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Abstract
Interleukin-22 (IL-22) plays a key role in promoting antimicrobial immunity and tissue repair at
barrier surfaces by binding to the receptors IL-22R1, which is generally thought to be expressed
exclusively in epithelial cells, and IL-10R2. Our laboratory previously demonstrated that IL-22
plays an important role in ameliorating liver injury in many rodent models by targeting
hepatocytes that express high levels of IL-22R1 and IL-10R2. Recently, we have identified high
expression levels of IL-22R1 and IL-10R2 in liver progenitor cells and hepatic stellate cells
(HSCs). Overexpression of IL-22 in vivo or treatment with IL-22 in vitro promotes proliferation of
liver progenitor cells via a signal transducer and activator of transcription 3 (STAT3)-dependent
mechanism. IL-22 treatment also prevents HSC apoptosis in vitro and in vivo. Surprisingly,
overexpression of IL-22, via either gene targeting or exogenous administration of adenovirus
expressing IL-22, reduces liver fibrosis and accelerates the resolution of liver fibrosis during
recovery. The anti-fibrotic effects of IL-22 are mediated via the activation of STAT3 in HSCs and
subsequent induction of suppressor of cytokine signaling 3, which induces HSC senescence.
Taken together, the hepatoprotective, mitogenic, and anti-fibrotic effects of IL-22 are beneficial in
ameliorating alcoholic liver injury. Importantly, due to the restricted expression of IL-22R1, IL-22
therapy is expected to have few side effects, thus making IL-22 a potential candidate for treatment
of alcoholic liver disease.

Keywords
hepatic stellate cells; liver fibrosis; liver progenitor cells; senescence

Introduction
Chronic alcohol drinking is a major cause of chronic liver disease worldwide and
encompasses a spectrum of liver injuries, including fatty liver, alcoholic hepatitis, cirrhosis,
and hepatocellular carcinoma.1,2 Many mechanisms underlying the pathogenesis of
alcoholic liver disease (ALD) have been identified.1,2 These include direct hepatotoxicity of
ethanol and its metabolites, oxidative stress generated by ethanol metabolism, activation of
innate immunity, elevation of pro-inflammatory cytokines and chemokines, and many other
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mechanisms. Among the cytokines and chemokines involved in progression of ALD, tumor
necrosis factor-α and monocyte chemoattractant protein-1 have been shown to play an
important role in the development of early alcoholic liver injury,3,4 whereas interleukin-6
(IL-6), via the activation of signal transducer and activator of transcription 3 (STAT3) in
hepatocytes during early alcoholic liver injury, plays an important role in ameliorating
steatosis and hepatocellular damage.5,6 Although the hepatoprotective function of IL-6 has
been well documented, clinical application of IL-6 for ALD treatment is limited by the many
potential side effects of IL-6, which likely result from the ubiquitous expression of IL-6
receptor. This led us to explore another hepatoprotective cytokine IL-22, which activates
similar signaling pathways (such as STAT3) as those activated by IL-6 in hepatocytes.
Importantly, IL-22 receptor expression is restricted to epithelial cells, which suggests that
IL-22 treatment would likely produce fewer side effects than IL-6, and is an attractive
candidate for ALD therapy.

Initially identified as a gene induced by IL-9 in mouse T lymphocytes, IL-22 shares 22%
amino acid identity with IL-10 and belongs to IL-10 family.7 Both IL-10 and IL-22 utilize
the ubiquitously expressed IL-10R2, but IL-10 signaling also requires IL-10R1, which is
expressed on immune cells, whereas IL-22 signaling needs IL-22R1, which is expressed on
epithelial cells.8 Thus, IL-10 targets immune cells and acts as an important anti-
inflammatory cytokine; IL-22 targets epithelial cells and plays an important role in
promoting tissue repair. After binding to IL-22R1 and IL-10R2, IL-22 predominantly
induces STAT3 activation, and to a lesser extent, activation of other signaling pathways
such as STAT1, STAT5, mitogen-activated protein kinases in epithelial cells, followed by
upregulating expression of many genes that control anti-microbial immunity and tissue
repair.9 For example, we and others have previously demonstrated that IL-22 plays an
important role in protecting against liver injury,10–15 ameliorating fatty liver disease16–18

and promoting liver regeneration19,20 Recently, we have demonstrated that liver progenitor
cells (LPCs) and hepatic stellate cells (HSCs) also express high levels of IL-10R2 and
IL-22R1, and are highly responsive to IL-22 stimulation.21,22 In this mini review, we briefly
summarize the hepatoprotective functions of IL-22, highlight our recent findings about the
effects of IL-22 on LPCs and HSCs, and discuss the therapeutic potential of IL-22 for the
treatment of ALD.

Hepatoprotection of IL-22 by targeting hepatocytes
Numerous studies suggest that IL-22 plays key roles in the prevention of hepatocellular
damage in a variety of liver injury models.10–15 IL-22 was first found to be hepatoprotective
against murine liver injury induced by Concanavalin A (Con A), carbon tetrachloride, and
Fas ligand,10,11 and was later confirmed in many other liver injury models.12–15 IL-22
protects against hepatocyte damage and promotes hepatocyte proliferation by activating the
STAT3 signaling pathway. Activation of STAT3 subsequently leads to upregulation of a
variety of anti-apoptotic (e.g. Bcl-2, Bcl-xL, Mcl-1) and mitogenic (e.g. c-myc, cyclin D1,
Rb2, CDK4) genes, resulting in hepatoprotective effects under conditions of liver injury.10

The hepatoprotective functions of IL-22 were further supported in genetically modified mice
where IL-22 transgenic mice with overexpression of IL-22 were resistant to Con A-induced
liver injury,19 while IL-22 deficient mice were highly susceptible to such injury.12 In
addition, IL-22 treatment ameliorated high fat diet (HFD)- or ethanol-induced liver
lipogenesis and hepatic steatosis.16,18 IL-22 administration reduced HFD-induced elevation
of serum alanine aminotransferase and aspartate aminotransferase (AST) levels, and
partially inhibited HFD-induced upregulation of lipogenesis-related genes that are involved
in lipid synthesis in the liver. Additionally, IL-22 treatment prevented liver injury in mouse
models induced by chronic-binge ethanol feeding16 or acute ethanol challenge.17 Finally,
IL-22 was also shown to promote liver cell proliferation in vitro through the activation of
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AKT and STAT3 signaling; this mitogenic effect was abrogated by overexpression of
suppressor of cytokine signaling-1/3, which inhibited STAT3 activation.23 In a liver
regeneration model, the levels of serum IL-22 protein and hepatic IL-22R1 mRNA
expression were significantly increased after 70% partial hepatectomy. Blockage of IL-22
with administration of an anti-IL-22 antibody before partial hepatectomy significantly
decreased hepatocytes proliferation.20 In agreement with the results from partial
hepatectomy model, liver ischemia-reperfusion injury is also associated with elevation of
hepatic IL-22 and IL-22R1 expression.14 Although injection of an IL-22 neutralizing
antibody did not exacerbate liver ischemia-reperfusion injury, treatment of mice with
recombinant IL-22 protein markedly ameliorated serum AST levels, improved cardinal
histological features of ischemia-reperfusion damage (Suzuki’s score), and abrogated
leukocyte sequestration.14

IL-22 is highly upregulated in several liver injury models induced by pathogens;13 however,
the roles of IL-22 in the pathogenesis of infection-related liver injury have been
inconclusive. Hepatoprotective effects of IL-22 were found in a primary Plasmodium
chabaudi infection model,13 but IL-22 did not show any protective effects against liver
lesions infected by the parasite Toxoplasma gondii and Mycobacterium avium.24 In
addition, in a model of hepatitis B virus (HBV) replication in HBV transgenic mice,
blocking IL-22 with a neutralizing antibody ameliorated liver damage by reducing
chemokine expression on hepatocytes, and subsequently preventing hepatic recruitment of
inflammatory cells, suggesting that IL-22 may contribute to the pathogenesis of HBV-
mediated liver inflammation and injury.25

IL-22 promotes liver repair by promoting LPC proliferation in an STAT3-
dependent manner

The liver has great regenerative ability after injury induced by hepatotoxins, infections, or
loss of tissues. Under most conditions, the liver can regain its original mass through the
proliferation of mature healthy hepatocytes. However, when mature hepatocytes are unable
to properly proliferate to restore damaged liver during severe or chronic liver injury, LPC-
mediated liver repair will be utilized to compensate liver functions.26–31 The beneficial
effects of IL-22 on mature hepatocyte survival and proliferation have been well
documented.10–20 Recent studies from our lab suggest that IL-22 also promotes LPC growth
in patients with chronic viral hepatitis and in mice challenged by feeding a 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet or a choline-deficient, ethionine-
supplemented diet.21 Increased IL-22 expression was observed in patients with chronic HBV
or HCV infection.19,24,32 IL-22 expression correlated with LPC proliferation in HBV
patients, which implies that IL-22 may promote LPC growth in those patients.21 IL-22TG
mice with IL-22 overexpression in the liver were not associated with increased LPC number
under a normal chow, but showed significant higher LPC proliferation rate and total LPC
number compared with wild-type (WT) mice after being fed a DDC diet.21 This suggests
that IL-22 alone does not initiate LPC activation, but it can promote existing LPC
proliferation in vivo in the DDC model.

The LPCs that were isolated from the DDC-fed mice expressed high levels of IL-22R1 and
IL-10R2. This is not surprising because IL-22R1 is known to be expressed on epithelial
cells, and LPCs are the progenitor cells for liver epithelial cells, including hepatocytes and
biliary epithelial cells. In vitro treatment with IL-22 promotes proliferation of primary LPCs
from the DDC-fed mice or proliferation of the LPC cell line, BMOL (bipotential mouse oval
liver) cells,21 suggesting that IL-22 directly stimulates LPC proliferation.
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It has previously been well documented that STAT3 activation mediates many functions of
IL-22 in hepatocytes. Recently, we have provided several lines of evidence that suggest that
STAT3 also plays an important role in IL-22-mediated stimulation of LPC proliferation.21

First, deletion of hepatocyte STAT3 in IL-22TG (double mutant mice with IL-22TG and
liver-specific STAT3 knockout) significantly reduced the number of LPCs in the DDC-fed
model. Second, administration of adenovirus IL-22 markedly increased the number of LPCs
in DDC-fed, wild-type mice but not in liver-specific STAT3 knockout mice. Third, primary
wild-type LPCs responded very well to IL-22-induced cell proliferation in vitro, whereas
primary STAT3 knockout LPCs poorly responded to such stimulation. Taken together,
IL-22 may not only stimulate mature hepatocyte proliferation but also promote liver repair
even in patients with severe or chronic liver damage by targeting LPCs.

Anti-fibrotic effects of IL-22
Liver fibrosis, or scarring of the liver, is induced by various types of chronic liver diseases,
and is a major cause of morbidity and mortality worldwide. Generally, following liver injury
by many etiologies, HSCs undergo activation and transformation. Activation of HSCs is
considered the most important event for the production of collagens in hepatic fibrosis,
which is controlled by many growth factors (such as platelet-derived growth factor),
cytokines (such as transforming growth factor-β), chemokines, and other factors.33

Activated HSCs produce extracellular matrix proteins, thereby leading to liver fibrosis.

Apoptosis or senescence of activated HSCs can limit the fibrogenic response to tissue
damage and is an important way to control HSC activation. Many factors have been
identified to induce HSC apoptosis and play an important role in inhibiting liver fibrosis. For
example, γ-interferon (IFN) binds IFN-γ receptor on HSCs, and subsequently induces
STAT1 activation and HSC apoptosis, thereby attenuating liver fibrosis.34 In contrast, the
mechanisms by which HSC senescence is regulated remain largely unknown. Senescent
HSCs are characterized by expression of β-galactosidase, induction of p53, p21, p16, and
matrix-degrading enzymes, and downregulation of matrix production.35,36

Recently, our lab has demonstrated that IL-22 treatment ameliorates liver fibrosis by
targeting HSCs in a murine model of CCl4-induced liver fibrosis.22 For the first time, we
have demonstrated that HSCs express high levels of IL-10R2 and IL-22R1; the latter one is
generally thought to be expressed exclusively in epithelial cells. Overexpression of IL-22 by
either gene targeting (e.g. IL-22 transgenic mice) or exogenous administration of adenovirus
expressing IL-22 reduced liver fibrogenesis and accelerated the resolution of liver fibrosis
during recovery. IL-22 overexpression or treatment increased the number of senescence-
associated β-galactosidase-positive HSCs. Further studies suggest that IL-22 treatment
directly induces senescence in activated HSCs by activating p53-p21 pathway in a STAT3-
dependent manner.22 The anti-fibrotic effect of IL-22 was also demonstrated recently in
other mouse models by Dr. Kisseleva’s group.37 This group reported that deletion of IL-22
significantly exacerbated CCl4-induced liver fibrosis; whereas administration of IL-22
ameliorated the bile duct ligation-induced liver fibrosis.37 Finally, negative correlation
between fibrosis stage and IL-22 expression was observed in chronic HBV-infected liver
samples.38 These data suggest that IL-22 may also play an anti-fibrotic role in human liver
diseases. However, further studies are required to clarify this.

Therapeutic potential of IL-22 for the treatment of ALD
ALD, which embodies a wide spectrum of disorders ranging from simple fatty liver to
cirrhosis and hepatocellular carcinoma, represents a major health issue worldwide. At
present, there are no treatments for ALD that are approved by the Food and Drug
Administration. Abstinence and nutritional intervention have been shown to be beneficial in
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early stages of ALD, curing most patients with mild alcoholic liver injury but not those with
severe forms of ALD, such as severe alcoholic hepatitis. Steroids have been widely used for
the treatment of severe alcoholic hepatitis for over 35 years, but their benefit still remains
controversial. Several studies have shown that treatment of severe alcoholic hepatitis with
steroids improves the short-term (30 days) survival but has no benefit for the long-term
survival.39–45 The beneficial effect of steroids in the early stage of Alcoholic Hepatitis (AH)
may be related to their immunosuppressive functions, which ameliorate liver inflammation
and systemic inflammatory responses. However, steroid treatment inhibits liver regeneration
and does not promote liver repair in patients with ALD, which may contribute to the lack of
long-term survival benefit in patients with severe alcoholic hepatitis.

The beneficial effects of IL-22 that were elucidated from animal models of liver injury are
summarized in Figure 1. IL-22 treatment ameliorated steatosis and liver damage in several
models of liver injury, including chronic-binge ethanol feeding,16 acute ethanol feeding,17

and high-fat diet-induced fatty liver disease.18 Overexpression of IL-22 in vivo19 or in vitro
incubation with IL-22 promoted liver regeneration or hepatocyte proliferation,
respectively.10 Additionally, IL-22 treatment may potentially augment liver repair by
promoting LPC proliferation and survival.21 It is reasonable to speculate that the anti-
fibrotic effect of IL-22 may be also beneficial for treatment of ALD that is always associated
with fibrosis.22 Hepatic expression of IL-22R1 was upregulated in patients with alcoholic
hepatitis without elevation of IL-22, suggesting that those patients may be sensitive to IL-22
treatment.16 Finally, more importantly, IL-22 therapy may have minimal side effects due to
the restricted expression of IL-22R1 on epithelial cells (e.g. hepatocytes and LPCs) and
HSCs. It is important to note that although IL-22 itself does not initiate liver tumor
development, IL-22 is able to promote existing liver cancer cell proliferation and
survival.19,46 Therefore, IL-22 treatment should be safe for alcoholic hepatitis patients
without liver cancer, used with caution in those with liver cirrhosis, and should not be used
for those with liver cancer. Clinical trials examining IL-22 and/or steroids for the treatment
of patients with severe alcoholic hepatitis are warranted.
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Figure 1.
Hepatoprotective functions of IL-22 and its therapeutic potential in the treatment of
alcoholic liver disease. IL-22 has many beneficial effects to promote liver repair and protect
against liver injury and fibrosis by targeting hepatocytes, liver progenitor cells, and hepatic
stellate cells. In addition, IL-22 itself does not initiate liver cancer development but may
promote liver cancer progression. IL-22 does not target immune cells. Therefore, the
therapeutic application of IL-22 in patients should be safe for the treatment of alcoholic
hepatitis without liver cancer, but should be cautious for those with liver cirrhosis, and
should not be used for those with liver cancer. IL, interleukin; SOCS-3, suppressor of
cytokine signaling-3; STAT 3, signal transducer and activator of transcription 3.
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