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Injury to the biliary epithelium triggers inflammation and fibrosis, which can result in severe liver diseases
and may progress to malignancy. Development of a type 1 immune response has been linked to biliary injury
pathogenesis; however, a subset of patients with biliary atresia, the most common childhood cholangiopa-
thy, exhibit increased levels of Th2-promoting cytokines. The relationship among different inflammatory
drivers, epithelial repair, and carcinogenesis remains unclear. Here, we determined that the Th2-activating
cytokine IL-33 is elevated in biliary atresia patient serum and in the livers and bile ducts of mice with experi-
mental biliary atresia. Administration of IL-33 to WT mice markedly increased cholangiocyte proliferation
and promoted sustained cell growth, resulting in dramatic and rapid enlargement of extrahepatic bile ducts.
The IL-33-dependent proliferative response was mediated by an increase in the number of type 2 innate
lymphoid cells (ILC2s), which released high levels of IL-13 that in turn promoted cholangiocyte hyperpla-
sia. Induction of the IL-33/ILC2/IL-13 circuit in a murine biliary injury model promoted epithelial repair;
however, induction of this circuit in mice with constitutive activation of AKT and YAP in bile ducts induced
cholangiocarcinoma with liver metastases. These findings reveal that IL-33 mediates epithelial proliferation
and suggest that activation of IL-33/ILC2/IL-13 may improve biliary repair and disruption of the circuit may

block progression of carcinogenesis.

Introduction

Disruption of the epithelial lining of bile ducts triggers inflam-
mation and fibrosis, which may manifest clinically as devastating
inflammartory diseases in children (e.g., biliary atresia) and adults
(e.g., sclerosing cholangitis), or as malignant transformation (e.g.,
cholangiocarcinoma) at any age. Despite the severe disease phe-
notypes, the molecular and cellular effectors of bile duct repair
and their relationships to mechanisms of carcinogenesis remain
largely undefined (1, 2). Studies of pathogenic mechanisms of
biliary atresia, the most common end-stage cholangiopathy of
childhood, reported that affected livers are populated by lym-
phocytes at the time of diagnosis (1). In a model of experimental
biliary atresia, we found direct evidence that dendritic cells, CD8*
and NK lymphocytes, and their release of IL-15 and IFN-y are key
effectors of biliary epithelial injury (1). While this type 1 immune
response is present in most patients with biliary atresia at diag-
nosis, a previous study reported high levels of Th2 cytokines in a
subgroup of patients, including an increased hepatic expression
of ILIRLI, which encodes ST2, the receptor for IL-33 (3).

IL-33, a member of the IL1 cytokine family, has complex pro-
inflammatory and alarmin functions (4) and has been linked
to mechanisms of allergy, autoimmune diseases, and intes-
tinal defense against nematodes, among others (4-7). In the
liver, IL-33 appears to be hepatoprotective against Con A and
ischemia-reperfusion injury and modulates Treg function in
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response to HCV infection and chronic fibrosing injuries (8-11).
Here, we report an increase in IL-33 in human and murine bili-
ary atresia. Exploring this relationship at the mechanistic level,
we found that IL-33 is a potent mitogen to cholangiocytes in
vivo, and identified a paracrine system in which type 2 innate
lymphoid cells (ILC2s) induce proliferation of the neighboring
epithelium by the release of IL-13. The relevance of the IL-33/
ILC2/IL-13 circuit in epithelial growth and biliary pathology
was demonstrated by the promotion of epithelial repair follow-
ing tissue injury and by the development of cholangiocarcinoma
in mice with genetically primed biliary tract.

Results

IL-33 increases in human and experimental biliary atresia. Based on the
previous report of increased expression of ILIRL] mRNA encod-
ing the ST2 receptor in the liver at the time of diagnosis of biliary
atresia (3), we first quantified the concentration of serum IL-33
in affected subjects. We found an increased serum concentration
of this cytokine in 20 patients with biliary atresia (mean + SD:
218.3 + 887.0 pg/ml) above undetectable levels of age-matched
healthy controls (Figure 1A). In a model of rhesus rotavirus type
A-induced (RRV-induced) biliary injury in newborn mice (experi-
mental biliary atresia), the expression of 1/33 mRNA correlated
with an increased profile of intrahepatic bile ducts and with the
abundance of cholangiocytes in the epithelium of extrahepatic bile
ducts (EHBDs) during progression of biliary injury (Figure 1B). In
a similar fashion, immunostaining for the St2 receptor showed
expression in cholangiocytes along the epithelium of EHBDs in
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Expression of IL-33 is increased in humans and mice with biliary atresia. (A) Serum concentration of IL-33 in infants with biliary atresia (BA)
at the time of diagnosis (n = 20, < 4 months of age) and in age-matched normal controls (NC) (n = 6). (B) //33 mRNA expression (as a ratio to
Hprt; graphs) and PanCK staining of liver and EHBDs at 3, 7, and 14 days after injection with RRV or normal saline (NS) in the first 24 hours of
life. Each time point had n = 4-5 mice for normal saline and RRV groups. Representative immunostaining experiments included tissue sections
from 3 mice for each group and time point. Mean + SD. *P < 0.05; ***P < 0.001. Scale bars: 50 um.

neonatal mice, with a number of St2* cholangiocytes decreasing
during progression of epithelial injury after rotavirus (Supple-
mental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI73742DS1). St2 was also expressed in
intrahepatic bile ducts (in addition to surrounding hematopoietic
cells) in neonatal mice, but the expression decreased after rotavirus
challenge and was undetectable in cholangiocytes (Supplemental
Figure 1B). In adult mice, St2 was also detected in cholangiocytes
of extra- and intrahepatic bile ducts (Supplemental Figure 1C).

To investigate whether IL-33-St2 signaling plays a role in the
response of the bile duct to an injury, we injected 0.5 x 10 fluo-
rescent focus units (ffu) of rotavirus into newborn mice followed
by daily i.p. administration of anti-St2 blocking antibody or IgG
isotype (as control) beginning 24 hours later (12). This lower dose
of rotavirus induces mild epithelial injury and atresia phenotype
in less than 40% of mice. Mice receiving anti-St2 antibody had
higher levels of serum alanine aminotransferase and bilirubin
after rotavirus challenge than IgG control mice (Figure 2, A and
B). Microscopically, mice in the anti-St2 antibody group showed
a diffuse loss of the epithelial layer and duct lumen, while con-
trols had a much greater residual epithelial surface area (Figure 2,
C-E). The soluble form of St2, which serves as a decoy to neu-
tralize IL-33-induced signaling, increased in the plasma at days
7 and 14 after virus challenge (Supplemental Figure 1D). These
data suggested that loss of St2 signaling rendered mice more sus-
ceptible to biliary injury and functionally linked the high expres-
sion of IL-33-St2 signaling to the abundance of cholangiocytes
in the duct epithelium.

IL-33 is a potent epithelial mitogen. To directly determine whether
IL-33 induces proliferation of the duct epithelium, we adminis-
tered 0.1 ug of IL-33 i.p. into newborn BALB/c mice. Measuring
proliferation by BrdU incorporation, we found that BrdU* chol-
angiocytes of EHBDs increased by approximately 2-fold above
the levels of age-matched controls, which had high baseline lev-
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els of BrdU incorporation, within 24 hours of injection (Figure
3A). When injected into adult mice, when the baseline cholan-
giocyte proliferation was less than 1%, 1 ug of IL-33 i.p. increased
BrdU uptake by 76-fold in the bile duct epithelium, neighboring
peribiliary glands (a site of putative progenitor cells), and cyto-
keratin-19-negative (CK19-) submucosal cells (Figure 3, A, B, and
D). The cholangiocyte proliferation in the epithelium was lower
after 4 daily doses, although it remained well above the baseline
level (Figure 3B), and was associated with a rise in the plasma con-
centration of the soluble St2 (Figure 3C). Similar proliferation
was achieved with as little as 0.1 ug of IL-33 given to adult mice
(Supplemental Figure 2A), and daily administration increased the
diameter of EHBDs from 0.3 mm to approximately 3 mm in 1
week, without an obvious effect on the gallbladder (Figure 3, E-G,
and Supplemental Figure 2B). In the liver, IL-33 induced cholan-
giocyte proliferation in hilar bile ducts, but not in small intrahe-
patic bile ducts in the periphery or in neighboring hepatocytes
(Figure 4, A and B). Interestingly, while St2 was expressed in chol-
angiocytes of intrahepatic bile ducts, the expression was lost after
one dose of IL-33 (Figure 4, C and D). In vitro, incubation of IL-33
with human cholangiocyte cell lines induced proliferation if the
cells derived from EHBDs (Witt cell line), but not if they derived
from intrahepatic bile ducts (H69 cell line) (Figure 4, E-G). These
data identified IL-33 as a potent inducer of extrahepatic cholan-
giocyte proliferation in the absence of preexisting injury. How-
ever, the combination of a mild proliferative response in vitro
and the inflammatory infiltration in the submucosal compart-
ment suggested that other cellular and molecular signals may be
involved in IL-33-induced proliferation.

ILC2s are required for IL-33—induced proliferation of cholangiocytes.
The expansion of CK19- submucosal cells after IL-33 injection
provided clues as to their potential role as an amplifier of pro-
liferation. Using flow cytometry, quantification of mononuclear
cells showed an increase in basophils and dendritic cells early
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Figure 2

Blocking of St2 by antibodies worsens experimental biliary atresia. Serum levels of bilirubin (A) and alanine aminotransferase (ALT) (B) increase
in mice receiving anti-St2 antibody 7 days after RRV challenge when compared with IgG isotype controls. (C) Quantification of the epithelial sur-
face area of EHBDs is significantly smaller in mice receiving anti-St2 than in control mice 11 days after RRV. (D and E) Representative histological
sections show segments of intact epithelium of EHBDs in control mice, but not in anti-St2 mice. n = 8 mice for RRV + IgG and n = 8 mice for RRV

+ St2 Ab. Mean + SD. **P < 0.01; ***P < 0.001. Scale bars: 200 um.

(1 day) and neutrophils and eosinophils late (4 and 7 days) after
IL-33 injection, while a decrease or no change in the number of
B, T, and NK lymphocytes was noted after IL-33 injection (Sup-
plemental Figure 3, A and B). Consistent with the ability of IL-33
to promote a Th2 response by activating ILC2s, a type of lineage-
negative innate effector leukocyte that expresses the receptor St2
and mediates type-2 immunity (S, 6, 13), liver populations of
Lin=St2* cells increased, constituting nearly 50% of the hepatic
mononuclear cells by 7 days after IL-33 injection (Figure 5, A-C).
Lin St2* cells (defined by the lack of expression of CD3g, CD4,
CD8a, B220, CD11b, CD11c, CD49b, NK1.1, Gr-1, F4/80, Ter119,
and FceRla, and expression of St2) expressed surface markers of
ILC2s (CD45*Scal*Icos*CD127*CD25*CD44*cKit Flt3-; Figure
5D) and produced progressively increased amounts of IL-13 but
not IFN-y after restimulation with the lymphocyte-activating
agents phorbol-12-myristatel3-acetate and ionomycin in cul-
ture (Figure 5, E and F). These findings formed the basis for the
hypothesis that hepatic ILC2 cells and the release of IL-13 medi-
ate the proliferative effects of IL-33.

To directly determine whether ILC2s are required for IL-33-
induced proliferation, we injected the cytokine into mice carrying the
simultaneous inactivation of the Rag2 and I12rgc genes (Rag2~/ gc/~
mice); these mice lack ILC2 as well as B, T, and NK cells (Figure
6, A and B, and ref. 14). While IL-33 induced the expected surge
of proliferation in epithelial and peribiliary cholangiocytes in
C57BL/6 (B6) control mice, bile ducts from Rag2~-gc”/~ mice
were completely unresponsive to IL-33 (Figure 6C). In view of the
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simultaneous loss of other lineage-positive cells in these mice, we
adoptively transferred purified ILC2s expressing CD45.1* from
B6/SJL/CD45.1* mice into Rag2~~gc”/~ mice (expressing CD45.2")
to determine whether ILC2s are responsible for the loss of prolif-
eration (Supplemental Figure 4). Adoptive transfer restored the
proliferation of cholangiocytes in the epithelium and peribiliary
glands after IL-33 administration to Rag2~-gc7~ mice (Figure 6,
D and E). We applied the same strategy to Rora%*¢ mice, which have
a developmental defect in ILC2s, without affecting other immune
cell types (15, 16). Cholangiocytes of the EHBDs from Rora#%¢ mice
were unresponsive to daily doses of IL-33, while WT controls had
the typical surge in proliferation (Supplemental Figure 5, A and B)
accompanied by an increase in the number of ILC2s in the liver
(Supplemental Figure 5, C and D). Adoptive transfer of bone mar-
row cells from Rora** control mice into Rag2~/-gc/~ mice restored
the proliferative response of cholangiocytes to IL-33 administra-
tion accompanied by an increase in the number of ILC2s (Supple-
mental Figure S, E and F), which did not occur when bone marrow
donors were isolated from Rora®¥*¢ mice (Figure 6F). These data
identify ILC2s as key targets of IL-33 and raise the possibility that
soluble factor or factors released by these cells may provide prolif-
erative signals to cholangiocytes.

1L-13 mediates IL-33 induced—proliferation of cholangiocytes. Based on
the high expression of IL-13 by hepatic ILC2s after IL-33 adminis-
tration, we quantified IL-13 expression in livers (mRNA) and hepat-
ic mononuclear cells (protein) after IL-33 injection in Rag2~/-gc7/~
and Rora*¥*¢ mice and found it to be increased only after reconstitu-
Volume 124~ Number 7
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Figure 3

IL-33 induces cholangiocyte proliferation. (A) Percentage of CK19+ epithelial cells in neonatal and adult EHBDs that stain for BrdU 1 day after
PBS or IL-33 (0.1 ug in neonatal and 1 ug for adult mice) i.p. (n = 4 for each group). (B) BrdU uptake in CK19+ epithelial and CK19- submu-
cosal cells of adult EHBDs after 1 and 4 daily doses of PBS or IL-33. (C) Plasma concentration of soluble St2 (sSt2) at the same time points.
(D) Representative fluorescence images show BrdU uptake by CK19+ in epithelium (arrows) and peribiliary glands (PBGs) (arrowheads).
(E) Representative macroscopic view of EHBDs from adult BALB/c mice after daily doses of IL-33; a segment of normal jejunum is included
as a size control. (F and G) H&E staining of EHBD longitudinal sections after 4 daily doses of PBS or IL-33 shows normal epithelium after
PBS (arrows; F) and irregular epithelial lining (arrows; G) after 1 ug IL-33 due to hyperplasia of duct mucosa, expansion of PBGs, and accu-
mulation of inflammatory cells in the submucosal compartment. Mean + SD (A—C) (n = 3 animals). Experiments shown in E were repeated

4 times. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 50 um.

tion with ILC2s in Rag2~/~gc/~ mice (Supplemental Figure 6A) or
in the presence of ILC2s in Rora%*¢ mice (Supplemental Figure 6, B
and C). Direct i.p. administration of IL-33 to 1/137~ mice failed to
induce the high BrdU uptake in epithelial and peribiliary cholan-
giocytes typical of WT mice injected with IL-33, while the prolifer-
ative effect on CK19- submucosal cells was similar between 1/137~
and WT controls; i.p. administration of IL-13 in a separate group
of 11137/~ mice restored the increased proliferation of cholangio-
cytes after injection of 1 ug IL-33 (Figure 7, A and B). Examining
whether IL-13 is able to induce cholangiocyte proliferation, we
injected increasing amounts of IL-13 i.p. into BALB/c mice. BrdU*
cholangiocytes increased with as little as 1 ug, but reached the lev-
els of proliferation induced by IL-33 when the dose reached 20 ug
(Figure 7, C and D), a dose previously reported to induce expulsion
of Nippostrongylus brasiliensis from murine small intestine (17). In
vitro, we were unable to detect IL-13 in the conditioned medium
from wells containing Witt cells cultured in the presence of IL-33.
Additional experiments incubating Witt cells with 10 to 100 ng/ml
IL-13 neither induced proliferation nor modified the proliferative
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response due to IL-33 (Supplemental Figure 7). These data sug-
gest that IL-13 is a secondary signal required for the full prolifera-
tive effect of IL-33 in normal cholangiocytes in vivo. However, in
experiments with a cholangiocarcinoma cell line, we observed that
the mitogenic effect of IL-33 is independent of IL-13.

IL-33 improves the bile duct epithelium in experimental biliary atre-
sia. To investigate the relevance of the proliferative properties
of IL-33 to biliary repair and carcinogenesis, we first examined
whether the cytokine promotes repair following rotavirus-
induced epithelial injury in experimental biliary atresia. The full
phenotype was induced by the i.p. administration of 1.5 x 106
plaque-forming units of RRV into BALB/c mice soon after birth
(3). Then we injected 0.02 ug IL-33 i.p. daily for 7 days; we used
this lower dose because neonatal mice did not tolerate the higher
dose, as evidenced by decreased activity in the cage, poor feed-
ing, and a lethargic appearance after repeated administration of
0.1 ug IL-33. On examination of the EHBDs 7 days later, when
the bile duct lumen of RRV-infected mice showed inflammatory
obstruction and diffuse epithelial loss (which is typical of the
Number 7
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Figure 4

IL-33 induces proliferation of cholangiocytes from
hilar bile ducts and a cell line from EHBDs. BrdU
staining (brown, arrows) of liver sections after 4
daily doses of IL-33 shows cholangiocyte prolifera-
tion in hilar bile duct (A), but not in the peripheral
small duct (B, arrow, bile duct). PV, portal vein. (C)
Detection of St2 in intrahepatic cholangiocytes by
immunohistochemical staining with anti-St2 anti-
body (brown staining, arrow), which is lost 1 day
after 1 dose of 1 ug IL-33 (D, arrow). (E) BrdU
uptake in Witt cells (human extrahepatic cholan-
giocarcinoma cell line) and (F) H69 cells (human
intrahepatic duct cell line) after culture with 10 ng/ml
IL-33 for 48 hours. (G) Witt cell proliferation by the
MTS assay after 48 hours of culture with different
concentrations of IL-33. Mean + SD, 4-5 replicates,
repeated 3 times. *P < 0.05; **P < 0.01; ***P < 0.001.
Scale bars: 50 um (A and B); 20 um (C and D).

Witt HE69

disease model; Figure 8, A and C), IL-33 treatment was associated
with a patent duct lumen and the epithelium was largely intact,
with a much greater surface area than in mice that did not receive
IL-33 (Figure 8, B, D, and E).

IL-33 facilitates biliary carcinogenesis. Next, exploring a potential
link between IL-33 and biliary carcinogenesis, we injected IL-33
daily into adult BALB/c mice for 10 weeks. Extrahepatic bile
ducts increased in size and thickness, largely due to a substan-
tial expansion of peribiliary glands, with remarkable features of
glandular metaplasia (Figure 9), raising the possibility that IL-33
requires the activation of other growth-promoting circuits for
neoplastic transformation.

Based on the proposed oncogenic roles of Akt and Hippo path-
ways in the biliary epithelium (18, 19), we investigated whether
IL-33 promotes carcinogenesis in mice whose biliary tract is
primed to cholangiocarcinoma, the neoplasm originating from
cholangiocytes. Genetic priming was induced by the intrabili-
ary injection of a transposon-transposase complex containing
constitutively active Akt (myr-Akt) and Yap (YapS127A) coupled
with lobar bile duct ligation to retain the transposon-transposase
complex within the bile ducts of B6 mice. Animals received 1 ug
of IL-33 or vehicle i.p. for 3 consecutive days and were examined
for tumor burden and tumor characteristics 8 weeks later. In the
group of animals that received both the transposons and IL-33,
10 of 17 (or 58.8%) mice developed advanced tumors with intra-
hepatic metastases (Figure 10, A and B) as compared with none
of the animals in the group injected with transposons without
IL-33 (n = 4, P < 0.05). The livers containing cancer had an aver-
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1 10
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age of 38 + 9.4 macroscopic nodules, with the nodule size aver-
aging 1.3 + 0.07 mm. Microscopically, tumor nodules were eas-
ily identifiable by H&E staining in a background of normal liver
(Figure 10C). Intrahepatic tumors exhibited neoplastic glands that
strongly expressed pAkt and Yap (the activated forms of the onco-
genes), and the 2 markers of biliary differentiation pancytokeratin
(PanCK) and Sox9, without expression of HepParl, a marker of
hepatocellular cells (Figure 10C). Thus, exogenous administration
of IL-33 to genetically susceptible mice potentiates oncogene-asso-
ciated biliary tract carcinogenesis.

Discussion

The findings of increased IL-33 in children with biliary atresia and
its correlation with bile duct hyperplasia in a murine model of the
disease suggested a potential link between the cytokine and chol-
angiocyte biology. Exploring this link, we produced direct evidence
that IL-33 triggers cholangiocyte proliferation and epithelial hyper-
plasia in mice. This proliferative response depends largely on the
presence of ILC2s and on the expression of IL-13, a cytokine with
Th2 properties, as supported by a substantial reduction in prolif-
eration when mice are engineered to lack ILC2s or IL-13. In nor-
mal mice, the epithelial hyperplasia induced by IL-33 increased the
diameter of EHBDs without preexisting injury. In experimental
biliary atresia, antibody blocking of IL-33r rendered newborn mice
more susceptible to bile duct injury induced by rotavirus, while
IL-33 administration suppressed the phenotype and restored the
duct epithelium. Further, in a model of experimental carcinogen-
esis, IL-33 injection into mice with active Akt and Hippo pathways
Volume 124 3245
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Hepatic ILC2s increase after IL-33 treatment. Representative dot plots (A) and quantification from 3 independent experiments (B and C) of flow
cytometric assays show that hepatic ILC2s increase after 4 and 7 days of IL-33 injection. (D) By gating on Lin-ST2+ cells, plots show that IL-33
upregulates the expression of Scat, ICOS, CD127, CD25, and CD44, but not that of CD45, cKit, or FIt3 (FIt3-). (E and F) Intracellular staining
shows ILC2 cells harvested from livers at the specified time points after daily injections of IL-33 produce high levels of IL-13 and minimal amounts
of IFN-y after restimulation with phorbol 12-myristate 13-acetate and ionomycin in vitro for 4 hours. Data in C are absolute cell count at specified
time points, E contains representative dot plots, and F shows percent of ILC2s expressing IL-13 from 3 independent experiments. Mean + SD,

4-5 replicates. *P < 0.05; **P < 0.01; ***P < 0.001.

in the biliary system facilitated the development of cholangiocar-
cinoma. Collectively, the findings identify IL-33 as an activator of
a paracrine circuit that regulates cholangiocyte proliferation, with
preliminary proof-of-principle experiments that point to relevance
to tissue growth, inflammation, biliary repair, and carcinogenesis.

The biological effects of the IL-33/ILC2/IL-13/cholangiocyte
circuit are unexpectedly restricted to EHBDs and hilar bile duct
branches and broadly apply to cholangiocytes in the epithelium
and peribiliary glands. We don’t yet know the biological basis for a
proliferative response that is restricted to cholangiocytes of EHBD:s.
This regional responsiveness suggests the existence of unique bio-
logical properties of EHBDs that differ from intrahepatic bile
ducts. The conceptis supported by previous reports identifying the
requirements of Sox17 in the establishment of distinct anatomical
boundaries among the liver, bile ducts, and pancreas (20). Further,
the genetic inactivation of the genes Lgr4 or HesI causes abnormal
development of different segments of the EHBD system without
affecting intrahepatic bile ducts (reviewed in ref. 1). Our findings
differ from the indirect protection of the liver described for IL-33
following ischemia/reperfusion injury or viral insult, which has
been linked to a differential effect on regulatory T lymphocytes,
dendritic cells, and macrophages (9, 10) or to profibrogenic proper-
ties in the liver (11). These differences notwithstanding, the studies
point to IL-33 as a soluble factor with both protective and repara-
tive properties in the liver and biliary system.
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From an immune perspective, the role of ILC2s as cellular sensors
and effectors for IL-33 is in keeping with their functional relation-
ship with other systems (respiratory and gastrointestinal), where
they fulfill different biological end points (bronchial reactiveness
and helminth expulsion, respectively) (5, 6, 12, 13, 21-23). ILC2s
are involved in immunity and produce IL-5 and IL-13 upon IL-33
stimulation. They are increasingly recognized as playing important
role(s) in tissue injury and intestinal defense (5, 6, 14, 22-25). In the
liver, the profibrogenic properties reported recently (11) differ from
our findings in that IL-33 has a reparative dimension by promoting
proliferation of cholangiocytes and repair of the duct epithelium.
These differences may be related, at least in part, to distinct biologi-
cal signals activated by IL-33 in the liver versus EHBDs and to the
diverse types of injury models. Although we have not formally inves-
tigated the role of IL-33 in the production of the extracellular matrix
in EHBDs, it is possible that IL-33 may aid tissue repair by promot-
ing the expression of matrix components as well as epithelial prolif-
eration. We recognize, however, that additional studies are needed
to investigate these seemingly diverse and complementary processes.

We reported previously that the overactivation of Th2 signals, and
specifically those of IL-13, allows for the development of epithelial
injury and biliary inflammation following rotavirus infection of
newborn mice (3). Despite the functional relatedness of IL-13 with
IL-33, administration of IL-33 is protective to the bile duct epithe-
lium. One of the potential reasons for this discrepancy is that the
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Figure 6

ILC2s mediate IL-33-induced cholangiocyte proliferation. (A) Representative dot plots show that Rag2--gc~- mice lack Lin-ST2+ population after
4 days of IL-33 injections (B6 strain used as control). (B) Quantification of Lin-ST2+ cells from total hepatic mononuclear cells from 3 independent
experiments. (C) Quantification of BrdU uptake by CK19+ and CK19- cells in EHBDs by immunofluorescence staining 1 day after administration
of IL-33 into Rag2--gc~- mice compared with B6 controls. (D) BrdU staining showing the recovery of proliferation in EHBDs of Rag2--gc~- mice
following adoptive transfer of B6/SJL/CD45.1+ Lin-ST2* cells after IL-33, with (E) quantification of BrdU uptake. (F) BrdU uptake in EHBDs of
Rag2--gc- mice after i.p. administration of PBS or 5 x 106 bone marrow cells from Rora** or Roras?’s9 mice into Rag2--gc~- mice, followed by

IL-33 treatment i.p. for 6 weeks. Mean + SD. *P < 0.05; **P < 0.01; ***P

previous experimental approach used BALB/c mice with a congen-
ital inability to mount a Th1 response due to the inactivation of
the Stat1 gene. In such a setting, rotavirus triggered the antivirus
response from a default Th1 to an IL-13-rich response and a tis-
sue infiltration of type 2 inflammatory cells that obstruct the bile
ducts (3). In contrast, the biliary injury in our experiments, typically
accompanied by a type 1 response (1), was substantially decreased by
the administration of IL-33, suggesting that the IL-33-induced acti-
vation of innate lymphoid cells may act to protect or repair the duct
epithelium. In humans, the combination of the increased expres-
sion of IL-13, IL-33, and the IL-33 receptor when the disease is fully
established suggests a potential sequence of events in which the
biliary environment transitions from the initial proinflammatory
response that injures the epithelium to a reparative type 2 response
in an attempt to reconstitute the biliary epithelium.
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< 0.001. Scale bars: 50 um.

The powerful proliferative stimulus linking IL-33, ILC2s and
IL-13 to neighboring cholangiocytes in vivo is far superior to the
proliferation provided by hepatocyte growth factor, epidermal
growth factor-signaling, and other mitogens (26). The mecha-
nisms used by IL-13 to mediate the effect of IL-33 may involve
the IL-4Ro. (an important component of the heterodimeric IL-13
receptor) and the downstream target of Stat6 (11). Future studies
to formally dissect this molecular mechanism will be important
in view of our findings that daily administration of IL-33 pro-
duces metaplastic changes. Additional studies will also be needed
to investigate the molecular synergy that facilitated malignant
transformation, with the development of cholangiocarcinoma
and intrahepatic metastasis when it was administered, even on
a short-term basis, to mice engineered to have a simultaneous
activation of Akt and Hippo pathways. While we cannot rule out
Number 7 3247
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IL-13 as a molecular effector of IL-33—induced proliferation. Fluorescence images (A) and percentage of BrdU uptake from 3 to 5 animals (B)
in representative sections of EHBDs 1 day after injection of IL-33 and/or IL-13 into WT or //73-- mice. (C and D) Percentage of BrdU cells after
different doses of IL-13 in representative EHBDs (C) or quantification from 3 animals (D) 1 day after injection of 0.1, 1, 10, and 20 ug of IL-13 into

WT mice. Mean + SD. ***P < 0.001. Scale bars: 50 um.

the possibility that IL-33 can independently induce malignant
transformation of the biliary epithelium if administered daily for
more than 10 weeks, we found evidence that IL-33 induced prolif-
eration of a human cholangiocarcinoma cell line (Witt cells) inde-
pendently of IL-13. It is possible that the transformed phenotype
of Witt cells renders them susceptible to IL-33, which does not
apply to the bile duct epithelium of normal mice. Collectively, our
data clearly point to a potential biological synergy among IL-33,
Akt, and Hippo, which appear to be complementary pathways in
pathogenesis of cholangiocarcinoma.

In summary, experiments to investigate the biological relevance
of increased IL-33 in children with biliary atresia identified the
protein as a potent inducer of bile duct epithelial hyperplasia.
The hyperplastic response resides largely in cholangiocytes and
is regulated by neighboring ILC2s and the release of IL-13. Com-
bined, the IL-33/ILC2/IL-13/cholangiocyte circuit may represent
an important physiologic driver of tissue repair and, when in a
favorable pathologic setting, a facilitator of biliary carcinogenesis.
Thus, IL-33 or elements of the paracrine circuit may be manipu-
lated to augment tissue repair or may constitute potential new
therapeutic targets against cholangiocarcinoma.

Methods

Mouse lines and experimental challenges. Experimental mice were age and sex
matched and of BALB/c background unless otherwise specified. BALB/c
and B6 mice were purchased from Charles River Laboratories. B6/SJL
(CD45.1* congenics) and B6 Rag27-II2rgc/~ mice were from Taconic Labo-
ratories, while B6 Rora”*¢ mice were purchased from the Jackson Labora-
tory. We generated Rora*¥¢ mice in our laboratory by successive matings of
heterozygous mice and identified targeted genes by PCR using tail DNA
according to protocols from the providers of the mouse strains. I/137/-
BALB/c mice were generated in the laboratory of Andrew N.J. McKenzie
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(MRC Laboratory of Molecular Biology, Cambridge, United Kingdom) and
a gift from Marc E. Rothenberg (Cincinnati Children’s Hospital Medical
Center). For in vivo experiments, IL-13 or IL-33 was injected to mice i.p.
daily with specified dose and timing.

Mouse model of biliary atresia. Experimental biliary atresia was induced in
neonatal BALB/c mice by inoculation of 0.5 or 1.5 x 10° ffu of RRV i.p. in
the first 24 hours as described previously (3). Mice injected with 0.9% NaCl
(saline) solution served as controls. For IL-33 studies, 0.02 ug of murine
IL-33 was injected daily until day 7 of life; control mice received an equiva-
lent amount of protein (1% BSA). For IL-33r (St2) blocking, neonatal mice
were challenged with 0.5 x 10° ffu of RRV followed by injections of 20 ug
of anti-mouse St2/IL-1R4 antibodies (R&D Systems) every other day until
day 10 of life; control mice received rat anti-mouse IgG2b antibodies. Liv-
ers, EHBDs, and gallbladders were microdissected en bloc at days 7 (IL-33)
and 11 (IL-33r) after RRV challenge. The epithelial surface area of cholan-
giocytes along the entire length of the common bile duct was morphomet-
rically determined using H&E-stained consecutive sections and expressed
as mm?. Data for surface area calculations were gathered at x100 to x200
magnification and used the Count-and-Measure feature of the Cellsens
1.9 (Dimension Package) digital imaging software (Olympus America Inc.).

Cell lines and in vitro proliferation study. We used the cholangiocarcinoma
cell line Witt (Sk-ChA-1), derived from a patient with extrahepatic cholan-
giocarcinoma, and a human immortalized nonmalignant cholangiocyte
cell line H69 (from D.M. Jefferson, Tufts University School of Medicine,
Boston, Massachusetts, USA). They were cultured as described (27, 28).
For MTS (3-[4,5-dimethylthiazol-2-yl]
sulfophenyl|-2H-tetrazolium, inner salt) cell proliferation assays, cell lines

-5-[3-carboxymethoxyphenyl]-2-[4-

were seeded into 96-well plates (10,000 cells per well) in a final volume of
100 ul of growth medium for 48 hours and then were serum starved for 48
hours before stimulation with IL-33 and/or IL-13. After incubation for 48
hours, cell proliferation was assessed using a colorimetric cell proliferation
assay (CellTiter 96Aqueous; Promega), and absorbance was measured at 490
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Figure 8

IL-33 promotes epithelial repair in experimental biliary atre-
sia. The epithelial injury and lumen obstruction of EHBD 7
days after rotavirus (RRV) infection (A; dashed lines depicts
obstructed duct lumen) are prevented in mice that also
receive daily doses of 0.02 ug IL-33 (B; arrows show epithe-
lium; arrowheads show peribiliary glands). Quantification of
the surface area of the mucosal lining of EHBDs from RRV-
infected mice followed by daily doses of PBS (C, as control)
or IL-33 (D) for 7 days shows a greater abundance of epithe-
lium in the IL-33 group (E). Mean + SD. ***P < 0.001. Scale
bars: 50 um (A and B); 100 um (C and D).

Epithelial surface area (mm?) m |~

nm by a microplate reader (Synergy H1 Hybrid Reader; BioTek). For BrdU
incorporation assays, cells were treated as above, and BrdU was added to the
cells 2 hours prior to BrdU staining. Cells were then collected from 3 repli-
cates, and the incorporated BrdU was measured according to instructions
included in the APC-conjugated BrdU Flow Kit (BD Bioscience).

Antibodies and reagents. Recombinant mouse and human IL-13 were from
PeproTech; recombinant mouse and human IL-33 were from BioLegend.
The following primary antibodies were used for flow cytometry: FITC-
conjugated anti-CD4 (RM4-5) and anti-CD3 (17A2); PE-conjugated anti-
Siglec-F (E50-2440), and CD45.1 (A20); PerCP-conjugated anti-CD4, CD8a
(53-6.7), and B220 (RA3-6B2); APC-conjugated anti-Ckit (2B8), CD25
(PC61), CD44 (1IM7), CD45 2 (clone 104), Siglec-F (ES0-2440), and IFN-y
(XMG1.2); and purified anti-FcRII/IIT (CD32/CD16; 2.4G2), from BD
Biosciences. FITC-conjugated anti-CD11b (M1/70); PE-conjugated anti-
CD19 (eBio1D3), CD127 (A7R34), EceRlat (MAR-1), F4/80 (BMS), Sca-1
(D7), and IL-13 (eBio13A); PerCP CyS.5-conjugated anti-CD11b (M1/70),
Gr-1 (RB6-8CS), and TER-119 (TER-119); APC-conjugated anti-CD45 (30-
F11), CD49b (DXS), Flt3 (A2F10), and Sca-1 (D7) were from eBiosciences.
PE-conjugated anti-CD45 (30-F11); PerCP-conjugated anti-CD3¢ (145-
2C11); PerCP CyS.5 conjugated anti-CD11c (N418), CD49b (DXS), F4/80
(BMS8), FceRIa (MAR-1), and NK1.1 (PK136); APC-conjugated anti-ICOS
(398.4A) and Alexa Fluor 647-conjugated anti-CCR3 (TG14/CCR3) were
purchased from BioLegend. FITC-conjugated anti-T1/ST2 (DJ8) was from
MD Bioproducts. Lineage cocktail included PerCP-conjugated anti-CD3e,
anti-CD4, anti-CD8a,, anti-B220 and PerCP CyS5.5 conjugated anti-CD11b,
anti-CD11c, anti-CD49b, or NK1.1, Gr-1, F4/80, Ter119 and FceRIo. BrdU
solution was purchased from BD Biosciences. For immunohistochemistry
staining, biotin anti-BrdU antibody was from Abcam. The Rabbit IgG Vec-
tastain ABC Kit was used according to the manufacturer’s recommenda-
tions for blocking, antibody incubations, and signal amplification (Vector
Laboratories). Purified anti-CK19 antibody was from Santa Cruz Biotech-
nology Inc. Anti-PanCK antibody was purchased from Dako. DyLight 488-
conjugated donkey anti-goat and DyLight 594-conjugated streptavidin
antibodies were from Jackson Immunoresearch. ProLong Gold antifade
reagent with DAPI for nuclear staining was from Invitrogen.

Cell isolation. To obtain hepatic mononuclear cells, liver cell dissociation
was done using gentleMACS Dissociator (Miltenyi Biotec) according to
then manufacturer’s manual. Single-cell suspensions were then obtained

The Journal of Clinical Investigation

http://www.jci.org

" RRV + Control RRV + IL-33
EHBD from day 7 mice

by passing the cells through a 40-um strainer and centrifugation in 33%
Percoll at 836 g, 20°C for 20 minutes; they were then washed twice in com-
plete DMEM (Biowhittaker), subjected to red cell lysis buffer, and used in
flow cytometry. Bone marrow cells were collected by flushing the femurs
and tibias from mice with complete DMEM. The single-cell suspension was
washed twice with complete DMEM, immersed in red cell lysis buffer, and
then washed and stained for flow cytometric analysis or ILC2 isolation for
cell culture or adoptive transfer experiments.

Flow cytometry and cell sorting. According to established protocols (29),
cells were resuspended in PBS containing 1% BSA and then incubated at
4°C for 30 minutes with combinations of fluorochrome-conjugated anti-

Figure 9

Long-term administration of IL-33 promotes epithelial metaplasia.
Cross sections of a representative adult mouse EHBD before (A)
and after (B) 10 weeks of daily injections of IL-33 show glandular
metaplasia. (C and D) Cross sections stained with Alcian blue show
intense staining in abundant peribiliary glands. Arrows show bile duct
epithelium, and arrowheads point to peribiiary glands. Scale bars:
50 um (A and C); 100 um (B and D).
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Figure 10

IL-33 facilitates biliary carcinogenesis. (A) liver appearance
of mice after intrahepatic injection of myr-Akt and YapS127A
Sleeping Beauty transposon-transposase complexes coupled
with lobar bile duct ligation, and without (upper photo) or with
(lower photo) daily injections of IL-33 (1 ug i.p. for 3 days).
The lower photo shows liver nodules (arrows) representing
neoplasms in mice with constitutively active Akt and Yap and
injection of I1L-33. (B) Percentage of animals with liver tumors
(*P < 0.05). (C) Intrahepatic neoplastic nodules stained by
H&E; expression of p-AKT; Yap; PanCK, and Sox 9 (nuclear
staining), markers of biliary differentiation; and negative stain-
ing for HepPar1, a hepatocyte marker. Scale bars: 50 um.

bodies. For intracellular staining of cytokines, cells were stimulated with
5 ng/ml PMA and 750 ng/ml ionomycin (Sigma-Aldrich) in the presence of
1 ul/ml GolgiPlug (BD Biosciences) for 4 to S hours (29). Cells were then
harvested, washed, and stained with antibodies to surface markers, washed,
and blocked with purified anti-FcRII/III (CD32/CD16; 2.4G2, BD Biosci-
ences), followed by incubation with the BD Cytofix/Cytoperm kit (BD
Biosciences — Pharmingen) for 30 minutes and anti-cytokine antibodies
at 4°C. Cells were analyzed on a FACSCalibur or FACSCanto (BD Biosci-
ences) or were purified with an Ariel cell sorter (BD FACSAria IT) according
to the manufacturers’ standard operating procedures. Data were analyzed
with FlowJo software, version 7.6.5.

Adoptive transfer experiments. Lin"ST2* ILC2s were sorted from pooled
total hepatic mononuclear cells isolated from 3 to 4 mice at 6 to 8 weeks
of age after 4 days of IL-33 treatment. Purified 1 x 105 ILC2s were resus-
pended in 100 ul PBS and injected into the recipient mice i.p. For bone
marrow cell transfers, 5 x 10 cells in 100 ul PBS were given i.p. The second
day, 1.0 ug IL-33 was given to the transplant recipient mice i.p. for the
specified duration.

Oncogenic transposon injection into the biliary tree. B6 mice were anesthetized
by pentobarbital injections of 40 to 85 mg/kg i.p. Under deep anesthesia,
the abdominal cavity was opened by a midline approach, and the liver was
gently retracted and allowed to rest on the diaphragm temporarily. The
common bile duct located below the liver was clamped with a small-animal
surgical clip to prevent the injected material from flowing into the duode-
num. The bile duct draining the left lateral liver lobe was identified, and a
ligature (6.0 silk) was placed loosely around the duct. Another ligature was
placed around the base of the gall bladder where it meets the cystic duct.
100 ul of the plasmid solution in in vivo jetPEI (Polyplus) prepared accord-
ing to the manufacturer’s instructions was injected into the gall bladder
with enough pressure to allow the solution to distend the liver biliary
system. A sterile cotton-tipped applicator was held over the injection site
for about a minute to prevent leakage. The ligature around the left lateral
liver lobe duct was then tied off so as not to allow the plasmid solution
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to flow from this bile duct to the common bile duct. Following plasmid
injection and the left lateral bile duct ligation, the common bile duct was
unclamped. The ligature around the base of the gall bladder was then tied
off and a cholecystectomy performed. Internal organs were returned to
their original position. The abdominal wall and skin were closed in a sepa-
rate layers pattern with absorbable chromic 3-0 gut suture material. Then
each animal was injected with 1 pug of IL-33 (R&D Systems) i.p. starting on
day 1 for 3 days. Animals were euthanized 8 weeks later and examined for
the presence of tumor and metastases.

Transposon-transposase complex. myr-AKT with N-terminal HA tag plas-
mid, YapS127A-containing plasmid, and hyperactive Sleeping Beauty
transposase-containing plasmid (pCMV-SB) were a gift of Xin Chen
(UCSF, La Jolla, California, USA). Both AKT and Yap are expressed
from the EFlo promoter. Hyperactive Sleeping Beauty transposase
is expressed from the CMV promoter. AKT (11 ug) plus Yap (11 ug)
plasmids were combined with Sleeping Beauty transposase (3 ug) plas-
mid, diluted in 100 ul 0.9% NaCl, sterile filtered, and injected into the
biliary system as described above.

Histology and immunostaining. Sections of parafin-embedded livers and
bile ducts were stained with H&E or Alcian blue. For immunofluorescence
studies, sections were stained with antibodies for rabbit PanCK or goat
CK19 (1:100), followed by DyLight 488-conjugated donkey anti-goat
antibodies (1:1000), then incubated in biotinylated anti-BrdU antibody
(1:200) overnight at 4°C, and finally in DyLight 594-conjugated streptavi-
din (1:1000). Slides were coverslipped with ProLong Gold antifade reagent
with DAPI and examined by fluorescence microscopy. Color was developed
using the DAB peroxidase substrate kit (Vector Laboratories) and hema-
toxylin counterstaining. Citric acid buffer (pH = 6) was used for BrdU.
CK19* in epithelium or PBGs and CK19- cells from well-oriented EHBDs
were counted at x40 magnification, followed by counts of BrdU-positive
cells. The percentage of BrdU-positive CK19* epithelial cells, CK19* PBGs,
or CK19- cells was determined for each animal (at least 500 cells per geno-
type were counted for each animal).
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Additional immunostaining was performed using antibodies to the
following proteins: p-Akt and Yap (rabbit species, at 1:150 and 1:25 dilu-
tions, respectively; Cell Signaling), PanCK (rabbit species, 1:40; Dako),
Sox-9 (rabbit species, 1:1000; Millipore), HepPar1 (mouse species, 1:40;
Thermo Scientific), and St2 (rabbit species, 1:200; AbCam). All antigen
-retrieval procedures were performed with the citrate buffer. Blocking was
performed with 5% BSA blocking buffer (or using the Mouse-on-Mouse Kit
from Vector Laboratories for anti-HepPar1 antibody). Primary antibodies
were diluted in 1% BSA where applicable. Peroxidase rabbit IgG kit was
used for staining development to detect St2/IL-33r, and Dako EnVision kit
was used to detect all other secondary antibodies. Hematoxylin was used
for counterstaining in assays for p-AKT, Yap, PanCK, HepPar1, and St2;
blue cytoplasm counterstaining (Accurate Chemical and Scientific Corpo-
ration) was used for the Sox9 detection assay.

Real time PCR analysis. RNA isolation, cDNA synthesis, and quantitative
PCR amplification using the Brilliant III SYBR Green QPCR Master Mix
gene expression assay kit and the Mx3005P system (Stratagene, Agilent
Technologies) were performed as described previously (3). Primers for Hprt
and I/13 were published in our previous study (3); other primers used were as
follows: mouse I/33 sense (5'-TCCTTGCTTGGCAGTATCCA-3') and mouse
1133 antisense (5" TGCTCAATGTGTCAACAGACG-3') (30). mRNA expres-
sion of target genes was normalized to the endogenous reference Hprt gene.

Concentration of human IL-33 and mouse St2 in serum or plasma. The concentra-
tion of cytokines was measured in serum from 20 children with biliary atresia
at the time of diagnosis (<4 months of age) and from 6 age-matched healthy
infants using the Luminex technology platform (Millipore). Mouse plasma
was collected in BD Microtainer tubes with EDTA (BD Bioscience) followed
by centrifugation at 2,655 g for 10 minutes. Supernatants were saved at -80°C
until the time of analysis. Plasma sSt2 was detected following the manufac-
turer’s protocol using the Mouse St2 (IL-33r) ELISA Ready-SET-Go! Kit.

Statistics. All in vitro experiments were performed at least in triplicate.

The numbers of mice or tissues used in each experiment are presented in
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the text or figure legends. Values are expressed as mean + SD, and statis-
tical significance was determined by 2-tailed Student’s ¢ test, Wilcoxon
signed rank test, or by 1-way or 2-way ANOVA for comparison between 3
or more groups, with a significance set at P < 0.05.

Study approval. The Institutional Animal Care and Use Committee of
Cincinnati Children’s Hospital Medical Center approved the experi-
mental protocols for the mouse experiments. Subjects with biliary
atresia or age-matched healthy controls were enrolled into a study pro-
tocol after obtaining signed consent from the parents or guardians, as
approved by the Institutional Review Board of Cincinnati Children’s
Hospital Medical Center.
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