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Abstract
Background & Aims—Proliferation of liver stem/progenitor cells (LPCs), which can
differentiate into hepatocytes or biliary epithelial cells, is often observed in chronically inflamed
regions of liver in patients. We investigated how inflammation might promote proliferation of
LPCs.

Methods—We examined the role of interleukin (IL)-22, a survival factor for hepatocytes, on
proliferation of LPCs in patients with chronic hepatitis B virus (HBV) infection and in mice.
Proliferation of LPCs in mice was induced by feeding a diet that contained 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC).

Results—Hepatic expression of IL-22 was increased in patients with HBV and correlated with
the grade of inflammation and proliferation of LPCs. Mice on the DDC diet that overexpressed an
IL-22 transgene specifically in liver (IL-22TG), or that were infected with an IL-22–expressing
adenovirus, had increased proliferation of LPCs. Signal transducer and activator of transcription
(STAT) 3, a component of the IL-22 signaling pathway, was activated in LPCs isolated from
DDC-fed IL-22TG mice. Deletion of STAT3 from livers of IL-22TG mice reduced proliferation
of LPCs. Moreover, the receptors IL-22R1 and IL-10R2 were detected on EpCAM+CD45– LPCs
isolated from DDC-fed wild-type mice. Culture of these cells with IL-22 activated STAT3 and led
to cell proliferation, but IL-22 had no effect on proliferation of STAT3-deficient EpCAM+CD45–

LPCs. IL-22 also activated STAT3 and promoted proliferation of cultured BMOL cells (a mouse
LPC line).

Conclusion—In livers of mice and patients with chronic HBV infection, inflammatory cells
produce IL-22, which promotes proliferation of LPCs via STAT3. These findings link
inflammation with proliferation of LPCs in patients with HBV infection.
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Introduction
Following injury to the liver (mechanical, chemical or other injury types), the liver can
regain its original mass through the proliferation of healthy liver epithelial cells, including
mature hepatocytes and biliary epithelial cells.1, 2 However, in cases of severe or chronic
liver injury in which unhealthy hepatocytes lose the capacity to re-enter the cell cycle and
proliferate, a distinct population of adult liver stem/progenitor cells (LPCs) is activated and
induced to compensate for liver function, owing to the bipotential capacity of these cells to
differentiate into hepatocytes and biliary epithelial cells.3-6 LPCs have been classically
termed oval cells in rodents because of their unique “oval-like” shape and large nuclear-to-
cytoplasmic ratio. LPCs are often observed in rodent models of liver injury induced by
injecting rats with 2-acetylaminoflurene and carrying out a 2/3 partial hepatectomy7 or by
feeding mice with a choline-deficient ethionine-supplemented (CDE) diet8 or a 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet.9 In humans, the proliferation of LPCs is
often observed in severe forms of chronic liver disease, such as alcoholic and nonalcoholic
fatty liver diseases, chronic viral hepatitis and cirrhosis, and is also termed ductular reaction
because of the formation of ductular structures, which strongly correlates with liver disease
severity, including fibrosis and inflammation.10-15

Accumulating evidence from animal models has suggested that several types of
inflammatory cells (e.g., T cells, NK cells, and macrophages)16, 17 and their associated
cytokines (e.g., IL-6, TNF-α, TWEAK, IFN-γ, and IL-15)18-23 play an important role in
promoting LPC proliferation; however, the mechanism by which inflammation promotes
LPC proliferation in human chronic liver diseases remains elusive, in part because of the
lack of small animal models with chronic viral hepatitis and liver inflammation. For
example, many cytokines, including interleukin-22 (IL-22), are present in markedly elevated
levels in patients with viral hepatitis24 but are not upregulated in the animal models
mentioned above that have been used for the study of LPC proliferation.

IL-22, which is a member of the IL-10 family, plays an important role in controlling
bacterial infection, homeostasis, and tissue repair by binding a cell surface IL-22 receptor
complex that is composed of IL-10R2 and IL-22R1.25 IL-10R2 is ubiquitously expressed,
whereas the expression of IL-22R1 is primarily restricted to epithelial cells, such as
keratinocytes, bronchial and intestinal epithelial cells, and hepatocytes (IL-22R1 is not
expressed on immune cells).25 IL-22 binding to IL-10R2 and IL-22R1 predominantly
activates signal transducer and transcription factor 3 (STAT3), but many other signaling
pathways are activated to a lesser extent, such as ERK1/2, JNK, and p38 MAPK, in
epithelial cells.25 Many types of cells have been shown to produce IL-22, including
activated T cells, NK cells and NKT cells.26, 27 Although many cytokines (e.g., IL-6, IL-21,
and IL-23) and transcriptional factors (e.g., STAT3, retinoic acid receptor-related orphan
receptor, the basic leucine zipper transcription factor ATF-like, and the aryl hydrocarbon
receptor) have been shown to stimulate IL-22 production in helper T cells, the exact
mechanisms by which IL-22 expression is regulated are not completely understood.26, 27

Interestingly, immune cell-derived IL-22 targets epithelial cells rather than immune cells.25

We and others have demonstrated that IL-22 protects mice against various types of liver
injury by directly preventing hepatocyte death.28, 29 Because LPCs have the bipotential
ability to differentiate into hepatocytes and biliary epithelial cells,3-6 we hypothesized that
IL-22 may also target LPCs, thereby regulating their proliferation and survival. In the
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present paper, we demonstrated that IL-22-producing cells and LPCs colocalize in the
inflammatory regions and have a strong positive correlation in patients with chronic
hepatitis B virus (HBV) infection. Using a murine model of LPC activation that is induced
by feeding with a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet and an in vitro
LPC culture model, we further demonstrated that LPCs express both IL-22R1 and IL-10R2
and that IL-22 can directly promote LPC proliferation in a STAT3-dependent manner.

Materials and methods
Human samples

Liver samples from 64 patients with chronic HBV were obtained either from biopsy or from
the explanted liver during liver transplantation. The patient information is listed in
supplemental Table 1. The evaluation of disease severity followed the Scheuer criteria. The
study protocol for the use of human samples was approved by the local ethics committee,
and all of the patients provided written informed consent.

Animal experiments
The generation of liver-specific IL-22 transgenic mice (IL-22TG) was performed as
previously described.24 AlbCre+STAT3flox/flox mice have also been described previously
and were referred to as hepatocyte-specific STAT3KO or STAT3Hep-/- mice.30 Because the
STAT3 gene is also deleted in the LPCs from AlbCre+STAT3flox/flox mice (see the Results
section), we referred to the AlbCre+STAT3flox/flox mice as liver-specific STAT3 knockout
(STAT3LKO) mice in the present study. IL-22TGSTAT3LKO double mutant mice
(IL-22TGAlbCreSTAT3flox/flox) were generated by crossing IL-22TGSTAT3flox/flox mice
with AlbCreSTAT3flox/flox mice. IL-22 knockout mice on a C57BL6 background were
kindly provided by Dr. Rachel R. Caspi (NEI, NIH), with the permission of Dr. Wenjun
Ouyang and a signed Material Transfer Agreement from Genentech (San Francisco,
California), and were further backcrossed to a C57BL6 background for at least 5 generations
in our facility.

For the DDC diet model, 6-8-week-old mice were fed a 0.1% DDC-containing diet
(Bioserve, Frenchtown, NJ) for various time periods. For the CDE diet model, mice were
fed a choline-deficient chow diet (choline-deficient diet combined with normal powdered
chow in a 1:1 mixture, from ICN, Costa Mesa, CA) and drinking water containing 0.15%
ethionine (Sigma-Aldrich, St. Louis, MO) for 4 weeks as previously described.8

Bromodeoxyuridine (BrdU) (50 mg/kg) was given by intraperitoneal injection 2h before
sacrifice. All of the animal experiments were approved by the NIAAA animal care and use
committee.

Statistical analysis
The data are expressed as the means ± SD. To compare the values obtained from three or
more groups, we used one-factor analysis of variance (ANOVA) followed by Tukey's post
hoc test. To compare the values obtained from two groups, Student's t test was performed.
Statistical significance was set at the P < 0.05 level.

Results
Positive correlation between IL-22+ inflammatory cells and CK19+ LPCs in patients with
chronic HBV

It is well known that LPC proliferation (ductular reaction) often occurs in the inflammatory
regions of the liver in patients with chronic viral hepatitis,10-15 and we have previously
demonstrated that IL-22+ inflammatory cells are primarily concentrated in these
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inflammatory regions in chronic HBV and HCV patients.24 To test whether IL-22+ cells and
LPC activation colocalize in HBV-infected patients, immunohistochemical analyses were
performed on serial sections of 64 HBV-infected liver samples using an anti-IL-22 or anti-
CK19 (a marker of LPCs) antibody. Fig. 1A shows that a large number of CK19+ LPCs
were found in areas that were enriched in IL-22+ cells (outside the dotted lines), whereas
only a few CK19+ LPCs were observed in IL-22-negative regions (within the dotted lines).
Among the 64 HBV liver samples, 15 were collected from explanted livers with liver failure
(massive/submassive hepatic necrosis), and the remaining 49 samples were collected
through biopsies from patients with chronic HBV infection. In general, the samples from the
patients with liver failure had higher numbers of CK19+ LPCs compared with the patients
with chronic HBV infection. The correlation between the number of CK19+ LPCs and the
number of IL-22+ cells, from all 64 samples, was highly significant (Fig. 1B, P<0.001).

To determine the types of inflammatory cells that are responsible for IL-22 production,
double immunostaining was performed. As illustrated in supplemental Fig. S1, most IL-22+

and CD3+ cells colocalized in the HBV liver samples, which indicated that the CD3+ T cells
are the major source of IL-22-producing cells in HBV-infected livers.

IL-22TG mice are more susceptible to DDC-induced LPC activation and proliferation
To determine the role of endogenous IL-22 in LPC proliferation in the DDC model, we
measured the serum levels of IL-22 in DDC-fed mice. As illustrated in supplemental Fig.
S2a, the serum levels of IL-22 were not elevated at 2 or 4 weeks post-DDC feeding and
were only slightly elevated 12 weeks post-DDC feeding. Furthermore, feeding with a DDC
diet for 2 weeks induced a similar number of LPCs in both the WT and the IL-22KO mice
(supplemental Figs. S2b-d). In addition, IL-22KO and WT mice had a comparable number
of BrdU+ hepatocytes after partial hepatectomy (supplemental Fig. S2e). These findings
suggest that endogenous IL-22 does not contribute to LPC proliferation in the DDC model
and liver regeneration in the partial hepatectomy model.

Because we observed high IL-22 levels in the HBV-infected livers, we used IL-22TG mice,
which express high levels of IL-22 in the liver and mimic the elevated hepatic IL-22 levels
associated with HBV, to examine the effects of IL-22 on LPC proliferation in the DDC
model. Although IL-22TG mice are completely resistant to Con A-induced T cell hepatitis
and liver injury,24 feeding with a DDC diet caused similar grades of necrosis and
inflammation in the WT and IL-22TG mice (Fig. 2A). Serum ALT and AST levels were
slightly higher in the IL-22TG mice from 4 to 6 weeks than in the WT mice (supplemental
Fig. S3).

We also examined LPCs in DDC-fed WT and IL-22TG mice by H&E staining and
immunofluorescence staining with anti-pan-CK, which is a marker for LPCs and bile duct
cells.32 In addition, we investigated LPC proliferation by double staining with anti-pan-CK
and anti-BrdU antibodies. As shown in Figs. 2A-D, feeding the WT mice for 2 and 4 weeks
(short-term) induced LPC activation and proliferation around the portal regions, which was
demonstrated by the appearance of oval-shaped cells on H&E staining (Fig. 2A) and by the
detection of pan-CK+ LPC accumulation (Figs. 2B-D). Long-term DDC feeding (12 weeks)
induced the accumulation of LPCs in the parenchymal regions in the WT mice (Figs. 2A-D).
Interestingly, feeding with a DDC diet for 2 or 4 weeks induced the formation of many large
bile ducts (ductular reactions) in the IL-22TG mice (Figs. 2A-B), whereas a long-term (12
weeks) DDC diet caused massive LPC proliferation in the parenchymal regions rather than
inducing ductular reactions in the IL-22TG mice (Figs. 2C-D). In addition, double
immunohistochemical analyses showed that the number of pan-CK+BrdU+ LPCs was
significantly higher in the DDC-fed IL-22TG mice compared with the DDC-fed WT mice
(Figs. 2C, 2D, and 2F), which suggested that IL-22 promotes LPC proliferation in vivo.
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To further confirm the role of IL-22 on LPC proliferation, we utilized another well-
established LPC model induced by feeding a CDE diet.8 As illustrated in supplemental Fig.
S4, the number of pan-CK+ and pan-CK+BrdU+ LPCs was markedly higher in the IL-22TG
mice compared with the WT mice, which further supported the notion that IL-22 stimulates
LPC growth in vivo.

STAT3 is required for the stimulatory role of IL-22 on LPC proliferation in IL-22TG mice
STAT3 is the major downstream transcriptional factor of IL-22. To determine whether
STAT3 may contribute to the enhanced LPC proliferation in IL-22TG mice, we generated
IL-22TG and liver-specific STAT3KO double mutant (IL-22TGSTAT3LKO) mice in which
the expression of recombinase Cre was controlled by an albumin promoter. Because albumin
is also expressed in LPCs and AlbCre expression has been shown to delete the floxed genes
in LPCs,33, 34 we hypothesized that the STAT3 gene might be deleted in LPCs from the
double mutant mice. To confirm this hypothesis, we performed STAT3 and pSTAT3
immunostaining in the liver tissues from DDC-fed WT, IL-22TG, and double mutant mice.
As shown in supplemental Fig. S5, STAT3 expression was detected in the LPCs from the
DDC-fed WT and IL-22TG mice (STAT3 expression was much higher in the IL-22TG
mice), whereas LPCs from the DDC-fed double mutant mice had no STAT3 protein
expression. Furthermore, pSTAT3 was detected in the nuclei of LPCs and hepatocytes in the
WT and IL-22TG mice after DDC feeding (higher levels of pSTAT3 staining were observed
in the LPC nuclei of the IL-22TG mice). No pSTAT3 staining was detected in the LPCs
from the DDC-fed double mutant mice.

H&E staining showed that the IL-22TG mice fed DDC for 2 weeks had more ductular
reactions than did WT mice, and these reactions were diminished in double mutant mice
(Fig. 3A). Immunofluorescence staining demonstrated that after 2 or 12 weeks of DDC
feeding, the double mutant mice had significantly lower numbers of pan-CK+ and
BrdU+pan-CK+ LPCs compared with the IL-22TG mice (Figs. 3B-C). Collectively, liver-
specific STAT3 deficiency abolished the increased LPC proliferation in the IL-22TG mice
on the DDC diet.

Overexpression of IL-22 via injection of Ad-IL-22 promotes LPC proliferation in WT but not
in STAT3LKO mice after DDC feeding

To strengthen the evidence for the participation of IL-22 and STAT3 in LPC proliferation,
WT and STAT3LKO mice were fed a DDC diet for 4 weeks and then treated with Ad-IL-22
or Ad-vector control viruses for an additional 2 weeks (Fig. 4A). Serum levels of IL-22 were
elevated in the Ad-IL-22-treated WT and STAT3LKO mice but not in the Ad-vector-treated
mice (Fig. 4B). In the WT mice, overexpression of IL-22 via infection with Ad-IL-22
markedly increased DDC-induced LPC proliferation, which was demonstrated by the
appearance of oval cell reactions observed by H&E staining (Fig. 4C) and pan-CK+BrdU+

cell accumulation (Fig. 4D). However, these changes were not observed in the Ad-IL-22-
treated STAT3LKO mice that were fed a DDC diet (Figs. 4C-D). In addition, H&E staining
also showed that Ad-IL-22 infection for 2 weeks induced the formation of significant
ductular reactions in the WT mice, such reactions were markedly reduced in the STAT3LKO

mice (Fig. 4C).

IL-22 promotes the proliferation of primary mouse LPCs, which express IL-22R1 and
IL-10R2, in a STAT3-dependent manner

To determine whether IL-22 can directly target LPCs, we examined IL-22R1 and IL-10R2
expression in LPCs. Liver nonparenchymal cells that contain LPCs were isolated from
DDC-fed mice and subjected to flow cytometric analyses with anti-EpCAM (LPC cell
marker),35 anti-CD45 (lymphocyte marker), and anti-IL-22R1 or anti-IL-10R2 antibodies.
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As illustrated in Fig. 5, EpCAM+CD45- LPCs, but not CD45+ or CD45+EpCAM+

lymphocytes, were positive for IL-22R1 staining compared with the isotype control.
Interestingly, IL-10R2 expression was detected in the EpCAM+CD45- LPCs and in the
EpCAM+CD45+ and EpCAM-CD45+ immune cells.

We also used real-time PCR analyses to compare the expression of IL-22R1/IL-10R2 in
hepatocytes and freshly purified LPCs from the DDC-fed mice. The LPCs were enriched by
two-step digestion and Percoll gradient centrifugation and further purified by MACS
negative and positive selection with anti-CD45 and anti-EpCAM antibodies (supplemental
Fig. S6a). Interestingly, pan-CK staining demonstrated that the purity of the LPCs
(EpCAM+CD45-) was 70-80% after 12h of culture (supplemental Fig. S6b). As illustrated in
Fig. 5B, the mRNA levels of IL-22R1 and IL-10R2 were significantly higher in the LPCs
compared with the hepatocytes.

We also examined the influence of IL-22 on the proliferation of purified mouse LPCs from
DDC-fed mice in vitro. After in vitro treatment with IL-22 for 30 min, pSTAT3 staining was
detected in the nuclei of pan-CK+ LPCs from the WT mice but not from the STAT3LKO

mice (Fig. 6A). The BrdU incorporation assay showed that IL-22 treatment markedly
increased WT LPC proliferation, which was demonstrated by the increase in BrdU+pan-CK+

LPCs (Fig. 6B). Very few BrdU+pan-CK+ cells were observed in the IL-22-treated LPCs
from the STAT3LKO mice, suggesting that STAT3 contributes to the IL-22 promotion of
LPC proliferation in vitro. In addition, real-time PCR revealed that IL-22 treatment
upregulated the expression of several STAT3 downstream genes in the WT LPCs, including
cyclin D, Bcl2, and Bcl-xL (Fig. 6C).

LPCs isolated from DDC-fed WT mice did not produce IL-22 and treatment with an IL-22
neutralizing antibody had no effect on proliferation of these cells (supplemental Fig. S6c-e).
In contrast, LPCs isolated from the DDC-fed IL-22TG mice produced IL-22 and proliferated
much faster than did those from the DDC-fed WT mice. Such proliferation was markedly
attenuated after treatment with an IL-22 neutralizing antibody (supplemental Fig. S6c-e).

IL-22 promotes cell proliferation and inhibits apoptosis of the mouse LPC cell line BMOL
The effects of IL-22 on cell proliferation were also examined in BMOL cells, which is a
well-established mouse LPC line.36 Western blot analyses in Fig. 7A show that IL-22
treatment induced STAT3 activation in a dose-dependent manner. In agreement with the
above findings that IL-22 promotes primary mouse LPC proliferation, treatment with IL-22
also markedly stimulated BMOL cell proliferation (Fig. 7B).

Because IL-22 is a well-documented survival factor for hepatocytes,28 we hypothesized that
IL-22 may also protect against LPC apoptosis. As illustrated in Fig. 7C, treatment with
cycloheximide (CHX) significantly induced BMOL cell apoptosis, which was markedly
blocked by IL-22 pretreatment in a dose-dependent manner.

To further understand the mechanisms by which IL-22 promotes BMOL cell proliferation
and survival, we examined the expression of several IL-22 downstream genes in BMOL
cells. As shown in Figs. 7D-E, IL-22 treatment upregulated the mRNA and protein
expression of Bcl-2, cyclin D, and Bcl-xL in BMOL cells. In contrast, the expression of
IL-20, which is the IL-22 downstream mediator in keratinocytes,37 was not elevated in
BMOL cells after IL-22 stimulation (supplemental Fig. S7). Furthermore, IL-20 treatment
did not affect the expression of Bcl-2, cyclin D, or Bcl-xL in BMOL cells (supplemental
Fig. S7). In addition, hepatic IL-20 expression was not increased in the DDC-fed IL-22TG
mice compared with the DDC-fed WT mice (data not shown). These findings suggest that
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Bcl-2, Bcl-xL, and cyclin D, but not IL-20, are the genes downstream from IL-22 that
contribute to the mitogenic and cytoprotective effect of IL-22 on LPCs.

Discussion
Many mitogenic factors have been identified as promoters of LPC proliferation, including
IL-6, TNF-α, TWEAK, IFN-γ, and IL-15.18-23 In the current study, we provided in vivo
and in vitro evidence that IL-22 is another important factor that promotes LPC proliferation.
Although serum and hepatic IL-22 levels are not elevated and although endogenous IL-22
does not contribute to LPC proliferation in the DDC model, hepatic IL-22 levels are
markedly elevated in patients with viral hepatitis 24 and the overexpression of IL-22 in
transgenic mice or after administration of Ad-IL-22 markedly enhanced LPC proliferation in
the DDC-fed mice. This suggests that IL-22 promotes LPC proliferation in vivo. In addition,
the LPCs that were isolated from the DDC-fed mice expressed much higher levels of both
IL-22R1 and IL-10R2 than did the hepatocytes. This finding is not surprising because
IL-22R1 is known to be expressed on epithelial cells,25 and LPCs are the progenitor cells for
liver epithelial cells, including hepatocytes and biliary epithelial cells. IL-10R2 is known to
be ubiquitously expressed on many types of cells.25 We also observed that in vitro IL-22
challenge increased the proliferation of LPCs and the LPC cell line BMOL cells and
protected against CHX-induced BMOL cell apoptosis, which indicated that IL-22 can
directly target and enhance the proliferation of LPCs in vitro.

We have previously demonstrated that IL-22 promotes hepatocyte proliferation and survival
via the activation of STAT3.28 Activation of the STAT3 signaling pathway has been
implicated in the proliferation of LPCs18, 38 and likely also contributes to the mitogenic
effect of IL-22 on LPCs. Indeed, the deletion of STAT3 in the LPCs abolished IL-22-
mediated LPC proliferation in vivo in mice with IL-22 overexpression (transgenic or Ad-
IL-22 injection) (Figs. 3-4) and with IL-22 stimulation of LPC proliferation in vitro (Fig. 6).
Moreover, IL-22 treatment is known to upregulate the expression of several antiapoptotic
and mitogenic genes, including Bcl-2, Bcl-xL, and cyclin D in hepatocytes.28 These genes
were also elevated in the LPCs after IL-22 treatment and likely contribute to IL-22
promotion of LPC proliferation and survival. A recent study suggested that IL-20 is an
important IL-22 downstream mediator in keratinocytes.37 However, IL-20 is not elevated in
BMOL cells after IL-22 stimulation (supplemental Fig. S7). Collectively, Bcl-2, Bcl-xL, and
cyclin D, but not IL-20, contribute to the mitogenic of IL-22 on LPCs.

Another interesting finding is that short-term (2-4 week) DDC feeding induced the
formation of many bile ducts (ductular reactions), whereas long-term (12 week) DDC
feeding induced massive LPC proliferation and accumulation in the IL-22TG mice.
Currently, the mechanisms underlying these reactions are unknown. It is well documented
that activated oval cells proliferate and form duct-like structures around the periportal
region. Ultimately, the oval cells spread into the liver acini, and the duct-like structures
disappear.39 In the present study, the LPCs in the IL-22TG mice that were fed the DDC diet
showed a much stronger capability to proliferate. Compared with the WT mice, the stronger
proliferation of the LPCs in the IL-22TG mice form more duct-like structures at the early
stage of DDC feeding and then spread into the liver acini at the later stage of feeding.
Because pan-CK and CK19 markers are also expressed on mature biliary epithelial cells and
no specific cell markers exist to distinguish LPCs from biliary epithelial cells in the DDC-
fed mice, we cannot rule out the possibility that some of the proliferating cells were biliary
epithelial cells in the IL-22TG mice, especially after short-term DDC feeding. Interestingly,
without DDC feeding, pan-CK+ and CK19+ cells were not increased in the livers of the
IL-22TG mice or the mice that received the Ad-IL-22 injection. Massive ductular reactions
and LPC proliferation were only observed in these mice after being fed by a DDC diet. This
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finding suggests that IL-22 is able to stimulate the proliferation of DDC-induced LPCs
rather than directly initiating normal healthy mature biliary epithelial cell proliferation.

Chronic HBV infection is associated with the accumulation of IL-22-producing
inflammatory cells in the liver.24 In the current study, we demonstrated that the majority of
IL-22+ and CD3+ cells colocalize in HBV patients (supplemental Fig. S1). This suggests
that CD3+ T cells are the major cell types that produce IL-22 in the HBV-infected livers. In
addition to T cells, activated NKT and NK cells have also been shown to produce IL-22 to a
lesser extent.26, 27 However, there are currently no good antibodies to perform double
immunostaining for IL-22 and NKT cells or for IL-22 and NK cells, and we cannot rule out
the possibility that NKT and NK cells may also contribute to IL-22 production in HBV-
infected livers.

Although IL-22 has been reported to have no antiviral activity against HBV replication,40

IL-22 appears to be a mediator of the inflammatory response following recognition of HBV
by T cells in the liver.41 In addition, IL-22 is a well-documented survival factor for
hepatocytes via the upregulation of antiapoptotic and antioxidant genes.28 In the present
study, immunohistochemical analyses of serial liver sections revealed that CK19+ LPCs and
IL-22+ inflammatory cells colocalized in the inflammatory regions of HBV-infected livers
and had a strong positive correlation, which suggested that IL-22 promotes LPC
proliferation. In addition, LPC proliferation is known to play an important role in liver repair
when hepatocyte proliferation is suppressed in severe forms of chronic liver diseases, such
as cirrhosis.3-6 Thus, in addition to the ability of IL-22 to promote hepatocyte survival and
proliferation, the accumulation of IL-22-producing inflammatory cells may also play a
critical role in restoring functional liver mass via the stimulation of LPC proliferation in
chronic HBV infection. Although we did not perform the correlation studies between LPC
proliferation and IL-22 in patients with chronic HCV infection, it is likely that IL-22 will
also play an important role in promoting LPC proliferation in HCV patients with high levels
of IL-22.24
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CK19 cytokeratin 19

DDC 3,5-diethoxycarbonyl-1,4-dihydrocollidine

IL-22 interleukin-22

IL-22TG mice IL-22 liver-specific transgenic mice

LPC liver progenitor cell

STAT3LKO liver-specific STAT3 knockout

pan-CK pan-cytokeratin

STAT3 signal transducer and activator of transcription 3
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Fig. 1. Positive correlation between IL-22+ inflammatory cells and CK19+ LPCs in patients with
chronic HBV
(A) Representative immunostaining with anti-IL-22 and anti-CK19 antibodies of serial liver
sections from an HBV patient. Please note that most IL-22+ inflammatory cells and CK19+

LPCs are colocalized outside the dotted line. (B) Spearman's nonparametric rank correlation
coefficient between the number of IL-22+ inflammatory cells and CK19+ LPCs from 64
HBV patients.
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Fig. 2. The IL-22TG mice have increased LPC proliferation after being fed a DDC diet
compared with the WT mice
The mice were fed a DDC diet for up to 12 weeks. (A) H&E staining of liver tissues from
DDC-fed mice at different time periods. (B) Representative immunohistochemical analyses
with an anti-pan-CK antibody of liver tissues from mice fed a DDC diet for 2 weeks. The
arrows indicate ductular reactions. (C, D) Pan-CK (green)/BrdU (red) double staining of
liver tissues from mice fed a DDC diet for 2 or 12 weeks with a BrdU injection 2h before
sacrifice. (E, F) The number of pan-CK+ and BrdU+pan-CK+ double positive cells was
quantified. **P<0.01 and ***P<0.001. Representative photographs from three independent
experiments with similar results are shown.
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Fig. 3. STAT3 contributes to the increased susceptibility of the IL-22TG mice to DDC-induced
LPC proliferation
WT, IL-22TG, and IL-22TGSTAT3LKO double mutant mice were fed a DDC diet for 2 or 12
weeks. (A) Immunohistochemical staining with an anti-pSTAT3 antibody and H&E
staining. The arrows indicate pSTAT3+ LPC nuclei. (B) Pan-CK (green)/BrdU (red) double
staining of liver tissues with a BrdU injection 2h before sacrifice. (C) Quantification of pan-
CK+ and BrdU+pan-CK+ areas. **P<0.01 and ***P<0.001. Representative photographs
from three independent experiments with similar results are shown.
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Fig. 4. Injection of Ad-IL-22 stimulates LPC proliferation in the WT but not in the STAT3LKO

mice
WT and STAT3LKO mice were fed a DDC diet for 4 weeks followed by injection with an
Ad-vector or Ad-IL-22 virus. The mice were then maintained on a DDC diet for 2 more
weeks and sacrificed. (A) A schematic diagram of the experimental design. (B) Serum IL-22
levels. (C) H&E staining. (D) Double staining with pan-CK (green)/BrdU (red) antibodies.
(E) Quantification of the pan-CK+ area and BrdU+pan-CK+ double area. *P<0.05 and
**P<0.01. Representative photographs from three independent experiments with similar
results are shown.
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Fig. 5. The expression of IL-22R1 and IL-10R2 on LPCs
(A) Liver nonparenchymal cells from the DDC-fed mice were isolated and analyzed by flow
cytometry with FITC-anti-CD45, PE-anti-EpCAM, and APC-anti-IL-22R1 or APC-anti-
IL-10R2 antibodies. Data are representative of three different experiments. (B) Real-time
PCR analyses of IL-22R1 and IL-10R2 expression in primary mouse hepatocytes and
purified LPCs from the DDC-treated mice. **P<0.01.

Feng et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. IL-22 promotes LPC proliferation in vitro in a STAT3-dependent manner
LPCs were purified from the DDC-fed WT or STAT3LKO mice and were then cultured in
vitro. (A) These purified LPCs were serum starved for 4h and were then treated with IL-22
(100 ng/ml) in vitro for 30 min. Pan-CK (green) and pSTAT3 (red) double staining were
performed. (B) Serum-starved LPCs were also treated with IL-22 (100 ng/ml) in vitro,
followed by incubation with BrdU for 24h. Pan-CK (green) and BrdU (red) double staining
were performed. The arrows indicate positive staining. The number of pan-CK+BrdU+ LPCs
was counted and shown in the right panel. (C) Real-time PCR analysis of several
antiapoptotic and cell-cycle associated genes from purified LPCs treated with IL-22 for 6h.
*P<0.05, **P<0.01, and ***P<0.001. Data are representative of three different experiments.
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Fig. 7. IL-22 promotes the proliferation and prevents the apoptosis of BMOL cells in vitro
(A) BMOL cells were treated with IL-22 for 30 min prior to western blot analysis of
pSTAT3 and STAT3. (B) BMOL cells were starved overnight and then treated with IL-22
for 24h, and BrdU was added 2h before harvest. BrdU+ cells were detected by
immunostaining. (C) BMOL cells were pretreated with IL-22 for 2h prior to treatment with
CHX for 6h. Cell apoptosis was then determined. (D, E) BMOL cells were treated with
IL-22 for 24h prior to being subjected to western blot or RT-PCR analysis. *P<0.05,
**P<0.01, and ***P<0.001.
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