unresponsive to this treatment, which is in line with their lack of ILARL1 (encoding IL-33R)
expression. Of note, the ILC3-specific stimuli IL-1 and IL-23 also failed to induce IL-13
expression in ILC3 after overnight treatment. However, elevated levels of IL-13 could be

detected in the supernatant of ILC3 cultured in presence of IL-13 and IL-23 together with
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IL-2, IL-7 as well as Notch ligand-expressing feeder cells after 10 days of stimulation,
indicating that a longer exposure or additional stimuli were required for this.

These findings suggest that the ILC-mediated secretion of IL-13 in the human liver can
occur in response to different environmental stimuli and consequently in differential
physiologic or pathologic settings. In addition to the alarmin-driven induction of IL-13 in
ILC2, a persisting pro-inflammatory environment, which is a characteristic feature of
chronic liver disease (Barbier et al., 2019; Koyama and Brenner, 2017; Tanwar et al.,

2020), might trigger IL-13 production in intrahepatic ILC3.

Beyond that, the identification of a physiological stimulus of intrahepatic IL-13+ ILC3
supports the hypothesis that these in fact represent a functional cell type which are
effectively engaged in vivo instead of a developmental artefact, which can only be induced

upon pharmacological stimulation.

Of note, the combination of IL-2, IL-7, IL-1f3, IL-23 and Notch ligands also triggers IL-13
production in ILC2 upon prolonged treatment, resulting in even higher quantities of
secreted IL-13. While this is supporting reports about an additional mode of activation for
ILC2 (Ohne et al., 2016), it also corresponds to the higher frequency of IL-13+ cells
observed among CRTH2+ liver ILCs after PMA/lonomycin treatment. This relatively higher
IL-13 production capacity of ILC2 might be explained by their significantly increased
expression of GATAS, which is one of the main regulatory elements of IL-13 expression
(Kozuka et al., 2011; Lavenu-Bombled et al., 2002). Yet more importantly, it might also
explain why previous studies have failed to identify the atypical IL-13+ ILC3. While in the
work of Jefferey et al. (2017) the detection of IL-13-producing ILC3 might have been
merely obscured by the analysis of a presumably inflated pool of CRTH2- ILCs, Forkel et
al. (2017) in fact describe a minor secretion of IL-13 by ILC3. However, the authors neglect
this finding since they observe that an equal number of isolated ILC2 produces
significantly higher amounts of IL-13. Yet, such an experimental set-up does not reflect
the actual composition of the intrahepatic ILC pool where the number of ILC3 exceeds
that of ILC2 by the factor of ten. Further analyses would be required to evaluate the exact
guantitative output of intrahepatic ILC2 and ILC3 with regard to the ratios found in situ.

These however remain challenging since they either require large quantities of the rare
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liver ILCs or highly sensitive assays to detect cytokine levels secreted by a small number
of cells.

Further functional differences between IL-13+ ILC2 and ILC3 might be shaped by their
extended cytokine production profiles. The transcriptional data presented in this work
provides first insights at this point, showing that expression of cytokines such as IL4 in
ILC2 as well as CXCL8 and CCL20 in ILC3 in fact constitute major discriminating factors
of both cell types. More functional analyses would be required to evaluate the contribution
of these cytokines to the overall functional profile of intrahepatic ILCs. At this point, the
acquired scRNA-seq data may present a valuable option for future investigation, as it
represents one of the largest transcriptional datasets on single human liver ILCs currently
available. Moreover, it allows for an effective evaluation of cytokine expression, due to
the applied experimental approach which includes prior stimulation. This is in contrast to
previously published studies, which have focussed on ex vivo characterizations with
minimal pre-treatment (Heinrich et al., 2021) and may provide only a limited overview of

such activation-dependent expression features.

With regard to this project, the analytical focus on IL-13-producing ILC3 certainly
represents one of its major limitations, since it is associated with a neglect of other
intrahepatic ILC subsets and their cytokine output. Given the general functional versatility
of tissue-resident ILCs (Meininger et al., 2020; Simoni and Newell, 2018), it is reasonable
to assume that the full spectrum of ILC-mediated effects in the human liver is conveyed
by additional factors.

Nevertheless, the influence of IL-13-producing ILC3 in the human liver might be of central
importance and particularly relevant in chronic liver disease given the following aspects:
First, IL-13+ ILC3 make up a substantial fraction of all cytokine-producing intrahepatic
ILCs, due to the local predominance of ILC3 and their sparse production of other ILC3-
specific cytokines. Second, their inducibility by pro-inflammatory stimuli suggests an
involvement in hepatic fibrogenesis, which is often characterized by the presence of these
factors (Barbier et al., 2019; Koyama and Brenner, 2017). And third, IL-13 itself has been
described as an important modulator of liver fibrosis in multiple settings (Gieseck et al.,
2016; Liu et al., 2012; Shimamura et al., 2008), thus implying a concomitant involvement
of IL-13-producing ILCs.
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4.2 Involvement of human intrahepatic ILCs in chronic fibrotic liver disease
4.2.1 Frequencies of ILCs and IL-13+ ILC3 are increased in fibrotic or cirrhotic livers

These indications for IL-13-producing ILCs, together with previously published reports on
murine or human ILCs (Forkel et al., 2017; Marvie et al., 2009; Mchedlidze et al., 2013),
support the hypothesis that ILCs in general and IL-13+ ILCs in particular may significantly
contribute to fibrotic liver disease.

In this context, the increased frequencies of ILCs observed in fibrotic or cirrhotic livers
provide further evidence for this assumption. The expansion of ILCs in CLD patients
appears to be liver-specific, thus suggesting that the pathological changes of the liver
microenvironment are driving this enrichment. Accordingly, no increase of ILC numbers
could be detected in physiologically connected compartments such as the colon or
circulating bloodstream. In contrast, the frequency of ILCs in the colon of some CLD
patients was even markedly decreased. Since ILCs critically contribute to the maintenance
of the intestinal barrier (Fan et al., 2019; Sonnenberg et al., 2012), a loss of colon ILCs
could contribute to liver inflammation and disease progression due to increased
translocation of microbial products to the hepatic compartment (Ohtani and Kawada,
2019; Pinzone et al., 2012). Although in total, the decrease of colon ILCs did not reach
statistical significance, the high standard deviation within the diseased colon cohort might
indicate etiology-related differences. Thus, more patient material should be collected in
order to allow for a stratification analysis of the CLD cohort and the investigation of this

topic.

While it remains unclear if the enrichment of intrahepatic ILCs is a cause or an effect of
CLD, this finding suggests an increasing influence of ILCs and ILC-derived cytokines in
hepatic fibrogenesis.

In accordance with previous reports, an accumulation of intrahepatic ILC2, on which
human studies have been primarily focused so far (Forkel et al., 2017; Jeffery et al., 2017),
could be observed in this study. Given the unaltered percentages of IL-13+ ILC2 among
liver-infiltrating lymphocytes however, the functional relevance of the numerical increase
of ILC2 remains questionable. Moreover, the comparably higher frequency of IL-13+ ILC3,

which could also be observed in fibrotic or cirrhotic livers, suggests that the major source
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of ILC-derived IL-13 in chronic liver disease has been overlooked so far. In addition, the
increase of IL-13-producing ILC3 in fibrotic or cirrhotic livers, as well as their correlation
with the MELD score further support the implications of this cell type in CLD.

Of note, the MELD score, which is commonly used to predict the three-month survival of
patients enlisted for liver transplantation, primarily assesses the severity of liver disease
in its final stages. The investigation of ILCs at earlier stages of liver disease was beyond
the scope of this project, although insights at these time points might be highly valuable
for the evaluation of the contribution of ILCs over the course of CLD. In this study, patient
material was derived from explanted organs, and thus at an advanced point of disease
progression. Future studies addressing this subject, would require the collection of hepatic
tissue prior to transplantation, ideally at several stages of disease, monitoring the clinical
course of individual patients. The low frequency of ILCs however, will remain a major
burden to such investigations, as the amount of tissue collected - for instance - during liver
biopsies is often insufficient to enable a reliable assessment of ILCs. Advances in highly
multiplexed imaging technologies, which enable detailed cytometric analysis of single cells

in histological sections, might facilitate research at this point in future (Black et al., 2021).

4.2.2 IL-13 secretion of liver ILCs mediates pro-inflammatory imprinting of HSCs

Nevertheless, mechanistic studies can already provide the basis for a better
understanding of the increasing ILC-mediated influence in the progression of hepatic
fibrogenesis. In this context, previous reports have mainly described upstream events of
ILC activation (Forkel et al., 2017) or investigated related systemic effects (Marvie et al.,
2009; Mchedlidze et al., 2013), but did not address the specific downstream effects of
intrahepatic ILCs.

In this study, a direct modulatory influence of intrahepatic ILC3 on HSCs could be
identified, revealing that, via IL-13, ILC3 mediate the pro-inflammatory imprinting of a cell
type, which is centrally involved in hepatic fibrogenesis (Higashi et al., 2017).
Unexpectedly, these IL-13-mediated effects did not include upregulation of classic pro-
fibrotic markers in HSCs, such as COL1A1 or ACTAZ2, thus challenging the perception of

IL-13 as a direct pro-fibrotic agent. Whereas this specific influence of IL-13 on HSCs has
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been mainly described in murine models (Liu et al., 2011; Mchedlidze et al., 2013; Weng
et al., 2009), observations made in human HSC cell lines (Forkel, 2017) support the
findings presented in this study. These are further strengthened by the fact that, in this
work, primary human hepatic stellate cells have been used instead of immortalized cell
lines. Furthermore, the cells, which have been commercially obtained for this project,
reflect the biological variability of six individual donors, in return underlining the
reproducibility of the observed effects on human HSCs. At this point, more extensive
comparative studies would be required to evaluate, if the observed differences of 1L-13
signaling on murine and human HSCs are in fact due to inherent biological differences or
rather arise from setting-dependent factors.

The upregulation of pro-inflammatory cytokines such as CXCL8 in HSCs indicates a so
far unrecognized role for IL-13-producing ILCs in hepatic fibrogenesis. Consequently, the
enrichment of IL-13+ ILC3 in the course of CLD might be linked to multiple hallmarks of
chronic disease and inflammation, given the pleiotropic effects of CXCL8 in the liver.

As such, intrahepatic ILC3 might contribute to the accumulation of myeloid cells in fibrotic
or cirrhotic livers (Zimmermann et al., 2011), which is supported by the increased myeloid
chemotaxis observed towards supernatant of IL-13-treated HSCs. Given the implications
of HSC-derived CXCL8 secretion in angiogenesis and formation of hepatocellular
carcinomas (Zhu et al., 2015), they might also play a role in liver tumorigenesis, as
indicated by a recent study (Heinrich et al., 2021). Furthermore, CXCLS8 itself has been
described to increase the expression of pro-fibrotic markers in HSCs (Clément et al.,
2010), which might explain the described pro-fibrotic effects of IL-13 and IL-13-producing

ILCs via an indirect mechanism, manifesting upon prolonged exposure.

On the other hand however, the induction of pro-inflammatory genes in HSCs might also
mediate beneficial effects in CLD. As such, increased expression of CXCL8 and CXCL1
have been described to be associated with the reversion of HSCs to a more quiescent
state and contained inflammatory responses are considered to contribute to liver
regeneration (El Taghdouini et al., 2015; Gao and Tsukamoto, 2016). Furthermore, the
pro-inflammatory imprinting of HSCs might also contribute to the defense against bacterial

infections, which frequently occur in late-stage liver cirrhosis (Fernandez and Gustot,
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2012). Interestingly, this might correspond to the enrichment of IL-13+ ILC3, which is also
most prominent in these stages of disease.

Of note, the IL-13-mediated upregulation of CXCL8 appears to be even more pronounced
in activated, TGFB-stimulated HSCs, which accumulate during disease progression
(Dewidar et al., 2019; Fabregat et al., 2016; Tsuchida and Friedman, 2017). Thus, the
enrichment of IL-13+ ILC3 in CLD may additionally be associated with an enhancement

of their functional impact on HSCs.

Taken together, these findings indicate a complex role of human liver ILCs and, in
particular, IL-13-producing ILC3 in regulating hepatic fibrogenesis. Although infrequent in
comparison to other intrahepatic immune cells, the ability to modulate HSCs, the main
drivers of hepatic fibrogenesis, supports the relevance of ILC-mediated effects in the
human liver. Furthermore, the overall increase of intrahepatic ILCs in CLD also indicates
the involvement of cell types which have not been addressed in this project, due to the
analytical focus on the main intrahepatic ILC subset.

This study provides first evidence for the involvement and implications of ILC3 in CLD but
the beneficial or detrimental nature of their mediated effects remains elusive. Overall, a
better understanding of the factors and mechanisms which drive the emergence and
accumulation of IL-13-producing ILC3 would be required to elucidate how these cells are
or can be regulated in the human liver. To provide additional insights at this point, the final
part of this work examined the potential origin of IL-13+ ILC3.

4.3 Investigation of the emergence of IL-13+ ILC3 in the human liver
4.3.1 IL-13+ ILC3-like cells arise from KLRG1-expressing ILC precursors

Diversity and versatility of tissue-specific ILC pools are centrally facilitated by the plasticity
of mature ILC subsets as well as the multipotency of developing ILC precursors (Bal et
al., 2020; Lim and Di Santo, 2019). The generation of chimeric ILCs with ILC3- and ILC2-
like features has been previously described to occur under the influence of ILC3-priming
stimuli on cells developing along an ILC2-directed pathway (Bernink et al., 2019; Golebski
et al., 2019; Lim et al., 2017; Nagasawa et al., 2019).
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In line with these reports, the present study indicates that intrahepatic IL-13+ ILC3
predominantly emerge from KLRG1-expressing ILC precursors (ILCP). These have been
described as ILC2-skewed, but not fully committed progenitors, which can develop into
functionally different cells depending on the environmental cues they encounter
(Nagasawa et al., 2019). As demonstrated in this work, they primarily account for the
IL-13-producing cells arising from the heterogeneous pool of ILCP, and furthermore

acquire a transcriptional profile similar to that observed in IL-13-producing liver ILC3.

In line with this finding, increased frequencies of KLRG1+ ILCP can be found in the human
liver when compared to tonsils or colon, corresponding to the tissue-specific accumulation
of intrahepatic IL-13+ ILC3. While it remains unclear if KLRG1+ ILCP are recruited to the
liver or proliferate locally, the development of IL-13+ ILC3 appears to be specifically driven
by the liver microenvironment, given their absence in peripheral blood or other
physiologically connected compartments such as the gut.

In the liver, several factors centrally contribute to the development of IL-13+ ILC3. The
ILC3-priming effects of IL-13, IL-23 and TGFf have been well-described in the context of
ILC plasticity and development (Golebski et al., 2019; Lim et al., 2017) and also have been
shown to play a role in liver physiology and hepatic fibrogenesis (Barbier et al., 2019;
Fabregat et al., 2016; Zang et al., 2018). The increased expression of IL1R1, IL23R and
TGFBR2 on IL-13+ ILC3 additionally supports the relevance of this specific signaling in
shaping this subset.

Apart from these extensively characterized factors, the data obtained in this project also
indicates that the development of important ILC3-defining features in IL-13-producing
ILCs, such as NKp44 expression, requires the additional influence of AhR-mediated
signaling. The abundance of AhR ligands in the human liver, from tryptophan metabolites
and bilirubin to modified low-density lipoprotein (McMillan and Bradfield, 2007; Tian et al.,
2015), might contribute to make the liver a privileged site for the enrichment of IL-13+
ILC3. The same applies to Notch ligands, which are highly expressed by various cell types
in the liver, such as liver sinusoidal endothelial cells (LSECs) (Adams and Jafar-Nejad,
2019; Neumann et al., 2015).

Of note, the aforementioned factors have also been reported to influence the

microenvironment of other compartments, such as the intestinal tract (Pellegrinet et al.,
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2011; Seo et al., 2015; Stockinger et al., 2021). However, virtually no IL-13+ ILC3 could
be observed in colon tissue, raising the question if either the complex interplay of these
factors or additional mechanisms facilitate the liver-specific emergence of IL-13-producing
ILC3.

In this context, the opposing roles of Notch- and TGFB-mediated signaling might
contribute to the distinction of liver and colon microenvironment. While Notch ligands
promote the stabilization of NCR+ ILC3, TGFB has been shown to antagonize this
mechanism and instead contributes to the development of ILC2 (Viant et al., 2016; Wang
et al., 2020). Thus, their balanced engagement appears to be of vital importance in the
generation of ILCs with mixed ILC2- and ILC3-like features such as intrahepatic IL-13+
ILC3. In this context, it is worth noting that the ILC pool in the colon is characterized by an
absence of ILC2 and ILC2-skewed KLRG1-expressing progenitors, but in return
predominantly populated by NCR+ ILC3. These findings support the hypothesis that,
unlike in the human liver, the colon microenvironment does not promote a fine balance
between both cell types, which consequently might inhibit the developmental pathway of
IL-13-producing ILCS3.

Given the plethora of developmental and plastic trajectories of ILCs, further pathways and
stimuli might additionally contribute to the emergence of IL-13+ ILC3-like cells in the
human liver.

However, the emergence of intrahepatic IL-13+ ILC3 from a conversion of mature ILC2,
as it has been previously described in nasal or dermal tissue (Bernink et al., 2019;
Golebski et al., 2019), appears to be less likely, given their inconsistent reflection of an
ILC3-specific expression signature. Moreover, the minor expression of further ILC2-
related features by IL-13+ liver ILC3, as well as the expression of factors indicating an
early divergence from an ILC2-directed developmental trajectory argue against this
hypothesis.

The upregulation of some genes such as NCR2/NKp44 and IL22 in cultured ILC2 seem
to indicate a certain degree of ILC3-directed conversion, as it has been reported in the
aforementioned studies (Bernink et al., 2019; Golebski et al., 2019). However, with regard
to the comprehensive transcriptional profile of ILC3, the differences between mature ILC2
and KLRG1+ ILCP become apparent, outlining the differential transdifferentiation

capacities of both ILC subsets. In this context, the present study provides detailed insights,
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which might also be useful to further assess the stage-dependent limits of ILC plasticity in
future research.

Of note, cultured ex-ILC2 display many features that suggest a similarity to the
intrahepatic IL-13+ CRTH2-CD117+ liver ILCs observed in the flow cytometry data
presented. As these data are not directly matched to the more profound scRNA-seq data,
it cannot be fully excluded that the identified population might in fact encompass at least
some converted mature ILC2, which cluster among conventional ILC2 in the
transcriptional analysis. However, cultured ILC2 still preserve significantly higher levels of
GATAS than ILCP- or ILC3-derived ILC3-like cells, which should also manifest in the flow
cytometry data, if IL-13+ liver ILC3 were composed of two distinct cell types. Yet no such
pattern can be observed, instead the intrahepatic IL-13-producing ILC3-like cells display
a uniform GATA3"" expression profile, reflecting that of conventional ILC3. This finding
strongly argues against the possibility that cells of such differential developmental origins
are present within this observed population. To fully clarify this aspect, a renewed scRNA-
seq analysis could be performed, where purified IL-13+ ILC3 and IL-13+ ILC2 are

examined separately.

Whether mature ILC3 can acquire ILC2-like features remains unclear up to date (Bal et
al., 2020). The experimental data presented in this work however, do not support this
hypothesis, as virtually no IL-13-producing cells arise from NKp44+ ILC3 under the
described circumstances. The ILC3-directed development of ILC2-skewed cells, on the
other hand, has been observed in several compartments so far and may therefore

represent a more common and plausible mechanism.

To elucidate the disease-associated accumulation of IL-13+ ILC3, and ultimately allow for
a potential targeting of this subset in CLD, further research would be required to
investigate the factors which mediate this additional expansion in hepatic fibrogenesis.

On the one hand, changes in the pathological microenvironment might enhance the
development of KLRG1+ ILCP to IL-13+ ILC3 in human liver disease. In line with this,
most of the factors which have been identified in this study to mediate this process, have
also been described to be affected by hepatopathy-associated perturbations, such as
TGF, Notch ligands or IL-1p (Barbier et al., 2019; Fabregat et al., 2016; Nijjar et al.,
2002). The increased percentage of NKp44-expressing ILC3 in fibrotic or cirrhotic livers
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might further support this hypothesis, indicating that the overall composition of the liver
ILC pool is subject to plastic or developmental changes in CLD.

On the other hand, the enrichment of IL-13+ ILC3 in diseased livers might also be
facilitated by an enhanced recruitment of KLRG1-expressing progenitors to the hepatic
compartment. Further phenotypic data should be acquired in subsequent studies, in order
to assess the potential differences in the composition of the intrahepatic ILCP pool in
steady-state and disease. In this regard, analysing the expression of liver homing
receptors such as CXCR3 or CXCR6 on peripheral blood ILCP in patients with liver fibrosis
or cirrhosis might additionally contribute to a better understanding of these potential

processes.

4.4 Concluding remarks

Since their first discovery (Cella et al., 2009; Cupedo et al., 2009; Neill et al., 2010; Spits
and Di Santo, 2011), the investigation of ILCs has experienced increasing attention over
the past decade. Nevertheless, it remains a comparably young field of research and many

perceptions regarding ILCs are constantly adapted and revised (Vivier et al., 2018).

Up to date, several aspects remain a constant hindrance to a better understanding of ILC-
mediated immunity. As such, the transfer of knowledge from murine models to the human
system is often impaired due to substantial differences between both species.
Furthermore, the acknowledged variability of ILCs throughout the system emphasizes the
importance of investigating tissue-specific cells, however limited availability of specific
human tissue impedes the quantitatively demanding ILC research. In addition, despite the
proposal for a uniform nomenclature, discrepancies regarding the very definition of ILCs,
especially in humans, still exist, fuelling the inconsistency of findings.

The present study might make a small but significant contribution to a better
understanding of the human, intrahepatic ILCs pool and its role in CLD. The identification
of IL-13-producing ILC3 in the liver, their potential developmental origin as well as first
evidence for their involvement in hepatic fibrogenesis provide insights to an ILC subset
which has been rather neglected so far. While the presented findings specifically imply a

nuanced role of IL-13-producing ILCs and ILC3 in the human liver, further research is
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required to elucidate how the functional influence of the total intrahepatic ILC pool is
balanced and regulated in liver physiology and pathology. Whether IL-13 production by
liver ILC3 represents a mechanism of redundancy or whether it is associated with a unique
functional impact remains uncertain. Moreover, the role of intrahepatic ILCs in the onset
or the early stages of liver fibrosis still needs to be addressed by further research.
Characterizing the potentially different interactions of the intrahepatic ILC subsets with
critical players of immune-mediated signaling in the liver, such as HSCs, LSECs,
macrophages or T cells would be a compelling approach for future investigation. The
advances in spatial transcriptomics and multiplexed imaging technologies might prove to
be highly valuable for resolving the spatio-temporally confined effects of these rare

immune cells.
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5. Abstract

Innate lymphoid cells (ILCs) are a family of innate immune cells that mirror the functionality
of T lymphocytes but do not express rearranged antigen receptors. As tissue-resident
cells, ILCs primarily reside in peripheral organs and at mucosal surfaces where they
engage in local immune responses as well as in homeostatic or metabolic processes.
Accumulating evidence indicates that ILCs are critically involved in numerous
inflammatory diseases affecting various tissues of the body. However, data on the
composition and biological function of human liver-resident ILCs and their role in liver

fibrosis are scarce and published studies have reported conflicting results.

The work in this thesis aimed to significantly improve our current knowledge by providing
a detailed characterisation of the human intrahepatic ILC pool and by further assessing
its involvement in hepatic fibrogenesis. For this purpose, tissue-resident ILCs were
isolated from non-fibrotic and fibrotic or cirrhotic livers and analyzed using proteomic,
transcriptional as well as functional assays. For comparative analyses, ILCs isolated from
tonsillar and colon tissue, as well as from peripheral blood were additionally included in

this project.

Intrahepatic ILC3, which are currently considered to mainly comprise immature ILC
precursors, were found to display a liver-specific capacity to produce the ILC2-specific
cytokine IL-13. Given their considerably high proportion among intrahepatic ILCs, they in
fact constitute the major IL-13-producing ILC subset in the human liver. Fibrotic or cirrhotic
liver samples were characterized by an accumulation of this cell type which correlated
with disease severity. Mechanistically, both IL-13 and stimulated liver ILC3 induced a pro-
inflammatory profile in hepatic stellate cells, revealing a modulatory impact of tissue-
resident ILCs on one of the major profibrogenic cell types in liver fibrosis. Studies of ILC
plasticity identified liver-specifically enriched KLRG1-expressing ILC precursors to acquire
a similar molecular phenotype under ILC3-priming conditions, thereby constituting the

putative progenitor of IL-13-expressing liver ILC3.
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In summary, this study provides the first description of a so far unrecognized subset of
IL-13+ ILC3 in the human liver, indicating that the pool of intrahepatic IL-13-producing
ILCs is drastically underestimated up to date. The first evidence on their involvement in
hepatic fibrogenesis and on their developmental trajectory might make a small but

significant contribution to a better understanding of the biological role of human ILCs in

the liver.
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