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Abstract: Interleukins represent a class of immunomodulatory cytokines, small intercellular
signaling proteins, that are critically involved in the regulation of immune responses. They are
produced in large amounts by various cell types during inflammatory reactions, and the balance
of cytokines determines the outcome of an immune response. Therefore, cytokines are regarded
as interesting therapeutic targets for the treatment of patients with liver diseases. Mouse models
provide a good tool for in vivo studies on cytokine function, as human and mouse cytokines
share many homologies. Sophisticated mouse models either mimicking distinct pathological
conditions or targeting cytokines and cytokine-signaling pathways in the liver or even in distinct
cellular compartments have provided enormous insight into the different functions of interleukins
during hepatic inflammation. Interleukins may have pro- as well as anti-inflammatory functions
in chronic liver diseases, some interleukins even both, dependent on the inflammatory stimulus,
the producing and the responding cell type. IL-17, for example, promotes hepatic fibrogenesis
through activation of hepatic stellate cells and facilitates development of liver cancer through
recruitment of myeloid-derived suppressor cells. IL-22, on the other hand, protects from devel-
opment of fibrosis or steatohepatitis. IL-12 balances T-helper (Th)-1 and Th2 cell responses
in infectious disease models. IL-13 and IL-33, two cytokines related to Th2 cells and innate
lymphoid cells, promote fibrotic responses in the liver. IL-10 is the prototypic anti-inflammatory
interleukin with tissue-protective functions during chronic liver injury and fibrogenesis. Despite
its critical role for inducing the acute-phase response in the liver, IL-6 signaling is protective
during fibrosis progression, but promotes hepatocellular carcinoma. Experimental studies in
mice help to define the exact influence of a specific cytokine on the outcome of chronic liver
diseases and to identify useful therapeutic targets.
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Introduction

Cytokines are small signaling proteins that facilitate intercellular communication
between various cells. They function through cell-surface receptors, and downstream
signaling induces an alteration of cell function and phenotype. Interleukins are
immunomodulatory cytokines that mediate the communication between leukocytes
or leukocytes and their target cells.! The term “interleukin” is used rather indepen-
dently of the cytokine function for molecules that either act on leukocytes or are
produced by leukocytes, mainly lymphocytes. How a specific interleukin acts on its
target cells depends on the interleukin, producing and responding cell type, type of
immune response, and abundance of the interleukin itself.? Dependent on the context,
interleukins can have pro- and anti-inflammatory functions.
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Interleukins are produced in large amounts during
all kinds of immune responses, and the outcome of an
inflammatory reaction is determined by the balance of
cytokines produced.'? Proinflammatory interleukins are
induced by a variety of stimuli, including infections with
pathogens, but also sterile organ damage. Their main
function is to stimulate immune responses that result
in the elimination of invading pathogens or damaged
and dying cells. At the same time, anti-inflammatory
mediators are produced to protect the host’s body from
exaggerated immune responses and to limit organ
damage. As soon as the pathogenic stimuli are removed,
production of interleukins is no longer needed, and
inflammation subsides. However, if the stimulus persists,
inflammation can become chronic and induce a variety

of inflammatory diseases, which often have fatal conse-
quences for the host organism.> Moreover, excess produc-
tion of anti-inflammatory cytokines can suppress effective
immune responses against malignant cells, thus promoting
tumor growth.*

The role of interleukins in chronic liver diseases has
been intensively investigated in the past few decades.
Animal models provide a good tool for in vivo studies,
due to the existence of mouse orthologues to most of the
human cytokines and the availability of experimental
models of human liver diseases. In this article, we focus on
the major findings (summarized in Table 1) derived from
experimental mouse models defining possible functional
roles for interleukins in the progression of chronic liver
diseases.

Table | Role of interleukins in experimental mouse models of chronic liver diseases (selection)

Interleukin Experimental mouse Producing cell Responding Effector function Reference(s)
model type cell type
Pathogenic functions of interleukins
IL-6 HCC KCs Hepatocytes Increased IL-6 production in males leads 14,15
to increased HCC development
Obesity-induced upregulation of IL-6 16
promotes HCC
IL-12 Schistosoma mansonil IL-12 downregulates anti-Schistosoma 36
Toxoplasma gondii double Th2 response, leading to earlier death
infection due to S. mansoni infection
Malaria CTLs IL-12 activates CTLs that kill infected 34
hepatocytes
IL-13 S. mansoni infection Th2 IL-13 induces production of collagen, 3941
o-SMA
IL-17 PBC Thi7 High levels of IL-17 and Th17 cells 44
increase liver inflammation
NAFLD Thi7 Hepatocytes IL-17 increases steatosis in hepatocytes 48
Fibrosis Thi7 KCs, HSCs IL-17 activates HSCs and induces 46
collagen production
HCC YO T cells MDSCs IL-17 induces recruitment of MDSCs, 49
which inhibit CTL responses
IL-22 HCC Infiltrating cells IL-22-deficiency reduces HCC 58
development
IL-33 CCl,-induced fibrosis LSECs, HSCs Th2, ILCs IL-33 induces IL-13 production in Th2 62,63
and ILCs
Protective functions of interleukins
IL-6 CCl -induced fibrosis NPCs Abrogation of IL-6 signaling in NPCs 6
enhances fibrosis
Deletion of IL-6 increases hepatocyte 18
injury and apoptosis
IL-10 Fibrosis HSCs, LSECs, KCs, HSCs IL-10 inhibits HSC activation 26,27
lymphocytes
Trichinella spiralis Th cells IL-10 dampens the cytokine response 32
infection to T. spiralis
IL-12 S. mansoni infection Thli IL- 12 shifts the immune response towards 35
Thl (reduced granuloma formation)
IL-22 ASH, NASH IL-22 reduces fat accumulation and 54,55
steatosis
Fibrosis HSCs IL-22 induces senescence in HSCs 56

Abbreviations: SMA, smooth-muscle actin; ASH, alcohol-induced steatohepatitis; CCI4, carbon tetrachloride; CTLs, cytotoxic T lymphocytes; HCC, hepatocellular
carcinoma; HSCs, hepatic stellate cells; ILCs, innate lymphoid cells; KCs, Kupffer cells; LSECs, liver sinusoidal endothelial cells; MDSCs, myeloid-derived suppressor cells;
NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NPCs, nonparenchymal cells; PBC, primary biliary cirrhosis; Th, T helper.
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Interleukin 6

IL-6 has long been recognized as an important proinflam-
matory cytokine whose expression is associated with many
inflammatory disorders. Serum levels of IL-6 increase rapidly
after infection or organ inflammation, and are therefore used
in clinical practice as a diagnostic marker to detect inflam-
matory conditions, especially sepsis.’ Serum and intrahepatic
levels of IL-6 are also strongly elevated in patients with
acute and chronic liver diseases.® IL-6 belongs to a family
of cytokines comprising IL-6, IL-11, LIF, OSM, CNTE,
NNT-1/BAFF-3, and CT-1 (Figure 1A).” IL-6 binds directly
to hepatocytes by interacting with an 80 kD membrane gly-
coprotein (gp80) that complexes with a signal-transducing
transmembrane molecule named gp130 (Figure 1B).* Binding
of gp130 leads to dimerization of the intracellular domains
of two gp130 molecules, which promotes association with

A IL6 family members
IL-6 IL-11  LIF CT-1 CNTF NP OsSM IL-27
gp80 IL-11R  CT-1R CNTFR CNTFR
p28__EBI3
gp130/ gp130/LIFR gp130/
gp130 OSMR
B IL-6
‘ dimerization
gp130/gp130
IL-6R/
gp80
gp130
gp130

C|y1] 42

Y2| 118

Y3| 126

Y4| 173

Y5| 262

Y6) 274
STAT3 STAT1 Ras/MAPK
activation activation pathway

Figure | The IL-6 cytokine family and IL6 signaling in the liver.

Notes: (A) Selected members of the IL-6 cytokine family and their receptors
(schematic). (B) IL-6 binds to IL-6R/gp80, eg, on hepatocytes. IL-6-gp80 then
complexes with the signal-transducing molecule gp130. The complex of IL-6, gp80
(IL-6R), and two gpl30 molecules mediates IL-6 signaling via phosphorylation of
tyrosine (Y) residues of the intracellular gp130 molecule. Depending on the location
of the phosphorylated tyrosines, STAT proteins (mainly STAT3), and also the Ras/
MAPK pathway become activated and trigger the downstream effects.
Abbreviation: R, receptor.

receptor associated Janus kinases (JAKs) JAK1 and JAK2
and tyrosine kinase, and phosphorylation of different tyrosine
residues on the gp130 molecule. Depending on the location
of the phosphorylated tyrosines, STAT proteins (mainly
STAT3) and also the Ras/MAPK become activated and trig-
ger numerous downstream effects mediated by the signaling
of IL-6 and related cytokines (Figure 1B).” An important
negative regulator of IL-6 signaling is SOCS3.°

IL-6-dependent signaling in the liver is critical for the
induction of the acute-phase response.!® In experimental
models of liver injury, mice deficient for the gp130 receptor
in hepatocytes showed an abolished acute-phase response
and an increased susceptibility to lipopolysaccharide-induced
liver failure or to bacterial infections.!"!? In a model of ConA-
induced hepatitis, pretreatment with IL-6 can protect mice
from liver injury. This protection from ConA-induced liver
damage requires gp130 signaling in hepatocytes and is medi-
ated via the gp130/STAT3 signaling cascade, resulting in the
upregulation of other cytokines, such as the IL-8 orthologue
KC (CXCL1) and SAA2."?

In the context of chronic liver diseases, IL-6 has been
identified as a major factor associated with the sex dispar-
ity observed in liver cancer. Men are much more prone to
develop hepatocellular carcinoma (HCC) than women, and
the same is true for male and female mice.'*'> Experimental
studies on chemically induced HCC in mice have shown a
correlation between IL-6 levels and hepatocarcinogenesis.
Naugler et al observed that treatment with diethylnitrosamine
(DEN) or carbon tetrachloride (CCl,) induced higher 1L-6
levels in male than in female mice and that administration of
estradiol reduced IL-6 levels." Accordingly, administration of
estradiol before HCC induction reduced HCC development
in male mice, and treatment with exogenous IL-6 enhanced
HCC development in female mice. These results were further
supported by a study by Yeh et al showing that DEN treat-
ment induced the release of IL-1a from hepatocytes, which
in turn activated Kupffer cells to produce IL-6."* IL-6 then
regulated NF-xB expression in hepatocytes, which led to
HCC development. Again, IL-6 production was downregu-
lated by estrogens.

IL-6 was also found to account for increased HCC
development in obese mice. Mice fed a high-fat diet (HFD)
expressed higher levels of IL-6 as well as TNFo., and devel-
oped more HCC after DEN treatment than mice fed a normal
diet.'® Consistently, IL-6-deficient or TNF receptor-deficient
mice displayed reduced hepatocarcinogenesis after DEN
treatment and an HFD, which was also accompanied by
reduced expression of STAT3. Furthermore, disruption of
IL-6 signaling reduced the obesity-induced levels of TNFa
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and vice versa, confirming the important role of IL-6 and
TNFo for promoting fat-induced liver inflammation and
carcinogenesis. Additionally, deletion of SOCS3 has been
shown to promote HCC development. Due to the loss of
negative regulation, SOCS3~~ mice display increased STAT3
activation in the liver, which is associated with reduced apop-
tosis and accelerated proliferation of hepatocytes, leading to
enhanced HCC development.!’

In patients with fulminant hepatic failure or chronic liver
diseases, IL-6 expression in serum and liver tissue correlates
with disease progression.®!! In contrast to its pathogenic role
in liver cancer, IL-6 has been associated with protective func-
tions during hepatic fibrogenesis (Figure 2). Kovalovich et al
showed that IL-6-deficient mice display increased hepatocyte
injury and apoptosis after just a single CCl, injection, which
resulted in higher liver fibrosis upon chronic treatment.'®
Similar results were obtained in a different study, where dele-
tion of gp130 in nonparenchymal liver cells also resulted in
increased hepatic fibrogenesis.® In contrast, gp130 deletion
in hepatocytes did not influence fibrosis development. These
results suggest a protective function for IL-6/gp130 signaling
in nonparenchymal cells, possibly through downregulation of

hepatic stellate cells (HSCs), the major extracellular matrix-
producing cell type in liver fibrosis. Furthermore, a more
recent study by Nasir et al showed that systemic injection of
IL-6 followed by intrahepatic transplantation of mesenchy-
mal stem cells was also able to reduce hepatocyte apoptosis
and liver fibrogenesis after CCl, treatment."” The authors
concluded that mesenchymal stem cell transplantation might
be considered as a therapeutic option for patients with liver
fibrosis. Other possible therapeutic approaches interfering
with IL-6 and its signaling include the humanized anti-IL-6
receptor (IL-6R) antibody tocilizumab, soluble IL-6Rs,
inhibitors of SOCS3 or signaling molecules, IL-6R-binding
aptamers, or an agonistic designer cytokine called “hyper-
IL-6”, which is a fusion protein of IL-6 and the soluble IL-6R,
with considerably higher efficacy than the combination of
the natural proteins.? %

Interleukin 10

IL-10 is one of the major anti-inflammatory cytokines, with
important roles in counterbalancing hyperactive immune
responses to protect the body from excessive cell and organ
damage. Moreover, IL-10 is critically involved in tolerance
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Figure 2 Role of interleukins in development of liver fibrosis.

Notes: Interleukins are important immunologic mediators that critically regulate immune responses. During liver fibrogenesis, these cytokines can have profibrotic as well
as antifibrotic functions. Typical profibrotic cytokines include IL-13 and IL-17, which directly mediate activation of hepatic stellate cells (HSCs), but also IL-33 and IL-5, which
induce IL-13 production in lymphocytes and eosinophilic granulocytes, respectively. IL-10 and IL-22 have been associated with protection from hepatofibrogenesis, as they
can prevent activation of HSCs and production of collagen. Furthermore, IL-12 also reduces fibrogenesis through downregulation of profibrotic Th-2 responses.

Abbreviations: Eo, eosinophilic granulocyte; hepa, hepatocyte; ILC, innate lymphoid cell; KC, Kupffer cell; LSEC, liver sinusoidal endothelial cell; MFB, myofibroblast; TC,T cell;

Th,T helper.
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against potential allergens, and impairment in IL-10 signaling
may result in autoimmune reactions like asthma.? IL-10 can
be produced by regulatory T cells but also monocytes and
B cells.* In the liver, IL-10 can be produced by a variety of
cell types, including hepatocytes, Kupffer cells, sinusoidal
endothelial cells, HSCs, and lymphocytes.? It is upregulated
upon liver inflammation under various conditions, and is
clearly associated with protective functions during chronic
liver disease (Figure 2). Upon fibrosis induction through
CCl, treatment, IL-10-deficient mice show higher liver
fibrosis with larger inflammatory infiltrates compared to
wild-type (WT) mice.?*?” Independent studies demonstrated
that HSCs express the IL-10R and also produce IL-10 when
in a quiescent stage.?®? It seems likely that this pathway
suppresses HSCs’ profibrogenic function and keeps them
in the quiescent status. Furthermore, IL-10 has been shown
to directly affect collagen production and TGF[} secretion,
thereby further limiting experimental fibrosis in mice.*
Additionally, in thioacetamide-induced liver fibrosis, IL-10
gene therapy reverts hepatic fibrosis and prevents cell apop-
tosis after fibrosis has already been established, suggesting a
therapeutic potential for treatment with IL-10.%!

In parasitic infection of the liver, IL-10 controls the host’s
immune response to the parasite and therefore prevents exag-
gerated necrotic liver damage. IL-10-deficient mice infected
with Trichinella spiralis show increased necrotic lesions
along with eosinophilic infiltrates and higher production of
proinflammatory cytokines.** Bliss et al showed that IL-10
had no influence on the establishment or survival of the para-
site but T cell-derived IL-10 was able to reduce the cytokine
response induced by 7. spiralis. Thereby, IL-10 dampens the
inflammatory response and limits organ damage.*?

Interleukin 12

IL-12 is a proinflammatory cytokine that plays an important
role in the stimulation of T cells and other lymphocytes. Its
major function is the induction of a T-helper (Th)-1 phenotype
in Th cells and inhibition of the Th2 phenotype.* Th1 immune
responses are crucial for protective immunity against infec-
tions with (mainly intracellular) bacteria and fungi, and
thus defective IL-12 expression or signaling may result in
uncontrolled infections. On the other hand, overproduction
of IL-12 can lead to severe autoimmune disorders due to the
constant activation of Thl cells.

Consistently, current knowledge about the role of IL-12
in chronic liver diseases has been mainly derived from ani-
mal models of bacterial or parasitic infection. Depending on
the kind of pathogen, IL-12 can have protective as well as

pathogenic functions. In malaria infection, a classic intracel-
lular pathogen inducing Th1 responses, IL-12 expression is
associated with increased liver injury.* IL-12 levels increase
during malaria infection, and IL-12-deficient mice show less
liver injury compared to WT mice. However, inflammatory
infiltrates in the liver did not differ between the strains. Adachi
et al were able to show that the induction of IL-12 occurred via
Toll-like receptor-mediated pathways, as liver injury and IL-12
expression were dependent on the signaling adaptor MyD88 .3
IL-12 production then led to activation of cytotoxic lympho-
cytes that were able to kill infected hepatocytes. Therefore,
liver pathogenesis was mediated by IL-12 production.

In contrast, during infection with Schistosoma mansoni,
IL-12 was able to reduce liver pathology. S. mansoni usually
induces a Th2-type immune response, which leads to the
formation of large granulomas around parasite eggs in the
liver. Sensitization of mice with S. mansoni eggs together
with IL-12 before establishment of the parasite shifted the
immune reaction toward a Th1 response with high expression
of IL-12, IFNYy, and TNFo..** Granuloma formation was also
reduced in these mice. Neutralization of these Th1-associated
cytokines with specific antibodies restored the Th2-type
response and increased granuloma formation. The authors
concluded that the conversion of the immune response from
Th2 to Th1 phenotype by IL-12 is protective in this setting
(Figure 2).

A more complex study using mice double-infected
with S. mansoni, a Th2-inducing extracellular parasite, and
Toxoplasma gondii, a Thl-inducing intracellular protozoan,
further underlines the importance of IL-12 for the balance
between Thl and Th2 responses.*® Double-infected WT
mice show increased liver damage and mortality compared to
monoinfected ones, whereas double-infected IL-12-deficient
mice display reduced liver damage and longer survival. This is
associated with a reduction in Th1-associated cytokines (IFNy,
TNFo) and elevation of Th2-associated cytokines (IL-5).
Accordingly, due to the loss of IL-12 and Th1 responses, these
mice show uncontrolled replication of 7. gondii. The authors
concluded that IL-12 induced by 7. gondii suppresses the Th2
response needed for protection against S. mansoni, leading to
increased liver pathology and mortality in double-infected WT
mice.’® At the same time, S. mansoni infection also renders
mice more susceptible to 7 gondii infection, because Th2
responses also downregulate IL-12 expression.

Interleukin 13 and interleukin 5
IL-13 is a Th2 effector cytokine that is produced mainly by
activated Th2 cells, and is therefore involved in protective
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immunity against extracellular parasites like helminths but
also allergic disorders.* In the liver, IL-13 is associated
with progression of fibrosis, as it can induce the production
of collagen, TGFP, and other fibrosis-associated genes in
HSCs.?"38 Tts role in chronic liver diseases has been most
extensively studied in mice with S. mansoni infection leading
to granuloma formation and subsequent fibrosis development
in the liver. Several studies showed that IL-13 is the pre-
dominant profibrotic Th2 cytokine in S. mansoni infection,
and that blockade of IL-13 prevents liver fibrogenesis.***!
IL-13-deficient mice or mice treated with an IL-13 inhibitor
developed significantly less liver fibrosis than mice with
intact IL-13 signaling. By using different WT strains with dif-
ferential susceptibility to fibrosis development, Chiaramonte
et al showed that IL-13 levels were similar in all strains, and
that the ratio of IL-13 to Th1 cytokines correlated with the
degree of fibrosis.* Furthermore, blockade of IL-13 was also
helpful after liver fibrosis was already established, suggesting
a therapeutic potential of IL-13 neutralization for patients
with liver fibrosis. Interestingly, IL-13 played no role in the
establishment of the parasite, nor did IL-13 blockade change
the expression of other cytokines. The predominance of IL-13
over other Th2 cytokines was demonstrated by the fact that
IL-4-deficient mice did not show such a profound reduction
in collagen deposition and fibrosis development compared
to IL-13-deficient mice. !

Reiman et al showed that IL-13 production during
S. mansoni production is also regulated by IL-5, another
Th2-associated cytokine.*> IL-5-deficient mice display
formation of fewer and smaller granulomas in the liver,
accompanied by reduced fibrosis and lower numbers of
infiltrating eosinophilic granulocytes. Establishment or
morbidity of the infection was not influenced by IL-5
deletion. The authors concluded that IL-5 mediates the
recruitment of eosinophils to the liver, which are a source
of IL-13 during S. mansoni infection (Figure 2). Therefore,
IL-5 blockade might also be helpful for the treatment of
fibrosis.

Interleukin 17

IL-17 is the prototypic and most widely studied member
of the IL-17 family of cytokines. IL-17 is mainly produced
by Th17 cells, but also other lymphocytes and neutrophils.
Th17 cells, the third major proinflammatory subset of Th
cells, are involved in host defense against extracellular
pathogens, but also in a variety of autoimmune disorders,
including asthma, multiple sclerosis, inflammatory bowel
disease, and others.®

Evidence exists that Th17 cells are preferentially induced
in the liver, and they have been associated with pathogenic
functions in chronic liver inflammation. IL-2Ro;”~ mice that
spontaneously develop liver pathology resembling human
primary biliary cirrhosis show elevated serum levels of IL-17
and IL-17-positive infiltrates in the liver.* This is consistent
with the observation that expression of IL-2 usually nega-
tively regulates Th17 cell differentiation.* Lan et al showed
that the number of Th17 cells in the liver is higher than that
observed in the spleen in both WT and IL-2Ro™"~ mice, and
that hepatic Th17 cells produce higher levels of IL-17 than
splenic Th17 cells.* Furthermore, coculture of CD4* T cells
with nonparenchymal liver cells induced IL-17 production
in the T cells, suggesting that the intrahepatic milieu prefer-
entially induces differentiation of Th17 cells.

During liver fibrogenesis induced by CClI, treatment or
bile-duct ligation, IL-17 is strongly upregulated in the liver,
as well as in the circulation. In the liver, it is mainly produced
by T cells, but also Kupffer cells.*® Meng et al demonstrated
that abrogation of IL-17 signaling by deletion of IL-17RA
protected mice from hepatofibrogenesis. Furthermore, the
authors showed that the major IL-17-responsive cell types
in the liver are Kupffer cells and HSCs, which contribute
to fibrosis development upon activation (Figure 2).% IL-17
directly induced production of collagen and o-smooth-
muscle actin in HSCs through activation of STAT3, as
STAT3~~ HSCs failed to produce collagen upon IL-17 treat-
ment and STAT3-deficient mice displayed less fibrosis devel-
opment compared to WT mice. A different study by Zheng
et al showed also that blockade of IL-17 itself reduced liver
fibrosis, whereas treatment with recombinant IL-17 resulted
in increased fibrosis development.*’ Furthermore, the transfer
of bone marrow-derived stem cells decreased IL-17 levels in
recipient mice and thus ameliorated hepatic fibrosis.

Induction of Th17 cells has also been associated with
nonalcoholic fatty liver disease. Mice fed an HFD display
higher levels of IL-17 and greater numbers of Th17 cells in the
liver than mice fed normal chow.* The liver damage observed
after lipopolysaccharide injection into HFD-fed mice was
ameliorated through treatment with an IL-17-blocking anti-
body, which resulted in reduced serum transaminase levels
and fewer infiltrates in the liver. Furthermore, Tang et al
showed that addition of IL-17 increased hepatocyte steatosis
in an in vitro culture system. This suggests a proinflammatory
role for Th17 cells also in nonalcoholic fatty liver disease.*

A very recent study on hepatocarcinogenesis in mice
induced by DEN or transplantation of Hepal—6 cells
identified a pathogenic role for IL-17 in this setting
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as well. Ma et al demonstrated that IL-17-deficient mice
display reduced tumor growth with increased numbers of
cytotoxic T lymphocytes (CTLs) and decreased numbers
of myeloid derived suppressor cells (MDSCs) in the liver.*
Administration of recombinant IL-17 enhanced tumor
growth, increased MDSC numbers, and decreased CTL
numbers in these mice. In contrast to the previously described
studies on chronic liver disease models where IL-17 was pre-
dominantly produced by Th17 cells, Y3 T cells were the major
IL-17 producers in this tumor model. Consistently, depletion
of ¥ T cells reduced tumor growth in WT mice. Furthermore,
the authors showed that IL-17 induced MDSC recruitment to
the liver and that MDSCs in turn promoted IL-17 production
by YO T cells, thus acting as a positive feedback loop on each
other.* MDSCs then suppress antitumor CTL responses and
thus promote tumor growth. Interestingly, ¥ T cells are also
a major source of IL-17 during experimental fibrosis induc-
tion in mice, but the antifibrogenic functions exerted by Yo
T cells in hepatofibrogenesis are independent from their
IL-17 synthesis.>*!

Interleukin 22
IL-22 belongs to the IL-10 family of cytokines, and plays
important roles in the modulation of tissue immune responses
to inflammation. IL-22 can be produced by adaptive CD4* Th
cells, including Th17 cells, but also lymphocytes of the innate
immune system, like natural killer cells or Y T cells.*? IL-22
is expressed in various chronic inflammatory conditions,
and may fulfill pro- as well as anti-inflammatory functions.
IL-22R is mainly expressed by epithelial cells, including
hepatocytes, and I1L-22 has therefore been described to exert
tissue-protective functions at epithelial surfaces.” Several
studies have shown that IL-22 can reduce inflammation-
induced damage of hepatocytes in vitro and in vivo by pro-
moting their survival and inhibiting apoptosis.>

In alcoholic as well as nonalcoholic steatohepatitis, IL-22
reduced liver-fat content and subsequent liver injury.’*5
In mice fed with ethanol or an HFD, IL-22 was strongly
upregulated in the liver, and treatment with exogenous
IL-22 reduced liver injury and lipogenesis in both models.
Moreover, Ki et al showed that this protective function is
dependent on STAT3 signaling, as STAT3-deficient mice
were not protected when treated with IL-22.>* In CCl -induced
liver fibrogenesis, IL-22 is protective through induction of
senescence in HSCs, the major fibrogenic cell type in the liver
(Figure 2). A study by Kong et al showed that HSCs express
IL-22R and that IL-22 prevents HSC apoptosis in vitro and
in vivo without affecting their proliferation.*® Interestingly,

overexpression of IL-22 or treatment with recombinant IL-22
also reduced fibrosis in vivo, although HSC survival was
increased. The authors showed that this was the result of
HSC senescence induced by IL-22. Induction of senescence
was dependent on STAT3 signaling and further promoted
by activation of SOCS3.5¢

Furthermore, 1L-22 is also involved in the restoration
of liver mass after organ damage. Liver progenitor cells
have been shown to express IL-22R, and IL-22 derived
from inflammatory cells induces liver progenitor cell
proliferation. Concordantly, mice treated with IL-22 show
increased ductular reactions after a 3,5-diethoxycarbonyl-1,4-
dihydrocollidine diet, suggesting that IL-22 helps in restoring
functional liver mass after hepatocyte loss.”’

However, IL-22 can also have pathogenic functions in
chronic liver disease, as demonstrated by a study on DEN-
induced carcinogenesis in mice. IL-22 is upregulated in the
liver upon DEN treatment, and liver tumors express even
higher levels of IL-22 than normal liver parenchyma.’®
Furthermore, IL-22* cells accumulate around hepatic
tumor nodules and IL-22-deficient mice develop less HCC.
This suggests a tumor-promoting role for IL-22 in HCC
development.

Interleukin 33

IL-33 is a quite recently identified cytokine of the IL-1
family, and is mainly expressed by stromal cells.® It has
been shown to strongly induce the Th2 phenotype in Th
cells, and therefore promotes progression of Th2-related
diseases like asthma. However, IL-33 also exerts protective
functions in cardiovascular diseases, including obesity and
atherosclerosis.®%¢!

IL-33 has recently gained attention in the context of
liver fibrogenesis, as Th2 cells are strongly associated with
fibrosis progression. Consistently, IL-33 has been shown to
promote hepatic fibrosis through the induction of Th2 cells.
Marvie et al showed that IL-33 is upregulated in human
and murine fibrosis, and is mainly produced by sinusoidal
endothelial cells and activated HSCs.®? Further studies in
mice demonstrated that the IL-33 receptor is expressed on
intrahepatic T cells and that IL-33 induces expression of the
Th2-related cytokines IL-4, IL-5, and IL-13 in these cells
(Figure 2). Accordingly, IL-33 levels also correlated with
collagen levels in fibrotic livers.

A recent study by McHedlidze et al identified a second
mechanism of IL-33-mediated fibrogenesis. IL-33 was
upregulated in CCl- or thioacetamide-treated mice and
facilitated the accumulation of innate lymphoid cells in
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fibrotic livers.*® Innate lymphoid cells are potent producers
of IL-13 and promote activation of HSCs and therefore fibro-
sis (Figure 2). Interestingly, vector-encoded overexpression
of IL-33 specifically in the liver was sufficient to induce
fibrosis without administration of chemicals, demonstrat-
ing the powerful profibrotic role of IL-33-mediated IL-13
induction.

Conclusion and outlook

Taken together, sophisticated mouse models either mim-
icking distinct pathological conditions by induction of
liver injury or targeting cytokines and cytokine-signaling
pathways in the liver or even in distinct cellular compart-
ments have provided enormous insight into the different
functions of interleukins during chronic liver diseases.
Interleukins critically regulate the immune responses,
leading to the development of chronic diseases. The exact
effect of a cytokine depends on different factors, including
the producing cell type, the responding cell type, and the
disease entity. These effects can be protective, pathogenic,
or both, depending on the disease model studied (summa-
rized in Table 1). This makes blockade of proinflammatory
or induction of anti-inflammatory interleukins attractive
strategies for the treatment of liver diseases. For example,
inhibition of IL-17 or IL-33 might prevent the development
of fibrosis, and blockade of IL-13 might even revert liver
pathology when fibrosis is already established. Likewise,
IL-10 gene therapy has been proven to induce resolution
of fibrosis in a mouse model and might also be considered
for patients with liver fibrosis. However, some cytokines
can have opposing functions, depending on the liver disease
studied, and might thus not be optimal therapeutic targets.
IL-6 or IL-22, for example, prevent fibrogenesis, but pro-
mote hepatocellular carcinoma. Therefore, induction of
IL-6 or IL-22 could be helpful for the treatment of patients
with liver fibrosis, but would also potentially increase the
risk of tumor development in the liver. Mouse models
provide a unique opportunity to clarify the contribution
of a specific cytokine to liver pathology, and to optimize
treatment strategies with respect to interleukin targeting or
cell-specific delivery.
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