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Abstract: Innate lymphoid cells (ILCs) represent a heterogeneous population of recently discovered
immune cells that mirror the functions of adaptive T lymphocytes. However, ILCs are devoid of
specific antigen receptors and cellular activation depends on environmental cytokines, rendering
them as early regulators of immune responses. Type 2 innate lymphoid cells (ILC2s) respond to
alarmins, such as interleukin-25 and -33 and shape Th2-associated immunity by expressing IL-5 and
IL-13 in a GATA3-dependent manner. In addition, ILC2s express the epidermal growth factor-like
molecule Amphiregulin thereby promoting regeneration of injured tissue during inflammation. The
gut and liver confer nutrient metabolism and bidirectional exchange of products, known as the
gut-liver axis. Accordingly, both organs are continuously exposed to a large variety of harmless
antigens. This requires avoidance of immunity, which is established by a tolerogenic environment in
the gut and liver. However, dysregulations within the one organ are assumed to influence vitality
of the other and frequently promote chronic inflammatory settings with poor prognosis. Intensive
research within the last years has revealed that ILC2s are involved in acute and chronic inflammatory
settings of gut and liver. Here, we highlight the roles of ILC2s in intestinal and hepatic inflammation
and discuss a regulatory potential.
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1. Introduction

Innate lymphoid cells (ILCs) comprise a heterogeneous population of innate immune cells that
reflect functional counterparts of adaptive T lymphocytes. ILCs are devoid of known lineage markers,
such as CD3, CD11b, B220, Ly6C, Ly6G, and Ly-76 in mice and CD3, CD11c, CD14, CD16, CD19, and
CD20 in human. Moreover, ILCs lack rearranged antigen-specific receptors that are required for T cell
activation. Depending on the expression of key transcription factors and specific effector molecules,
ILCs are categorized into five subsets [1-3]. First, natural killer (NK) cells reflect the function of
cytotoxic CD8" T lymphocytes and express the transcriptional regulators T-bet and Eomes. Second,
group 1 ILCs (ILC1) are T-bet* and mirror the function of CD4" T helper (Th) 1 cells by expressing not
only IFN-y, but also granzymes. Thus, NK cells and ILC1s represent important mediators of anti-viral
immune responses [4] and they also contribute to chronic intestinal inflammation [5]. Third, ILC2s
express the transcription factor GATA3 and are essential mediators of Th2-driven immune responses,
such as airway inflammation [6] and expulsion of large extracellular pathogens [7] by expressing
IL-5 and IL-13. Next, ILC3s are defined by expression of RORyt and based on the expression of
natural cytotoxicity receptor (NCR), are further subdivided into NCR™ and NCR* ILC3s that are linked
to Th17-associated immunity, such as anti-bacterial [8,9] or anti-fungal [10] defense mechanisms in
an IL-17- or IL-22-dependent manner. Finally, RORyt* lymphoid tissue inducer (LTi) cells express
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lymphotoxin and induce the generation of secondary lymphoid tissue during embryogenesis [11].
Compared to their adaptive counterparts that predominantly home secondary lymphoid tissues, ILCs
are clearly underrepresented in lymphoid organs, but reside in various peripheral tissues, such as skin,
lung, adipose tissue, intestine, and liver, all of which represent potential entry sides for pathogens.
After infection, ILCs are rapidly activated in response to cytokines that are released from the inflamed
or injured environment [1]. This in turn, allows to immediately mount effective immune responses
by expressing a multitude of pro-inflammatory and immunomodulatory cytokines within hours,
while T cell responses depend on clonal expansion and last for several days. Additionally, ILCs fulfill
an important role in tissue homeostasis [12], remodeling, and in the repair of injured tissue [13-16].
This is an important mechanism in response to acute and chronic inflammation. However, chronic
inflammation bears the risk of uncontrolled ILC activity thereby aggravating immunopathology [17-20].

Compared to other peripheral organs, the liver is a primary site of immune induction that
is mediated by unique populations of conventional and unconventional antigen-presenting cells
(APCs) [21]. The liver exerts nutrient metabolism and detoxification of gut-derived products that
are transported through the portal venous blood. The liver establishes a tolerogenic environment
to avoid immune responses towards harmless antigens that are metabolized [22]. However, these
features predispose the liver as a target for several pathogens, such as hepatitis B and C virus or the
malaria sporozoite, which most frequently causes chronic infections. Additionally, loss of tolerance to
hepatic autoantigens causes activation of self-reactive T cells that continuously migrate to the liver
and induce ongoing necroinflammation and destruction of hepatic parenchyma [23,24]. Consequently,
this causes a release of ILC-stimulating cytokines, which promotes the uncontrolled activity of ILCs
and aggravation of liver pathology. Indeed, all ILC subsets have been found to be involved in liver
diseases [25-28]. As these findings have already been summarized elsewhere [29], this review will
focus on the contribution of ILC2s to the progression of hepatic immune responses. According to
the unique immunological properties within the liver and its close connection to the gastrointestinal
system, this review will discuss the role of ILC2s during intestinal inflammation and during acute and
chronic liver diseases.

2. Development, Activation and Regulation of ILC2s

2.1. Development

It is widely accepted that all helper ILC subsets originate from an Id2* common helper innate
lymphoid precursor (CHILP), located in the fetal liver and adult bone marrow [30]. CHILP is
categorized into two subsets based on the expression of promyelocytic leukemia zinc finger (PLZF),
which is induced by Id2 [31], and drives the differentiation into ILC1s, ILC2s, and ILC3s, while LTi
cells derive from a PLZF~ CHILP [30,32]. ILC2 commitment from the PLZF" innate lymphoid cell
progenitor (ILCP) [32] requires Notch-dependent induction of the transcriptional regulator TCF-1,
which upregulates and stabilizes expression of GATA3 and expression of cytokine receptors, such
as interleukin- (IL-)7Re, IL-17Rb, and IL-2R«x [33-35]. As GATAS3 is also transiently expressed
during ILC1 and ILC3 development [36,37], ILC2 ontogeny from the ILCP requires the concerted
action of environmental cytokines, such as IL-7 and IL-33 [38], and the transcriptional regulator
ROR« [32,33,38,39] (Figure 1). ILC2s express the cytokine receptors IL-7Re, IL-17Rb, CD25, and the
IL-33R, ST2 [19,30,33,34,38,40]. Moreover, ILC2s were demonstrated to express the receptor tyrosine
kinase c-Kit, inducible costimulatory (ICOS), and killer cell lectin receptor 1 (KLRG1) [7,33]. All of
these regulate ILC2 effector function [41,42]. In addition to ST2" ILC2s, a recent report described
a KLRG1* ST2~ population of ILC2s, present in the lung, spleen, mesenteric lymph nodes (MLN),
and liver, which was dependent on IL-25 for activation. These cells were demonstrated to be early
mediators of inflammation during worm infection as they were detectable in the lung of infected mice
as early as day 5 post infection, whereas no expansion of ST2* ILC2s was observed at the same time.
Accordingly, KLRG1" ST2™ ILC2s were termed ‘inflammatory ILC2s’ (i[LC2s), while ST2* ILC2s were
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termed ‘natural ILC2s” (nILC2s) [43]. Additionally, iILC2s were demonstrated to exert anti-fungal
function by acquiring an ILC3-like phenotype [43], which will be discussed in more detail in the
following chapters.
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Figure 1. Schematic overview of helper innate lymphoid cell (ILC) development: All helper ILC subsets
originate from an IL-7-responsive, inhibitor of DNA binding 2 (Id2)* common lymphoid progenitor
(CLP) that further develops into a common innate lymphoid progenitor (CILP). CILP differentiates into
an NK cell precursor (NKP) or a common helper innate progenitor (CHILP) that transiently expresses
GATAS3. The subsequent transcriptional activity of promyelocytic zinc finger (PLZF) further promotes
the CHILP to develop into innate lymphoid cell progenitors (ILCP) that differentiate into ILC1-3, while
PLZF~ CHILP develops into a lymphoid tissue inducer progenitor (LTiP) that further matures into a
lymphoid tissue inducer cell (LTi). ILC2-development from the ILCP further requires the expression of
the transcription factors T cell factor 1 (TCF-1), RAR-related orphan receptor o (ROR«x), and GATA
binding protein 3 (GATA3). AHR: Aryl hydrocarbon receptor; Eomesodermin; RORyt: RAR-related
vt; RUNX3: runt-related transcription factor 3; Tbet: T box transcription factor; TOX: Thymocyte
selection-associated high mobility group box protein.

2.2. Activation

Activation of ILCs occurs in response to specific cytokines that are released from the environmental
tissue in any case of perturbation. ILC2s respond quickly to the cytokines IL-25 [43,44], IL-33 [7,40,45],
and thymic stromal lymphopoietin (TSLP) [20], but also depend on IL-2 [46]. IL-25 and IL-33 are
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cytokines with alarmin function that are expressed by barrier cells and released upon cellular necrosis
to activate the immune system. TSLP is a member of the IL-7 family that is constitutively expressed in
epithelial cells (EC) and keratinocytes [47] and therefore, may facilitate maintenance of ILC2s in the
respective tissue. Nevertheless, it appears that activation of ILC2s is individually regulated by the
environmental cues of the tissue they populate. For instance, activation of ILC2s that reside within
the small intestine seems to require IL-25 derived from intestinal tuft cells upon tissue damage by
helminths [48,49]. This assumption is also reflected by the high expression of IL-17Rb on ilLC2s and
their quick response to Nippostrongylus brasiliens compared to intestinal nILC2s [43]. Hepatic ILC2s
appear to be mainly dependent on IL-33 [50-52], although hepatic expression of IL-25, TSLP, and
IL-33 was demonstrated in various inflammatory settings [50,51,53-55]. However, it was recently
demonstrated that activity of hepatic ILC2s during chronic Schistosoma mansoni infection was only
ameliorated if IL-25, IL-33, and TSLP were ablated simultaneously, while single interruption had
no effect [55]. This suggests that activation of ILC2s underlies a multitude of mediators not only to
avoid unspecific activation, but also indicates a redundancy, which allows the establishment of ILC2
responses during inflammation. A similar dependency on multiple activating cytokines was also
described for human ILC2s [56], indicating a critical regulatory step in activation of ILC2s across species.
Following activation, ILC2s are potent sources of Th2-associated cytokines, such as IL-4, IL-5, IL-9,
and IL-13 [35,39,40,56,57]. In addition, ILC2s express the epidermal-like growth factor Amphiregulin
(AREG) [14,58] that was initially found to mediate proliferation and survival of non-malignant cells, but
to limit the growth of tumor cells [59]. Meanwhile an increasing body of evidence indicates that AREG
also favors tumorigenesis [60]. As a growth factor, AREG is crucial for tissue regeneration in lung and
liver [14,61]. This licenses ILC2s to regulate tissue homeostasis and maintenance. Moreover, AREG
enhances the suppressive function of regulatory T cells (Tregs) [62] and thus, might reflect an immune
modulatory role for ILC2s to limit inflammation. However, immune dysregulation and ongoing
activation of ILC2s may trigger detrimental changes in tissue architecture and promote organ failure.

2.3. Regulation of ILC2s

Apart from the activating cytokines, the activity of ILC2s was demonstrated to be shaped by
various surface molecules, neuropeptides, nutrients, and hormones that influence the effector function
of ILC2s in a positive or negative manner, respectively (Table 1).

Table 1. Overview of positive and negative regulators for ILC2 activity. Even though the regulators
listed here were well described for lung, skin and intestinal ILC2s, the regulatory pathways for hepatic
ILC2s remain elusive. Thus, this table summarizes known regulatory mechanisms that might also
modulate the function of hepatic ILC2s.

Molecule Function Expressed on Demonstrated on References
1ICOSs Maturation and maintenance ILC2s murmellejg;ishuman [63,64]
Negative regulator of ILC2
ICOS-L activity by ligation of ICOS™* ILC2s murine ILC2s [65]
iTregs
Regulates phosphorylation
of STAT5 to enhance murine and human
KLRG1 proliferation and effector ILC2s ILC2s [41,42]
cytokine production
. Impairs ILC2 function by 1
E-cadherin ligation of KLRG1 Epithelial cells human ILC2s [42]
Negative regulator of .
Programmed death KLRGI signaling, impairs ILC2s murine and human [41]

(PD)-1 ILC2s

phosphorylation of STAT5
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Table 1. Cont.

Molecule Function Expressed on Demonstrated on References
Neuropeptides
Calcitonin gene-related Amplifies effector of lung ILC2s murine ILC2s [66]
peptide (CGRP) P &
Neuromedin U (NMU) Induces ILC2 effector function murine ILC2s [67-69]
Vasoactive intestinal regulates IL-5 production in ILC2s, confers tissue murine ILC2s [70]
peptide (VIP) homeostasis by eosinophil-recruitment
Nutrients
Downregulates expression of IL-7Ra and thus, .
limits cellular maintenance of murine ILC2s. murine ILC2s [71]
Retinoic acid (RA) Enhances expression of ILC2-derived effector human ILC2s [72]
cytokines on human ILC2s.
converts ILC2s into a regulatory phenotype human ILC2s (73]
(ILC2reg)
Hormones
Androgens Negative regulator of ILC2 effector function murine ILC2s [74]

3. Immune Regulation in Gut and Liver

According to their anatomical location and function, the gut and the liver are closely connected to
each other by both the portal blood and the biliary ducts. This represents a bidirectional interaction
between both organs, known as the gut-liver axis. The circulation of blood and bile acids within this
axis allows an ongoing exchange of metabolites and it also favors organ vitality.

The gastro-intestinal system is continuously exposed to a large supply of heterogenous antigens
that derive from either ingested food or the intestinal microbiota, i.e., the microbiome. The microbiome
is segregated from the epithelial cell layer by two intestinal mucus layers that contain mucin Muc2 [75].
The outer layer was demonstrated to contain the intestinal bacteria, while the inner layer forms a
physical barrier that impairs direct contact between the bacteria and the endothelium. The microbiome
has a crucial part in host physiology, not only as it exerts digestion and metabolism, but also enhances
the intestinal barrier. For instance, bacterial production of short chain fatty acids, such as butyrate,
was found to be an important regulator to maintain the integrity of the intestinal epithelium [76,77].
The continuous exposure to microbial components requires a delicate balance between immune
tolerance and the onset of immunological responses to pathogens to maintain homeostasis. Thus,
under homeostatic conditions, the intestinal epithelium establishes a tolerogenic environment, which
is mainly attributed to a specialized subset of CD103" intestinal dendritic cells (DCs) [78]. These cells
induce production of the anti-inflammatory cytokine IL-10 by Tregs [79] and thereby prevent immune
responses to commensal and food-derived antigens [78].

The liver exerts a metabolism of nutrients, carbohydrates, and proteins. It also detoxifies and
clears pathogens that derive from the gut and reach the liver by the portal blood [22]. Reciprocally, the
vitality of the liver impacts the intestinal function by producing and transporting immunoglobulins,
bile acids, and bile salts to maintain the intestinal barrier [80]. Accordingly, the gut-liver axis fulfills
a crucial immunological role, as the onset of immune responses to harmless antigens needs to be
suppressed in both functionally associated organs. Thus, inflammatory immune responses within the
liver are tightly regulated by a unique tolerogenic environment, which is established and maintained
by non-parenchymal cells (NPCs) and hepatocytes that constitute the hepatic parenchyma. The major
task of hepatocytes is to metabolize nutrients. Even though they present antigens in MHC-I and
MHC-II molecules, MHC-I-restricted T cells fail to survive upon hepatocyte-dependent activation,
thereby providing functional tolerance [81,82]. In addition, IFN-y expressed during inflammation,
upregulates MHC-II expression on hepatocytes and thereby induces IL-10-producing CD4" T cells in a
Notch-dependent manner [83]. The non-parenchymal cells (NPCs) inside the liver are sub-divided
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into liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), Kupffer cells (KCs), and
intrahepatic DCs. These cells are equipped with MHC-I and MHC-II molecules, but they were shown
to be less efficient in T cell priming compared to extrahepatic APCs [84]. This phenomenon is mediated
by constitutive expression of immunosuppressive cytokines, such as IL-10, prostaglandin E2 and
TGFp by liver APCs [85], and high expression of the co-inhibitory molecule programmed death
ligand (PD-L)1 [86]. Accordingly, the tolerogenic milieu of the liver resembles a suitable niche for
various pathogens to establish infections. As outlined above, the liver is closely connected to the
gut and disorders within the one environment were shown to also influence the other compartment.
Indeed, several chronic inflammatory settings of the liver were recently described to correlate with the
breakdown of the intestinal barrier [87]. Reciprocally, the breakdown of the intestinal barrier, due to
chronic inflammation might lead to subsequent liver inflammation. For instance, inflammatory bowel
disease, is frequently associated with primary sclerosing cholangitis that reflects chronic inflammation
of the biliary epithelium within the liver [88]. Thus, it is of tremendous importance for the host to
maintain the integrity of the gut-liver axis. On the one hand, this avoids the onset of immune responses.
On the other hand, it also overcomes the tolerogenic milieu within the particular organ to ensure that
pathogens are eradicated. In contrast to T cells, which become activated by specific antigens and need
to undergo clonal expansion, ILC2s are activated by stimulating cytokines. Collectively, these findings
indicate that ILCs may react very early and thus shape immune responses in case of perturbation. All
ILC subsets are present in the intestine and in the liver and are involved in immune regulation towards
viral infection [4,25] and tissue protection [26]. As this review focuses on the role of ILC2s, we will
further highlight the function of ILC2s particularly during intestinal and hepatic inflammation.

4. ILC2s in Intestinal Inflammation

4.1. Intestinal ILC2s Regulate Colitis

Recent studies on murine and human intestinal ILC subsets demonstrated that ILC2s have the
lowest abundance compared to ILC1s and ILC3s [54,71,89], but appear to have a significant function
during intestinal inflammation. Intestinal ILC2s are mainly described as important mediators to clear
helminth infection from the intestine. After activation, intestinal ILC2s express IL-5 to recruit other
immune effector cells, such as eosinophils. They also express IL-13, which stimulates mucus production
by goblet cells [7,40,45] thereby preventing the breakdown of the intestinal barrier and development of
colitis [90,91]. This suggests that intestinal ILC2s do not only contribute to anti-helminth immunity,
but also to the maintenance of the intestinal barrier (Figure 2). However, the exact role of ILC2s in
the maintenance of the intestine remains controversial. A study using oxazolone to induce colitis
in mice recently demonstrated that expression of IL-13 was enhanced in ILC2s in response to IL-25.
Colonic inflammation was associated with a significantly reduced colon length. In contrast, ablation of
IL-25 in an antibody-dependent manner demonstrated reduced expression of ILC2-derived IL-13 and
limited infiltration of Grl* macrophages. As this in turn correlated with limited disease pathology, it
was suggested that IL-25 promotes colitis by subsequent activation of ILC2s [92]. On the other hand,
intestinal inflammation in response to dextran sodium sulfate (DSS) revealed an IL-33-dependent
expansion of intestinal ILC2s upon tissue damage. Expanded ILC2s expressed AREG and limited
intestinal insult as demonstrated by more pronounced disease pathology in AREG-deficient mice [15].
Exogenous application of IL-33 to induce AREG expression in ILC2s, or treatment with AREG itself,
caused significant reduction of the disease score, suggesting a tissue-protective role for intestinal ILC2s
during colitis [15].
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Figure 2. Suggested model of anti-helminth immunity by intestinal inflammatory ILC2s (iILC2s).
KLRG1M i[LC2s express IL-5 in response to IL-25-dependent activation to recruit eosinophils that
amplify worm expulsion. In parallel, i[LC2s convert into natural ILC2s (nILC2s) (indicated by dashed
arrow) that downregulate KLRG1 and express IL-13 thereby promoting goblet cell hyperplasia and
increased mucus production to restore the function of the intestinal epithelium. Solid arrows indicate
the release and effect of the respective stimulus.

4.2. A Potential Role of ILC2-Derived AREG for Intestinal Maintenance

The expression of AREG was recently demonstrated to be an important mediator of ILC2s during
wound healing of the injured lung [14] and skin [42] by inducing proliferation of epithelial cells.
According to the production of AREG by intestinal ILC2s [15], the capability to express AREG seems
to be a general feature of ILC2s to maintain the integrity of the respective tissue. Moreover, as
AREG not only induces cellular proliferation, but also enhances the anti-inflammatory potential of
Tregs [62], one might speculate that the tissue protective role of ILC2s not only includes regeneration of
damaged tissue, but also suppresses the onset of immune responses. This is of particular importance
in tolerogenic organs, such as the intestine or the liver, to maintain organ function. However, the
exact mechanism explaining how the expression of AREG in ILC2s is regulated remains ill-defined.
The regulation of AREG expression within ILC2s was recently demonstrated to be dependent on
KLRG1-ligation by E-cadherin on skin-derived ILC2s [42]. Because binding of KLRG1 to E-cadherin
reduced the expression of AREG in ILC2s, one might assume a similar regulatory mechanism within
the intestine. For instance, E-cadherin itself mediates the assembly and stability of tight junctions
within the intestinal epithelium. Loss of these junctions is supposed to affect the epithelial integrity [93].
Thus, one might speculate that during intestinal homeostasis, E-cadherin impairs effector function of
intestinal ILC2s, which might be rapidly induced upon loss of E-cadherin to promote effector function
of ILC2s and tissue regeneration during intestinal inflammation.
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4.3. Intestinal ILC2s Are Heterogeneous

In addition to worm expulsion and their somewhat unclear role during colitis, intestinal ILC2s
appear to represent a cellular pool of ILC2s that may be distributed systemically in response to infection.
This assumption originates from a recent study in parabiotic mice, sharing the blood circulation, due
to surgical connection [94]. After helminth infection or intraperitoneal (i.p.) application of IL-25, an
enhanced exchange of iILC2s was demonstrated in lungs, MLNSs, spleens, and livers of the parabiotic
partner, while nILC2s were mainly found to be host specific. Since iILC2s only accumulated in the
lungs if IL-25 was applied on the i.p. route, but not intranasally, it was suggested that this was
due to cellular migration. Furthermore, adoptive transfers of KLRG1* ILC2s derived from the lung,
bone marrow or the small intestine of CD45.1" donors into CD45.2* recipients revealed that only
the latter population developed into iILC2s, which was driven in an IL-25-dependent manner [94].
Moreover, IL-25 mediated accumulation of these cells in the lungs of recipient mice, highlighting
the high migratory potential of this subset [94]. Additionally, iILC2s were demonstrated to express
high levels of a437 integrin and the gut-homing receptor CCR9 [94], which was demonstrated to be
necessary for ILC2Ps to undergo complete maturation [33]. It might also enable ilLC2s to home back
to the intestine when infection is cured within the respective organ. However, ilLC2s were initially
described to constitute an unstable population, as it was found that they developed in ST2* nILC2s,
but were also able to acquire an ILC3-like phenotype that was sufficient to confer anti-fungal immunity
by expressing IL-17A [43]. All this suggests that ilLC2s constitute a premature progenitor population
of ILC2s, which has the capability to circulate and to support ILC2- and ILC3-associated immune
responses while undergoing complete maturation into the respective subset.

5. The Role of ILC2s in Liver Inflammation
5.1. Hepatic ILC2s during Acute Liver Inflammation

5.1.1. Role of ILC2s during Immune-Mediated Hepatitis

Autoimmune hepatitis (AIH) describes a chronic stage of liver inflammation that is a consequence
of loss of tolerance against hepatic auto-antigens. As a result, autoreactive T cells mediate the ongoing
destruction of hepatocytes, resulting in severe necroinflammation [24]. The Concanavalin A (Con A)
model is a well described murine model to study acute immune-mediated hepatitis in mice [95], and
has recently given evidence for a significant contribution of hepatic ILC2s in disease progression [51].
Following CD4* T cell-mediated tissue injury induced by injection of Con A, we showed a rapid release
of IL-33 from liver tissue that in turn led to the expansion of hepatic ILC2s that expressed IL-5 and IL-13.
As we found amplification, but not induction of immune-mediated hepatitis by ILC2s in response
to Con A, the immunogenic role of ILC2s was further investigated by either depletion or adoptive
transfer of ILC2s. Accordingly, ILC2 depletion ameliorated liver inflammation, while adoptive transfer
of IL-33-elicited hepatic ILC2s exacerbated immune-mediated hepatitis [51]. Additionally, we observed
an increased hepatic influx of eosinophils in response to Con A, which was reduced upon depletion of
ILC2s, suggesting that ILC2s induce recruitment of eosinophils during immune-mediated hepatitis by
expression of IL-5. Indeed, eosinophils were previously demonstrated to amplify disease pathology of
immune-mediated hepatitis in an IL-5-dependent manner as a liver injury was reduced upon depletion
of either IL-5 or eosinophils [96]. Taken together, our results demonstrate an inflammatory role for
ILC2s, which amplify immune-mediated hepatitis by recruitment of eosinophils. This underscores the
requirement of innate immune effector cells at early stages of hepatic inflammation to successfully
overcome the tolerogenic environment of the liver and thereby contribute to the establishment of potent
immune responses (Figure 3a). Of note, exacerbation of immune-mediated hepatitis by IL-33-elicited
ILC2s was only seen upon adoptive transfer, whereas mice that were treated with IL-33 prior to Con A
challenge were protected from liver inflammation. This was correlated with increased numbers of
IL-33-responsive Tregs [51], suggesting a Treg-dependent regulation of ILC2 activity (Figure 3a).
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Figure 3. ILC2s have a paradoxical role during acute liver inflammation and promote hepatic
fibrogenesis in response to chronic liver injury. (a) hepatic ILC2s expand in response to
hepatocyte-derived IL-33 during acute immune-mediated hepatitis and amplify inflammation by
IL-5-dependent recruitment of eosinophils. Exacerbated necrosis of hepatocytes and ongoing
IL-33-release during acute inflammation induces IL-33-responsive Tregs that might limit the activity of
ILC2s. (b) Adenoviral infection induces TNF« in anti-viral macrophages (M®), CD4* Th1 cells, and
CD8* cytotoxic T lymphocytes (CTL), thereby promoting the release of IL-33 from dying hepatocytes
and activation of ILC2s. Expanded ILC2s limit function of anti-viral immune cells to prevent enhanced
loss of hepatic tissue. (¢) Ongoing necrosis in response to chronic liver injury renders constitutive
activation of hepatic ILC2s to release IL-13 and AREG, which activate hepatic stellate cells (HSCs).
Following activation, HSCs transform into myofibroblasts that promote liver fibrosis by depositing
extra-cellular matrix (ECM) components.

5.1.2. ILC2s Promote Hepatic Protection during Viral Hepatitis

Similar findings of IL-33-mediated protection from liver inflammation were also shown in a
model of acute viral hepatitis by adeno-(Ad) infection [27]. Treatment with IL-33 upon Ad-infection
resulted in increased expression of Th2-associated cytokines that were correlated with the expansion
of hepatic ILC2s and Tregs. Albeit it is well documented that IL-33-elicited Tregs play a critical role
in the regulation of liver inflammation [51,97], their contribution in viral hepatitis was not further
investigated [27]. Furthermore, it was found that IL-33 treatment abrogated TNFo production in
CD4"* and CD8* T lymphocytes, as well as in CD11b* cells, which reflects a critical feature of Tregs.
However, co-cultivation of freshly isolated lineage™ cells with CD4*, CD8" or CD11b* cells derived
from Ad-infected mice in presence of ILC2-activating cytokines (IL-2, IL-7, and IL-33) demonstrated
reduced TNF« production in the respective population of immune effector cells. Thus, it was suggested
that ILC2s limit liver pathology during viral infection by suppressing Th1-associated immune responses
(Figure 3b). However, adoptive transfer of activated ILC2s to Ad-infected mice resulted only in the
mild improvement of liver pathology. Hence, it was concluded that the IL-33-mediated protection
from liver inflammation was due to a complex network of IL-33-responsive cells that cooperate during
tissue protection [27]. Indeed, it was recently demonstrated that activated ILC2s contribute to tissue
protection in an indirect fashion by the polarization of alternatively activated macrophages (AAMs).
In a model of cerebral malaria, it was recently shown that ILC2-primed AAMs were required to induce
Tregs in an unknown mechanism, which were found to limit disease pathology in response to IL-33 [98].
Thus, one might speculate that the results obtained from Liang et al., are due to initial activation of
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ILC2s, which subsequently induce other immune regulatory cells that mediate protection from liver
injury during viral hepatitis.

Taken together, ILC2s appear to be involved in the regulation of different types of acute hepatic
inflammation. Even though both experimental settings described depend on T cell-mediated liver
injury, due to the expression of TNF« it must be noted that both models underlie different kinetics. The
Con A-induced hepatitis model is a very acute model that depends on pan-T cell activation and results
in immune-mediated hepatitis within a few hours, whereas anti-viral responses require the classical
course of immunity, namely antigen presentation, T cell activation and clonal expansion. As transfers
of IL-33-elicited ILC2s in the latter study were performed on days +1, +3, and +5 post infection, i.e.,
time points when the viral infection is already established, the particular role of ILC2s at the time point,
when the virus targets the liver remains elusive. In addition, despite the reduction of TNFx observed
in the immune-effector cells during co-cultures, it is worth noting that the ILC2s in this experimental
setting derived from uninfected donors that were treated with IL-33.

5.1.3. Plasticity of ILC2s

A recent study on human airway ILC2s demonstrated a retinoic acid (RA)-dependent conversion
of ILC2s into a regulatory phenotype (ILCregs) [73]. ILCregs were devoid of CRTH-2 and ST2
and they downregulated ILC2 signature cytokine expression. Instead, they were found to express
Treg-associated surface molecules, such as cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and
CD25. Furthermore, ILCregs expressed the anti-inflammatory cytokine IL-10, and suppressed CD4* T
cells and ILC2s. If comparing the abundance of ILCregs between healthy controls and patients with
chronic rhinosinusitis, they were found to be low in the former group, but increased in nasal tissues in
the latter. With regard to the plastic potential of ilLC2s, discussed in chapter 4.3, these data suggest
that ILC2s represent a heterogenous sub-population that is capable to adjust to the inflammatory
environment and thereby represents biological significance in immune-induction, but also -regulation.

A recent study on the function and phenotype of murine airway ILC2s described their capability to
acquire a memory-like phenotype, that allows a rapid reactivation of ILC2s in response to reoccurring
stimuli [99]. Following pre-activation of airway ILC2s by either IL-33 or the allergen-protease papain
(PAP) on three consecutive days, numbers of ILC2s remained high in either condition for more than
four weeks and showed low levels of proliferation, as evidenced by BrdU-incorporation. Interestingly,
the persisting cells not only responded to their initial stimulus, but also to an unrelated antigen as
shown by pre-activation with the fungal allergen Aspergillus oryzae serine protease and reactivation
with PAP [99]. Finally, comparative gene expression profiling of naive and IL-33-elicited ILC2s on
day 4, week 2, or four months upon initial IL-33-application revealed that the expressed genes were
comparable to that of naive and memory T cells. This suggests that even though ILC2s are members of
the innate immune system, they are able to constitute a memory population that might contribute to
ongoing disease pathology. Compared to effector ILC2s, it was found that memory ILC2s upregulated
the IL-25R, and indeed responded to IL-25, unlike naive ILC2s [99]. Thus, memory ILC2s can not only
react to the same reoccurring stimulus, according to the common dogma regarding adaptive memory
cells, but also to other stimuli. However, as also true for memory cells of the adaptive immune system,
the activation threshold of memory ILC2s was found to be lower, as these cells also reacted to single
injections of stimuli [99].

5.2. Hepatic ILC2s in Chronic Liver Inflammation

Chronic inflammation is a consequence of continuous tissue destruction in response to the failure of
efficient pathogen elimination, autoimmune disorders or cellular stress. It is therefore characterized by
an ongoing turnover of cellular death and regeneration of injured tissue. Hence, chronic inflammation
is a pre-requisite of liver fibrosis that progresses towards liver cirrhosis and hepatocellular carcinoma
(HCC) [100]. IL-33 was recently found to be a prognostic marker of liver inflammation, as the serum
levels were elevated in patients with acute and chronic hepatitis B virus infection and in patients with
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liver cirrhosis, but they were low in healthy controls [50,51]. The IL-33-dependent progression of
liver fibrosis was recently demonstrated during chronic liver inflammation in mice [50]. Repeated
application of carbon-tetrachloride (CCly) is a suitable tool to induce chronic liver inflammation
and showed the elevated release of IL-33 that correlated with expansion and activation of hepatic
ILC2s. Activated ILC2s expressed IL-13 that subsequently triggered trans-differentiation of HSCs
into myofibroblasts that produced extra-cellular matrix (ECM)-components thereby promoting liver
fibrosis. Since it was observed that ECM deposition and thereby fibrogenesis were reduced in mice
devoid of either IL-33- or IL-13-signalling, it was concluded that liver fibrosis was solely dependent on
activated ILC2s [50]. These data reveal a profibrotic function of hepatic ILC2s in chronically inflamed
liver tissue. A similar role for ILC2s was seen in studies on human liver explants that were taken
at an end-stage of severe liver disease [53,54]. While both studies confirmed the expression of IL-13
by ILC2s, the former also showed a high frequency of AREG expressing ILC2s in both non-inflamed
and diseased hepatic tissue derived from patients with end-stage liver disease [53]. This suggests
that ILC2-derived AREG is also involved in liver fibrosis and cirrhosis. Indeed, AREG was found
to be a crucial regulator of hepatic regeneration in response to acute liver injury [61]. Moreover,
AREG was found to induce a-smooth muscle actin and collagen in murine livers following chronic
inflammation by CCly [101], and to drive hepatic fibrogenesis by activating hepatic stellate cells (HSCs)
during non-alcoholic steatohepatitis [102] (Figure 3c). In conclusion, in mice and humans hepatic
ILC2s are essentially involved in the pathogenesis of hepatic fibrosis by expressing IL-13. However, it
remains elusive whether liver fibrosis is also dependent on other ILC2-derived factors, such as AREG.
As discussed in the previous chapter, it appears that hepatic ILC2s have a bivalent role in hepatic
inflammation. Liver fibrosis is a consequence of chronic inflammation, in which cellular necrosis
and subsequent regeneration is an ongoing process. Compared to acute inflammation, the cellular
necrosis and thus, the release of IL-33 is lower in chronic inflammation. Therefore, the function of
ILC2s might be shaped by the particular inflammatory condition. On the one hand, strong cellular
necrosis and, thus, a strong release of IL-33 might induce a pro-inflammatory function in ILC2s that
cooperate with eosinophils to enhance acute liver inflammation. On the other hand, ongoing levels of
cell death during chronic inflammation might shape a repair phenotype that activates HSCs and thus,
promotes fibrogenesis.

5.3. Liver Cancer

Disturbance in the biliary epithelium lining the hepatic bile ducts (also known as cholangiocytes)
is frequently observed in response to chronic liver inflammation, and progress towards hepatic
fibrosis and cholangiocyte carcinoma (CC). Hyperplasia of cholangiocytes is a critical step in CC
formation and it was recently found that IL-33 drives cholangiocyte proliferation as confirmed by
enhanced incorporation of BrdU [13]. Further analysis revealed that this enhanced proliferation was
in fact triggered by ILC2-derived IL-13, which was required to promote cholangiocyte repair and
cholangiocyte hyperplasia in response to IL-33. This indicates a carcinogenic role for IL-33-dependent
ILC2s in the chronic setting of liver inflammation. Carcinogenesis is a multi-facetted process established
by malignant cells that lost control of the cell cycle and underwent neoplastic transformation [103].
CC is frequently associated with the cellular transformation of cholangiocytes, which downregulate
cellular adhesion molecules and disseminate from the epithelial cell layer. Using a model of CC
formation and progression [52,104], it was recently shown that additional loss of E-cadherin favors
CC development in an IL-33-dependent fashion [52]. Disruption of the E-cadherin encoding gene
enhanced expression of IL-33 in biliary epithelial cells, which was excessively released during cellular
necrosis and also upon successful establishment of CC. Accordingly, the authors observed elevated
amounts of activated ILC2s in the bile ducts, which expressed IL-5, IL-13, and AREG. As AREG
induced not only proliferation of biliary epithelial cells in this mouse model, but also of cells derived
from human CC, it was concluded that constitutive activation of ILC2s and release of IL-13, but mainly
AREG, promotes biliary tumors [52] (Figure 4). In line with this, elevated expression of AREG was
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found in a variety of tumors [60,105,106] and according to its involvement in liver regeneration during
acute and chronic liver inflammation, one might speculate that AREG plays an essential role in the
development of HCC. Moreover, beyond its regenerative potential, AREG was also demonstrated
as an anti-inflammatory molecule that limits pathology in various inflammatory conditions [16] and
also enhances the suppressive function of Tregs [62,107]. The sum of these features suggest AREG
as an important pro-tumorigenic molecule during unresolved chronic inflammation as it might: (1)
Promote continuous regeneration of wounded tissue thereby promoting fibrosis and cirrhosis; and
(2) suppress immune responses to malignant cells by enhancing suppressive function of Tregs, as
recently demonstrated in a B16-F10 tumor model [62]. With regard to hepatic ILC2s, dysregulated
activation in response to ongoing tissue injury and IL-33 release indicates a carcinogenic role for ILC2s
by continuous AREG expression that in turn favors neoplastic transformation of the epithelium and
establishes immunosuppressive conditions by promoting Tregs. Thus, understanding the pathways,
which regulate ILC2s and also the interaction of ILC2s and Tregs are of utmost importance.

Homeostasis Necrosis & Hyperproliferation Cholangiocarcinoma progression
Loss of E i

® L33

O 113

> AREG

== E-cadherin
Figure 4. Hepatic ILC2s contribute to the progression of cholangiocarcinoma in extra hepatic bile ducts.
Loss of E-cadherin on cholangiocytes and enhanced cellular necrosis favor activation of hepatic ILC2s
in an IL-33-dependent manner, thereby promoting expression of IL-13 and AREG. IL-13 and AREG
induce hyperproliferation in cholangiocytes and enhanced expression of IL-33, inducing the ongoing
activity of ILC2s that favor malignant transformation and progression of cholangiocarcinoma.

In summary, ILC2s are essential immunogenic mediators during acute liver inflammation and
infection. Furthermore, ILC2s also have a significant role during chronic liver disease as they are linked
to the progression of liver fibrosis and therefore might also promote the development of liver cancer
in response to liver fibrosis. As these effects of ILC2s are mediated by IL-13 and AREG expression,
induced in response to IL-33, these molecules represent potential targets to treat fibrotic patients and to
prevent cancer progression.

However, the role of ILC2-derived AREG during acute and chronic stages of hepatic inflammation
remains to be defined sufficiently. Even though hepatic ILC2s were demonstrated to express AREG [53],
there is not yet any current evidence that ILC2s contribute to immune regulation or tissue regeneration
by releasing AREG. Additionally, the pathways that modulate the activity of hepatic ILC2s remain
elusive. Thus, a deeper understanding of hepatic ILC2s function during acute and chronic liver
inflammation is required.
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6. Potential Migration of ILC2s

With the exception of iILC2s, ILCs in general are regarded as tissue-resident cells. This assumption
comes from the finding that ILCs were equally distributed in various tissues during homeostasis.
However, as their frequencies were found to increase rapidly upon infection, it was suggested that ILCs
might either have a rapid transition from the blood into the tissue or undergo local expansion during
infection [45]. Similar results were obtained by initial studies in parabiotic mice because only little to
no exchange of ILCs was found to take place during homeostasis or acute inflammation. In contrast,
NK cells and T lymphocytes were equally distributed between surgically connected partners [108,109].
Although low migration of ILC2s occurred during chronic stages of N. brasiliensis infection, the majority
of ILCs were derived from the respective host [108]. Thus, it was suggested that migration of ILCs is
only valid if prolonged inflammatory conditions require additional effector cells. However, based on
the migratory potential of intestinal ilLC2s as discussed above and on the continuous exchange via the
gut-liver-axis, one might speculate that there is also a continuous exchange of ilLC2s. Reciprocally,
such an exchange might explain the close correlation between intestinal and liver inflammation. Since
iILC2s were demonstrated to develop into nILC2s [43], i[LC2s might become activated during intestinal
inflammation and subsequently migrate to the liver. Once they reach the liver, ilLC2s develop into
nlILC2s, but continue to express IL-5 and IL-13, thereby recruiting eosinophils and triggering liver
pathology. As this in turn, favors release of IL-33, there might be an ongoing activation of ILC2s, which
consequently promotes liver fibrosis and cirrhosis and thereby reciprocally impacts the vitality of the
gut. Additionally, with regard to the conversion of ILC2s into ILCregs mediated by RA, ILC2s might
also be involved in maintaining the tolerogenic environment of the gut. This assumption is supported
by a recent report on nutrient-dependency for ILCs [71]. It was observed that intestinal ILC2s expanded
during vitamin A deficiency (which is the non-metabolized form of RA) and expressed IL-13, but
were reduced in the presence of vitamin A. Simultaneously, intestinal ILC3s were found to be highly
abundant when vitamin A was present. As vitamin A deficiency is prone to enhance susceptibility for
bacterial infection, it was proposed that this balance of ILC2s vs. ILC3s is a regulative mechanism to
maintain intestinal barrier function in a vitamin A-dependent manner [71]. Mechanistically, it was
found that ILC2s downregulate the expression of IL-7Ra in the presence of vitamin A thereby providing
a benefit for ILC3s in the competition of growth factors. However, this study does not include the
possibility that ILC2s were converted into ILCregs in the presence of vitamin A and as such decreased
frequencies of intestinal ILC2s might be due to a completely converted phenotype. Furthermore, it
might represent a potential regulatory mechanism for ILC2s to maintain the tolerogenic environment of
the intestine. In this suggested scenario, vitamin A might promote conversion of intestinal ILC2s into
IL-10-producing ILCreg, which contribute towards establishing intestinal tolerance. However, since
ILCregs are the most recently identified subset of ILCs (and they, as of yet, have only been described in
the airways), understanding these cells will require a deeper characterization in various tissues, and
investigation that might help to understand whether these cells could also convert back into ILC2s.

7. Summary

Even though ILCs constitute the most recently identified population of immune effector cells,
the intensive research on these immune cells has uncovered tremendous information within the last
decade allowing us to understand the biology and function of ILCs. Based on their location on barrier
sites and their capability to quickly respond to any given disturbance within the respective tissue,
ILCs appear to represent essential mediators of organ integrity. While all ILC subsets are important
to confer defense against pathogens, ILC2s seem to be the most important for tissue repair. ILCls
and ILC3s support the killing of infected cells or protection of intact tissue. We have summarized the
contribution of hepatic and intestinal ILC2s during acute and chronic inflammation and highlighted
their potential to be quick responders during acute inflammation. Yet, as with virtually every immune
cell, uncontrolled activity of ILC2s during chronic inflammation contributes to changes within the
environment, and has tremendous effects on liver architecture and function. In turn, this might also
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impact the vitality of the intestine. Thus, it is important to further dissect the mechanisms, which
might be responsible for limiting the uncontrolled activity of ILC2s and also restoring organ function.
In addition, the role of human ILC2s in inflammatory settings remains to be understood in more
detail. The research conducted in mice significantly contributed to the principle understanding of
hepatic and intestinal ILC2s during inflammation and maintenance of tissue function. However, the
findings regarding the role of hepatic and intestinal ILC2s in humans are as of yet very limited and
there is thus a tremendous need to further characterize these cells in the diseased human setting.

8. Perspectives

Liver inflammation is frequently diagnosed at late stages, after chronic liver injury has already
been established. IL-33 appears to represent a valuable biomarker of tissue injury and the ongoing
activity of ILC2s is triggered by IL-33, targeting either IL-33 or ILC2-released cytokines may provide
new therapeutic approaches to limit fibrosis and cirrhosis. As IL-13 has already been identified as
a driver of liver fibrosis, it remains unclear whether ILC2-derived AREG also influences disease
progression. Although the fibrotic potential of AREG has already been demonstrated, its cellular
sources remain elusive. However, as hepatic ILC2s from end-stage livers were demonstrated to express
AREG, the contribution of this molecule should be further investigated. Moreover, the exact mechanism
that promotes an ongoing activity of ILC2s in response to continuous IL-33 exposure remains elusive.
Since repeated application of IL-33 enhances regulatory Tregs that are known regulators of liver
inflammation [110], these cells are suggested to confer IL-33-mediated protection against acute hepatitis
by limiting the function of pro-inflammatory cells, including ILC2s. Tregs were recently demonstrated
to directly regulate the function of ILC2s in an ICOS-ICOSL-dependent manner, resulting in limited
ILC2-driven asthma [65]. Moreover, ICOS signaling was already demonstrated to be involved in the
progression of immune-mediated hepatitis, as liver inflammation was dampened in ICOS-deficient
mice following Con A treatment [111]. Even though hepatic ILC2s were not investigated in this report,
it still highlights the significance of ICOS signaling in general. This might bear a potential target to
limit the activity of ILC2s, as their maintenance was shown to be dependent on ICOS [63,64]. However,
with regard to the finding that Tregs limited activity of ILC2s, blocking of ICOS might bear the risk also
to lower the activity of Tregs and other effector cells. Additionally, ILC2s are regulated by integrated
signals that derive from the positive regulator KLRG1 or the negative regulator PD-1. The ligand
of PD-1, PD-L1, is highly expressed within the homeostatic liver. Moreover, E-cadherin that limits
KLRGI signaling was shown to be involved in maintaining the hepatic parenchyma. This indicates
that the activity of hepatic ILC2s might be impaired by multiple signaling pathways in the healthy
liver, which are dysregulated during inflammation. In conclusion, while there is an increasing body
of evidence indicating the contribution of ILC2s in acute and chronic liver inflammation, finding
possible interventions that specifically impair the ongoing activity of ILC2s will require further
functional studies.
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