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BACKGROUND AND AIMS: Biliary atresia (BA) is a 
devastating neonatal cholangiopathy that progresses to fibrosis 
and end-stage liver disease by 2 years of age. Portoenterostomy 
may reestablish biliary drainage, but, despite drainage, virtually 
all afflicted patients develop fibrosis and progress to end-stage 
liver disease requiring liver transplantation for survival.

APPROACH AND RESULTS: In the murine model of BA, 
rhesus rotavirus (RRV) infection of newborn pups results in 
a cholangiopathy paralleling human BA and has been used to 
study mechanistic aspects of the disease. Unfortunately, nearly 
all RRV-infected pups succumb by day of life 14. Thus, in 
this study we generated an RRV-TUCH rotavirus reassortant 
(designated as TR(VP2,VP4)) that when injected into newborn 
mice causes an obstructive jaundice phenotype with lower 
mortality rates. Of the mice that survived, 63% developed 
Ishak stage 3-5 fibrosis with histopathological signs of in-
flammation/fibrosis and bile duct obstruction.

CONCLUSIONS: This model of rotavirus-induced neonatal 
fibrosis will provide an opportunity to study disease pathogen-
esis and has potential to be used in preclinical studies with 
an objective to identify therapeutic targets that may alter the 
course of BA. (Hepatology 2020;71:1316-1330).

Biliary atresia (BA) is a devastating fibro- 
obliterative cholangiopathy of the newborn that 
affects approximately 1:5,000-18,000 infants. 

The inflammation results in end-stage liver disease 

and, without surgical intervention, leads to death by 
2  years of age.(1,2) Although Kasai portoenterostomy 
may restore biliary drainage in some infants, virtually 
all afflicted patients develop hepatic fibrosis associated 
with complications of portal hypertension and require 
liver transplantation for survival.(3,4) As a result, BA is 
the most common indication for pediatric liver trans-
plantation, accounting for 50% of all pediatric trans-
plants performed in the United States.(5)

The etiology of BA remains under investigation. 
In 1974, Landing(6) suggested that a perinatal viral 
infection was the main cause of BA. The hypothesis 
has been supported by the detection of several viruses, 
including rotavirus group C,(7) reovirus type 3,(8) 
Epstein-Barr virus,(9) cytomegalovirus,(10) and human 
papillomavirus(11) in explanted livers of infants with 
BA. Additional support for a virus-induced BA is the 
experimental perinatal infection of mice with rhe-
sus rotavirus (RRV) that results in extrahepatic bil-
iary obstruction paralleling human BA.(12,13) In this 
model 100% of newborn pups that are inoculated 
with RRV by day of life (DOL) 1 develop symptoms 
of biliary obstruction including growth retardation, 
jaundice, acholic stool, and hyperbilirubinemia, with a 
90%-100% mortality rate by DOL 14.(13) Subsequent 
histopathological analysis of extrahepatic bile ducts in 
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these mice has revealed obstruction of the bile duct 
lumen, similar to that seen in human BA.(14)

RRV is a double-stranded RNA virus of the 
Reoviridae family composed of 11 gene segments 
encoding six structural (VP1-VP4, VP6, and VP7) 
and six nonstructural (NSP1-NSP6) proteins. It 
contains a triple-layer protein capsid composed of 
VP6, VP4, and VP7.(15) Reassortant viruses are cre-
ated by coinfection of a cell with two parent strains 
that can produce progeny composed of various com-
binations of parental genes. Previously, using single- 
gene reassortants derived from rotavirus strains RRV 
and TUCH (TUCH is another simian rotavirus 
strain that has tropism for murine cholangiocytes, 
but infection does not result in biliary obstruction; 
named after the locations where the strain was iso-
lated: Tulane National Primate Research Center and 
Cincinnati Children’s Hospital), we established that 
the RRV’s VP4 is critical for the induction of the 
murine model of BA.(16)

Although the RRV-induced model of murine BA has 
many parallels with human disease, it results in 80%-90% 
mortality by DOL 14. As a result, studying late effects 
of biliary obstruction such as the mechanistic basis of 
fibrosis is not possible. While murine models of liver 
fibrosis using hepatotoxins(17) and bile duct ligation(18) 
have been described, a neonatal model of liver fibrosis 
as a sequela of perinatal biliary obstruction has not yet 
been established. In this study, we describe a model of 
neonatal hepatic fibrosis that resulted from experimental 
inoculation of a reassortant RRV strain inducing murine 
BA with lower mortality rates. In addition, we analyzed 

the similarities of this model to human BA and differ-
ences from CCl4 injection and duct ligation models.

Methods
VIRUSES AND CELLS

MA104 cells (Bio-Whittaker, Walkersville, MD) 
were cultured as described.(19) Two simian rotavirus 
strains were used: RRV (generously provided by H. 
Greenberg, Stanford University, Palo Alto, CA) and 
TUCH.(20) Virus stocks were grown in MA104 cells 
as described and kept frozen at −80°C until thawed 
for use.(14)

ANIMAL BREEDING
Breeding pairs of BALB/c mice (Envigo, 

Indianapolis, IN) were kept in micro isolator cages 
in a virus-free environment with free access to ster-
ilized chow and water. Mice were bred and pups in 
litters of 6-8 were used for experiments. All animal 
research was performed in accordance with proto-
cols and regulations approved by the Institutional 
Animal Care and Use Committee at Cincinnati 
Children’s Hospital Medical Center (protocol num-
ber IACUC2016-0090), which adheres to the NIH 
OLAW regulation (Animal Assurance number 
A3108) and the Animal Welfare Act (certification 
number 31-8-001). All animals received humane 
care according to the criteria outlined in the “Guide 
for the Care and Use of Laboratory Animals” 
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prepared by the National Academy of Sciences and 
published by the NIH.

GENERATION OF REASSORTANT 
VIRUS

Single-gene and double-gene reassortants were 
generated by coinfection of MA104 cells with paren-
tal RRV and TUCH rotavirus strains at varying mul-
tiplicities of infection. Progeny underwent plaque 
purification, followed by polyacrylamide gel electro-
phoresis and sequencing, as described,(16) to deter-
mine genetic content. Reassortants were named for 
the parent (TUCH) strain first, followed by the RRV 
gene placed on TUCH. The TR(VP2) and TR(VP2,VP4) 
is based on the TUCH parent background strain with 
VP2 only and VP2 and VP4 genes originating from 
RRV, respectively.

DEVELOPMENT OF A MOUSE 
MODEL OF BA WITH FIBROSIS

Newborn mice underwent intraperitoneal inocu-
lation on DOL 4 with RRV, TR(VP2), or TR(VP2,VP4) 
reassortants at a dosage of 1.25 ×  106 focus-forming 
units/g body weight. Saline-injected pups served as 
controls. Mice were monitored every other day for 
obstructive symptomatology including weight, jaun-
dice, and acholic stool. The presence of bilirubin in 
urine was measured through commercially available 
urine dipsticks (Bayer Co., Elkhart, IN). Symptoms 
and survival rates were recorded. To perform histo-
pathological analysis, mice were sacrificed at 28 days 
postinoculation, and livers and bile ducts were micro-
dissected and harvested. A subset of mice (n = 6) from 
each group was sacrificed 7  days postinoculation for 
evaluation of infectious virus presence in bile ducts.

CCl4 TREATMENT OF MICE
See Supporting Information.

BILE DUCT LIGATION OF MICE
See Supporting Information.

QUANTIFICATION OF VIRUS 
INFECTIVITY

See Supporting Information.

HISTOLOGIC ANALYSIS OF 
SPECIMENS

Livers were harvested from mice at 28 days post-
inoculation with viruses, saline, and CCl4 as well 
as 13  days post–bile duct ligation. The livers were 
then fixed in 10% formalin, embedded in paraffin, 
and sectioned at 5 μm along the length of the sec-
tion as described.(21) Bile ducts were harvested from 
identically treated animals at 14  days postinocula-
tion. Slides were stained with hematoxylin and eosin 
(H&E) and sirius red using standard techniques. 
They were then blindly evaluated by a pathologist 
for bile duct morphology including the presence of 
ductular proliferation and severity of liver fibrosis 
consistent with Ishak scoring system (Supporting 
Table S1).

HANDLING OF HUMAN BA 
SAMPLES

Deidentified, formalin-fixed, paraffin-embedded, 
exempt human tissue samples from patients with BA 
at the time of Kasai procedure were obtained from the 
Biobank pathology archives of Cincinnati Children’s 
Hospital Medical Center. Staining and histopatholog-
ical analysis of samples were performed as described 
above.

IMMUNOHISTOCHEMISTRY 
FOR THE DETECTION 
OF CHOLANGIOCYTE 
PROLIFERATION

See Supporting Information.

MEASUREMENT OF SERUM 
ALANINE AMINOTRANSFERASE, 
ASPARTATE AMINOTRANSFERASE, 
AND MATRIX 
METALLOPROTEINASE 7

Enzymatic assays for the detection of alanine 
aminotransferase (ALT), aspartate aminotrans-
ferase (AST)  (Bio Scientific, Austin, TX), and 
matrix metalloproteinase 7 (MMP-7) (Aviva, San 
Diego, CA) were carried out in (1:100 phosphate- 
buffered saline–diluted) serum samples collected at 
2 weeks postinoculation. All assays were performed 
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in duplicate in accordance with the manufacturer’s 
recommendations.

FLOW-CYTOMETRIC ANALYSIS
See Supporting Information.

RNA EXTRACTION AND 
REAL-TIME QUANTITATIVE PCR

BALB/c pups were inoculated with saline or reas-
sortant virus as described above, and a subset of mice 
were sacrificed 2  weeks after, their livers were har-
vested, and total RNA was extracted using the Zymo 
Research Quick-RNA MiniPrep RNA kit according 
to the manufacturer’s instructions (Irvine, CA).The 
mRNA expression of genes (chemokine [C-C motif ] 
ligand 2 [CCL2]; interleukin 6 [IL6]; chemokine 
[C-X-C motif ] ligand 1 [CXCL1]; CXCL2; serpin 
peptidase inhibitor, plasminogen activator inhibi-
tor type 1 [SERPINE1]; integrin alpha 2 [ITGA2]; 
versican [VCAN]; laminin, gamma 2 [LAMC2]; 
amphiregulin [AREG]; thrombospondin 1 [THBS1]; 
MMP-7) was quantified by real-time PCR. Total 
RNA (2  μg) was reverse-transcribed using a high- 
capacity RNA-to-complementary DNA (cDNA) kit 
(Fisher Scientific). cDNA pools were subjected to 
real-time kinetic PCR on a CFX connect real-time 
system (Bio-Rad, Hercules, CA) using SYBR Green 
III (Agilent Technologies, Santa Clara, CA) to quan-
tify mRNA expression of corresponding genes normal-
ized to glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) using described techniques.(22) Primers for 
the selected genes are detailed in Supporting Table S2.

Human liver mRNA expression levels were assessed 
from the publicly available microarray data sets 
GSE46960(23) for patients with BA obtained from 
the National Center for Biotechnology Information’s 
(NCBI’s) Gene Expression Omnibus database (GEO). 
Patients described before(23) were categorized into 
three groups: normal control group (n  =  7), non-BA 
group (n  =  14), and BA group (n  =  64). Data were 
analyzed using an online database, GEO2R.

STATISTICAL ANALYSIS
The graphs were created and statistical analy-

ses were performed using GraphPad Prism, version 
5.02 (GraphPad Prism Software, Inc., La Jolla, CA). 
Statistical comparisons between different groups were 

performed by one-way analysis of variance (ANOVA) 
with Bonferroni’s post hoc test. Differences were con-
sidered significant at P  <  0.05. Analysis of noncon-
tinuous variables was performed by chi-squared tests. 
Continuous variables were analyzed by ANOVA with 
post hoc t testing where appropriate.

Results
GENERATION OF REASSORTANT 
ROTAVIRUSES

Previously in our laboratory we generated a series 
of reassortant rotaviruses and demonstrated that the 
VP4 gene of RRV is required for BA pathogenesis.(16) 
In generating the single-gene viral reassortants, we 
generated a double-gene reassortant TR(VP2,VP4) and 
a single-gene reassortant TR(VP2) in which the VP2 
and VP4 genes and the VP2 gene of TUCH were 
replaced with those of RRV. Reassortants were char-
acterized and visualized by polyacrylamide gel elec-
trophoresis (Supporting Fig. S1). When injected into 
newborn BALB/c mice, the TR(VP2,VP4) reassortant 
induced the BA phenotype with reduced mortality. 
We have reported(16) that TR(VP2)-injected mice do 
not develop symptoms of biliary obstruction and 
mortality, so we used these mice as disease/negative 
controls.

REASSORTANT ROTAVIRUSES  
ARE CAPABLE OF INFECTING  
THE MOUSE EXTRAHEPATIC BILE 
DUCT

Extrahepatic bile ducts were microdissected 7 days 
postinoculation with wild-type RRV and TR(VP2) and 
TR(VP2,VP4) reassortants. A focus-forming assay per-
formed on these bile ducts revealed that reassortants 
were capable of infecting and replicating within the 
bile ducts (Supporting Fig. S2); however, TR(VP2,VP4) 
replicated to a significantly lower titer than RRV.

THE TR(VP2,VP4) ROTAVIRUS 
REASSORTANT PRODUCES 
CLINICAL MANIFESTATIONS OF 
BA WITH REDUCED MORTALITY

We have reported that the murine model of BA is 
temporally dependent.(22) In this model we tried using 
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various doses of the virus (3.5  ×  105 to 1.3  ×  106/g 
body weight) at different days (DOL 0-5) in multiple 
combinations and identified that a dose of 4.1 × 106 
at DOL 4 resulted in the maximum number of mice 
exhibiting the symptoms of BA with reduced mor-
tality. For this study 100 mice were inoculated with 
either TR(VP2,VP4) reassortant or RRV. Fifty mice were 
inoculated with the TR(VP2) reassortant and 20 with 
saline (control). RRV-inoculated and TR(VP2,VP4)-
inoculated mice displayed symptoms of an obstructive 
cholangiopathy including jaundice, acholic stools, and 
bilirubinuria in 96% and 100% of mice, respectively, 
while only 40% of TR(VP2) reassortant–inoculated 
mice displayed such symptoms (Fig. 1A). Mice inoc-
ulated with TR(VP2,VP4) reassortant showed a 38% sur-
vival rate, while those inoculated with RRV only had 
a 20% survival. Conversely, both the TR(VP2) reassort-
ant and saline controls had 100% survival (Fig. 1B). 
Likewise, mice inoculated with TR(VP2,VP4) and RRV 
experienced growth retardation (P  <  0.05) compared 
to those inoculated with TR(VP2) and saline at 30 days 
(Fig. 2A,B). When dissected, mice inoculated with 
TR(VP2,VP4) and RRV appeared jaundiced with hepatic 
nodules (Fig. 2C).

TR(VP2,VP4) INDUCES HEPATIC 
FIBROSIS IN MICE

Livers of mice harvested at 28  days postinjec-
tion with saline, TR(VP2), TR(VP2,VP4), and RRV 
were assessed for fibrosis. Compared to TR(VP2) 
(0%), TR(VP2,VP4)-inoculated mice showed a 

higher frequency of Ishak 3-5 stage fibrosis (63%) 
(P  <  0.005). Interestingly TR(VP2,VP4)-inoculated 
mice also had a significantly higher frequency of 
late-stage fibrosis than RRV-inoculated mice (40%) 
(P  <  0.05) (Supporting Fig. S3). Histologically 
fibrosis was evenly distributed throughout the liver 
parenchyma and was composed of portal–portal as 
well as portal–central bridging. Multiple specimens 
also contained microscopic nodules that were not 
present in negative controls (Fig. 3). Because RRV-
inoculated mice had a 20% survival rate at 30 days 
postinoculation with a lower frequency of induc-
ing stage 3-5 fibrosis compared to those inoculated 
with TR(VP2,VP4) reassortant, we focused only on 
TR(VP2,VP4) for further analysis.

TR(VP2,VP4)-INOCULATED MICE  
HAD INCREASED MONONUCLEAR 
CELLS IN THE LIVER

In human BA, it has been shown that the pre-
dominant cellular immune response at diagnosis rep-
resents activated cluster of differentiation 4–positive 
(CD4+) and CD8+ T cells within portal tracts that 
produce T helper 1 cytokines (IL-2, interferon- 
gamma)(24-26) and that in mice neonatal hepatic 
CD3+ cells that express interferon-gamma induce 
the development of BA.(27) We used flow cytometry 
to characterize the mononuclear cells harvested from 
the liver following inoculation with the different 
viruses. The mononuclear profile in livers harvested 

FIG. 1. In vivo effect of reassortant virus in the murine model. Symptoms were recorded for different groups of mice for 30 days. One 
hundred percent of the mice injected with TR(VP2,VP4) developed symptoms compared to 96% in RRV and 40% in TR(VP2) (A). Survival of 
TR(VP2,VP4)-injected mice was 38% compared to only 20% in RRV (B).
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12  days postinoculation with TR(VP2,VP4) mice 
exhibited a significantly higher number of CD4+ 
(24.3 ± 1.3) cells when compared to TR(VP2) and 

saline, respectively (9.7 ± 1.1, 13.1 ± 0.7) (Fig. 4A). 
In a similar fashion the percentage of CD8+ (19.7 ±  
0.8) was increased over TR(VP2) (7.7 ± 0.5) and saline 

FIG. 2. Body weight comparison of inoculated mice and gross morphology of the liver at 28 days. BALB/c pups inoculated with RRV 
(n = 47), TR(VP2,VP4) (n = 75), TR(VP2) (n = 50), or saline (n = 20) were quantitatively compared on DOL 30 (A, B). RRV-injected and 
TR(VP2,VP4)-injected pups were significantly smaller in size compared to both TR(VP2)-injected and saline-injected mice. Gross morphology 
of the livers in RRV-injected and TR(VP2,VP4)-injected mice were noticeably jaundiced with gross hepatic nodularity; by this time stools had 
already become pigmented (C). *P < 0.05.

FIG. 3. Histological assessment of hepatic fibrosis. Livers of mice inoculated with RRV, reassortants TR(VP2,VP4) and TR(VP2), and saline 
were harvested on DOL 28 and stained with H&E as well as sirius red to assess for fibrosis and inflammation (×10 magnification). 
All samples excluding saline displayed paucity of inflammatory cells. Saline and mice inoculated with TR(VP2) had no signs of collagen 
deposition on sirius red staining. However, mice inoculated with RRV and TR(VP2,VP4) had copious amounts of portal–portal and portal–
central bridging fibrosis throughout the hepatic parenchyma.
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(4.1 ± 0.3) (Fig. 4B). Interestingly, TR(VP2) also 
had significantly increased CD8+ cells compared 
to saline but not to the same extent as TR(VP2,VP4). 
There was also a significant increase in natural killer 
(NK) cells in the TR(VP2,VP4)-inoculated mice (15.9 ±  
0.4) compared to both the TR(VP2) (9.9 ± 0.9) and 
saline (11.1 ± 0.3) groups (Fig. 4C).

HIGHER SERUM ALT AND AST 
LEVELS IN TR(VP2,VP4)-INOCULATED 
MICE

The mean serum ALT levels at 28 days postinoc-
ulation were 60, 33, and 147  IU/L, while the mean 
serum AST levels were 322, 300, and 1,106 IU/L for 
saline-inoculated, TR(VP2)-inoculated, and TR(VP2,VP4)-
inoculated mice, respectively. The levels of ALT and 

AST in TR(VP2,VP4)-inoculated mice were higher than 
those of other two groups, suggesting liver injury 
(P < 0.05 compared to TR(VP2) and P < 0.01 compared 
to saline) (Fig. 5A,B).

INCREASED MMP-7 SERUM LEVELS 
IN TR(VP2,VP4)-INOCULATED MICE

The increased presence of MMP-7 in human 
serum has been implicated in the pathogene-
sis of acute and chronic inflammatory conditions 
of the liver.(28,29) Thus, we measured the serum 
levels of MMP-7 in three group of mice. At 
2  weeks postinoculation higher levels of MMP-7 
(P < 0.0005) were detected in serum of TR(VP2,VP4)-
inoculated mice than saline-inoculated controls  
(Fig. 5C).

FIG. 4. Liver immune profile of TR(VP2,VP4)-inoculated mice. Flow cytometry of mononuclear cells harvested from 12-day postinoculation 
pup livers illustrated a significant increase in the number of CD4+ (A), CD8+ (B), and NK cells (C) in TR(VP2,VP4)-injected mice when 
compared to TR(VP2) and saline controls. *P < 0.05 versus saline, #P < 0.05 versus TR(VP2); n = 3.
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FIG. 5. Quantification of ALT, AST, MMP-7, and bile duct proliferation. Serum harvested from TR(VP2,VP4)-injected mice at 2 weeks 
postinfection demonstrates significantly higher concentrations of AST (A), ALT (B), and MMP-7 (C). *P < 0.05. Immunohistochemical 
staining on livers harvested 28 days postinoculation illustrated a significantly higher amount of CK-19+ cells staining positive for Ki67 
in TR(VP2,VP4)-inoculated mice (D). Staining of human BA liver samples also demonstrated increased Ki67+ and CK-19+ cells compared 
to healthy controls. The graph shows total number of Ki67+ cells per 20 CK-19+ cells. *P < 0.05 versus saline and TR(VP2) and human BA 
versus healthy controls. Abbreviation: DAPI, 4′,6-diamidino-2-phenylindole.
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TR(VP2,VP4)-INOCULATED MICE 
DISPLAY CHOLANGIOCYTE 
PROLIFERATION IN THE LIVER

Liver fibrosis and cholangiocyte proliferation are 
hallmarks of human BA.(30,31) To determine chol-
angiocyte proliferation, livers were harvested from 
mice 28  days postinoculation and stained for cyto-
keratin K19 (CK-19), Ki67, and 4′,6-diamidino-2- 
phenylindole. TR(VP2,VP4)-injected mice exhibited a 
significantly higher number of cholangiocytes which 
were positive for both CK-19 and Ki67 compared to 
TR(VP2) and saline (Fig. 5D), indicating that prolif-
eration was occurring with obstruction. RRV-injected 
mice also exhibited an increased number of prolifer-
ating cholangiocytes (Supporting Fig. S4). Similarly, 
liver harvested from human patients with BA at the 
time of Kasai showed higher cholangiocyte prolifera-
tion compared to healthy controls (Fig. 5D).

TR(VP2,VP4)-INJECTED MICE DISPLAY 
FIBROSIS MIMICKING HUMAN BA

Infants with BA exhibit portal tract expan-
sion and bile duct proliferation. Ductular reaction 
was prominent in most liver tissues and consists 
of a proliferation of small ductules located at the 
periphery of the portal tracts (Fig. 6A). This find-
ing reflects an obstructive process in the extrahe-
patic biliary tree that has been shown to be a key 
feature of BA. The dilated lumens are often accom-
panied by bile plugs. The ductular reaction is typi-
cally accompanied by an inflammatory cell infiltrate, 
especially neutrophils and macrophages. Similarly, 
BALB/c pups inoculated with TR(VP2,VP4) showed 
not only features of extrahepatic bile duct obstruc-
tion by DOL 28, including bile duct and ductular 
proliferation, but also a significant amount of portal 
fibrosis (Fig. 6B).

FIG. 6. Liver histology in human and murine models of fibrosis. Sirius red staining (×4 magnification, upper panel) and H&E staining 
(×10 magnification, lower panel), was performed on liver samples of humans and mice. Sirius red section from human BA and mice 
inoculated with TR(VP2,VP4) and CCl4 showed extensive collagen deposition (A, B, and C, respectively) but less collagen deposition in 
bile duct–ligated mice (D). Bile duct proliferation was assessed by enumerating the number of bile ductules and ducts surrounding portal 
tracts. Typical histology of BA in infant liver at time of Kasai portoenterostomy, displaying marked increase in number of bile duct profiles 
and prominent ductular reaction at the portal tract periphery (A). Livers of TR(VP2,VP4) mice showed portal inflammation and a marked 
increase in the number of bile duct profiles (arrows) and bile ductular proliferation (arrowheads) at the portal tract edges (B). Mice treated 
with CCl4 showed normal portal tracts with one bile duct per portal tract and no signs of inflammation (C). Livers of 8-week-old mice 
that underwent bile duct ligation were harvested 15 days postoperatively and displayed a mildly increased number of bile duct profiles 
(arrows) and bile ductular proliferation at the edge of the portal tracts (arrowheads), consistent with obstruction of the extrahepatic biliary 
tract (D). Abbreviations: BD, bile duct; Dcl, ductular reaction.
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TR(VP2,VP4)-INDUCED MURINE 
FIBROSIS IS DISTINCT FROM 
EXISTING MODELS OF MURINE 
FIBROSIS

Although CCl4 and bile duct ligation–induced 
hepatic fibrosis are well-established models using adult 
C57BL/6 mice,(17,18) these models do not reflect human 
BA. Through inoculation of BALB/c mice pups 3 times 
per week beginning at DOL 4 with CCl4, it was deter-
mined that 100% of mice developed Ishak stage 4-5 
fibrosis by DOL 32. This hepatotoxin-induced fibrosis 
is histologically distinct from TR(VP2,VP4)-induced fibro-
sis as it lacks bile duct proliferation (Fig. 6A-C).

Bile duct ligation in adult C57BL/6 mice is another 
well-characterized model used to study hepatic fibro-
genesis through induction of cholestatic injury.(18) In 
previous work,(32) it has been shown that RRV inoc-
ulation of C57BL/6 newborn pups does not induce a 
BA phenotype. In order to compare the bile duct liga-
tion–induced and rotavirus-induced models of fibrosis, 
BALB/c mice were used. We found that in 8-week-old 
BALB/c mice in which bile duct ligation was per-
formed, significant mortality was observed, with virtu-
ally all mice expiring by DOL 15 due to a large volume 
of ascites and hepatic necrosis. In the few mice (15%) 
that survived, fibrosis beyond Ishak stage 2 was not 

evident (Fig. 6D). The portal expansion and bile duct 
proliferation displayed in bile duct–ligated mice, how-
ever, was similar to that seen in the TR(VP2,VP4) model of 
fibrosis (Fig. 6B,D). The bile duct–ligated mice did not 
show bile duct infiltration by inflammatory cells, which 
is more prominent in TR(VP2,VP4)-inoculated mice.

EXTRAHEPATIC BILE DUCTS 
OF MICE INOCULATED WITH 
TR(VP2,VP4) EXHIBIT PARTIAL 
OBSTRUCTION

Extrahepatic bile ducts obtained from TR(VP2,VP4)-
inoculated mice at 14  days postinoculation exhibited 
stenosis. In comparison with negative controls, histolog-
ical analysis of these ducts from TR(VP2,VP4)-inoculated 
mice revealed narrowing of the lumen (Fig. 7A) lined 
by reactive cholangiocytes with occasional foci of intra-
ductal micropapillary projections, covered by hyperplas-
tic reactive epithelium (Fig. 7B). The subepithelium 
exhibited a mild fibroblastic reaction with edematous 
stroma (Fig. 7A). A paucity of inflammatory cells con-
sistent with human BA was also noted. Intraluminal 
epithelial cells were sloughed and replaced in areas 
with goblet cell–lined lumens. Strikingly, some of these 
findings, including the reactive fibroblastic proliferation 
and epithelial changes, were similar to observations in 

FIG. 7. Bile duct histological features. Bile ducts of mice inoculated with TR(VP2,VP4) display multiple areas of partial obstruction, 
periductal edema, and hypertrophy (A). This is similar to human extrahepatic biliary remnants, which also display partial obstruction (B). 
Arrow points to area of obstruction. Mice inoculated with the TR(VP2,VP4) reassortant have papillary projections, contributing to partial 
obstruction (C) arrow exhibits papillary projection, similar to bile ducts of humans with BA (D).
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extrahepatic bile ducts of infants with BA at the time 
of Kasai procedure (Fig. 7C,D).

TRANSCRIPTIONAL PROFILES 
OF TR(VP2,VP4)-INDUCED BA ARE 
SIMILAR TO HUMAN BA

To identify the mRNA expression levels in human 
BA liver samples, we assessed the publicly available 
microarray data sets GSE46960 for patients with BA 
from the NCBI GEO database. Patients were cate-
gorized into three groups—normal control group, 
non-BA group, and BA group—while data were 
reanalyzed using an online database, GEO2R. As 
reported before,(23) the genes epithelial membrane 
protein 1; hyaluronan synthase 2; VCAN; IL6; IL8; 
CCL20; V-set domain containing T cell activation 
inhibitor 1; ITGA2; SERPINE1 (serpin peptidase 
inhibitor, plasminogen activator inhibitor type 1); 
THBS1; CCL2; transmembrane 4 six family, mem-
ber 1; LAMC2; AREG/AREGB; SLC2A3 solute 
carrier family 2, member 3; and MMP-7 were found 
to be highly up-regulated in human patients with 
BA compared to healthy controls and age-matched 
disease controls (non-BA, i.e., patients with intra-
hepatic cholestatic liver disease other than BA).(23) 
RNA extraction and real-time quantitative PCR were 

carried out in the liver samples from saline-inoculated 
and reassortant virus–inoculated mice for comparison. 
Of the 15 genes up-regulated in human BA, 11 genes 
(CCL2, IL6, IL8 [CXCL1, CXCL2, mouse homo-
log of IL8], SERPINE1, ITGA2, VCAN, LAMC2, 
AREG, THBS1, and MMP-7) were significantly 
differentially expressed in the liver of TR(VP2,VP4)-
inoculated mice when compared to TR(VP2)-inoculated 
and saline-inoculated mice. A heat map shows the 
mean expression of all of the genes in humans and 
mice (Fig. 8A,B). The expression of individual genes 
is shown in Supporting Figs. S5A,B and S6.

Discussion
Through inoculation of newborn pups with RRV, 

the murine model of BA has helped us to eluci-
date some of the mechanistic aspects of the disease. 
Investigation of human BA progression to hepatic 
fibrosis, however, has not been feasible because nearly 
all mice expire by DOL 14 in the RRV-induced 
model of BA. To our knowledge, there is only one 
study(33) which used this model to demonstrate mod-
erate fibrosis at 2  weeks as the mice did not survive 
beyond 21 days. Thus, it is of vital interest to develop 
a viral model of neonatal fibrosis which more closely 

FIG. 8. Heat map of functionally enriched genes in human BA liver compared to mouse. mRNA expression for CCL2, IL6, IL8, AREG, 
SERPINE1, ITGA2, VCAN, LAMC2, THBS1, and MMP-7 in human livers (A) reanalyzed from GEO database GSE46960. mRNA 
expression of mouse livers (B) at 2 weeks after inoculation of saline, TR(VP2), and TR(VP2,VP4) normalized to internal Gapdh control. Heat 
map was generated by Prism. CXCL1 and CXCL2 are mouse homologs of IL8. For human samples, n = 7 (normal control), n = 17 (non-
BA, disease control), and n = 64 (BA); for mice, n = 3 samples per saline, n = 4 per TR(VP2), and n = 7 per TR(VP2,VP4).
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mirrors the pathogenesis of human BA. Such a model 
would enable thorough examination of factors that 
play key roles in the development of the disease as 
well as those that may be targeted therapeutically to 
prevent or treat human fibrosis.

From a single-gene reassortment study (between 
RRV and TUCH)(16) and other studies,(20) we have 
shown that the VP4 gene of RRV plays a critical 
role in BA pathogenesis.(20) Besides the VP4 gene, 
VP2 also plays a minor role. Through substitution of 
the VP4 and VP2 genes from RRV onto a TUCH 
genome, the TR(VP2,VP4) reassortant was generated 
with the aim of reducing the mortality rate in mice 
compared to RRV. TR(VP2,VP4) reassortant when inoc-
ulated into mice at DOL 4 allowed survival beyond 
DOL 14 and disease progression to hepatic fibrosis. 
Using different doses of TR(VP2,VP4) reassortant and at 
a different day of inoculation after birth, we identi-
fied that when TR(VP2, VP4) was inoculated at DOL 4, 
it replicated to a lower titer within the bile ducts of 
pups compared to RRV, resulting in a higher survival 
rate. We initially started with the RRV, but due to low 
survival rate and lower frequency of inducing fibrosis, 
we continued with the TR(VP2,VP4) reassortant virus 
alone. Our TR(VP2,VP4) strain may be used to investi-
gate hepatic fibrosis as a sequela of BA as inoculation 
of pups with this reassortant induces Ishak stage 3-5 
fibrosis in mice.

Liver cirrhosis has been described as the end phe-
notype in several diseases, including BA, nonalcoholic 
fatty liver disease (NAFLD), hepatitis C infection, 
hepatitis B infection, alcoholic liver disease, hemo-
chromatosis, Wilson’s disease, autoimmune hepati-
tis and primary biliary cirrhosis.(34) The etiology of 
liver cirrhosis in these diseases is multifactorial, while 
the pathophysiology of hepatocyte degeneration and 
necrosis followed by regeneration of tissue with fibrotic 
nodules is common to most.(35) Myofibroblasts and 
hepatic stellate cells are believed to play an integral 
role in this fibrosis, through prolonged and exagger-
ated wound healing of liver injury, resulting in replace-
ment of normal liver tissue with collagen scar.(36) 
Cirrhosis arising from biliary tract disease, as in BA 
and primary biliary cirrhosis, is believed to differ from 
lesions associated with chronic hepatitis (such as hep-
atitis B or C). This is likely due to the initial portal 
tract damage developing into a jigsaw-like pattern. 
These diseases have common histological findings, 
including early portal–portal bridging fibrosis, lack of 

isolated nodules, rosette formation of regeneration, and 
absence of central vein involvement until late in the 
disease course. In fibrosis associated with cholestatic 
disease, Mallory bodies may be seen around the por-
tal tracts. Likewise, cholangiocyte proliferation around 
hepatic bile ducts is common to cirrhosis originating 
from bile duct disease.(37) Interestingly, increased bile 
ductular proliferation has been implicated in worsened 
prognosis at the time of Kasai portoenterostomy.(38) 
Histological similarities between both livers and extra-
hepatic bile ducts seen in TR(VP2,VP4)-induced fibrosis 
and human BA, including key diagnostic features of 
bile duct obstruction, namely bile duct proliferation 
and ductular reaction, suggest that the murine model 
of fibrosis using the TR(VP2,VP4) reassortant is relevant 
in assessing human disease.

Several animal models of liver cirrhosis exist, 
including chemical-induced models, dietary alter-
ations, and mechanical obstruction of the bile duct. 
Chemically induced models use direct hepatotoxic 
agents such as CCl4,

(17) dimethyl nitrosamine,(39) and 
thioacetamide,(40) which initiate hepatic inflamma-
tion, activating hepatic stellate cells. NAFLD cirrho-
sis may arise in mice fed with methionine-deficient 
or choline-deficient(41) or a high-fat(42) diet. Bile duct 
ligation creates a mechanical obstruction of the bile 
duct, inducing cholestasis, cholangiocyte and hepato-
cyte injury, and fibrosis.(18) The hepatic injury resulting 
in fibrosis as a result of hepatotoxins, however, cannot 
be directly compared to cirrhosis resulting from BA as 
the cirrhosis of BA is believed to stem from cholesta-
sis. Likewise, histological analysis of H&E-stained 
tissues enumerating bile ducts and ductules around 
portal tracts has revealed that bile duct proliferation 
is not a key feature of this fibrosis, as seen in both 
human BA and murine TR(VP2,VP4) BA tissues. Bile 
duct ligation, on the other hand, produces an environ-
ment of cholestasis leading to fibrosis that has sev-
eral limitations in the study of cirrhosis as a sequela 
of BA. The primary endpoint of bile duct ligation is 
bile duct proliferation.(18) Although this may reflect 
the initial phenotype of liver fibrosis, portal–portal 
and portal-central bridging as well as nodularity (seen 
in humans with BA) have not been described in mice 
with ligated bile ducts. This is likely due to the inabil-
ity of mice to survive beyond Ishak stage 2 fibrosis. 
Likewise, another challenge in comparing bile duct 
ligation to cirrhosis of BA is that BA is a disease of 
infancy. Bile duct ligation of neonatal mice, however, 



Hepatology,  April 2020MOHANTY ET AL.

1328

is not technically feasible, thus demonstrating another 
limitation of that murine model. The TR(VP2,VP4) 
model of murine fibrosis as a sequela of BA is his-
tologically similar to human BA, revealing bile duct 
proliferation, bridging, and nodularity, as a result of 
the cholestatic nature of the disease. Although the 
TR(VP2,VP4) virus does not induce complete extrahe-
patic bile duct obstruction, it does display skip lesions 
and partial obstruction, similar to that seen in rem-
nant samples of patients with BA.(43)

In the liver, cholangiocytes are a mitotically dor-
mant cell population, and an injury or insult might 
trigger ductular reaction. Cholangiocyte prolif-
eration is seen in many different human cholan-
giopathies (i.e., primary biliary cirrhosis, primary 
sclerosing cholangitis, and biliary atresia).(44) In the 
mouse model bile duct ligation also leads to cholan-
giocyte proliferation and liver fibrosis. Activation of 
biliary proliferation (ductular reaction) is thought to 
have a key role in the initiation and progression of 
liver fibrosis.(45) These proliferating cholangiocytes 
can induce liver fibrosis either directly through epi-
thelial–mesenchymal transition or indirectly through 
the activation of other liver cell types.(45) At 4 weeks 
postinoculation, the TR(VP2,VP4)-inoculated mice 
showed increased number of Ki67+ cholangiocytes 
in liver similar to human BA, which could indicate 
a role of the proliferating cholangiocytes in choles-
tatic fibrosis.

A recent study(46) used proteomics to screen sera 
from infants with BA and showed a strong positive 
correlation to elevated levels of MMP-7 and gam-
ma-glutamyltransferase. The MMP-7 level is being 
used as a diagnostic biomarker for BA as initial find-
ings were further confirmed by another study.(47) 
Immunohistochemistry of liver samples with BA 
showed increased presence of MMP-7 in extrahepatic 
bile duct cholangiocytes.(46) MMP-7 gene expression 
was also increased in the liver, and levels increased 
in intrahepatic cholangiocytes of patients with BA. 
Interestingly, in our mouse model of fibrosis, MMP-7 
levels were increased at 2  weeks postinoculation in 
the TR(VP2,VP4) group. Whether MMP-7 contributes 
to the pathogenesis of BA remains to be determined 
and, if found to do so, might be considered as a ther-
apeutic target.

Previous studies have shown that the mononu-
clear cell profile characterized in the livers of chil-
dren with BA undergoes expansion of CD3+ cells 

(CD4+ and CD8+) and that this correlated with the 
RRV-induced experimental model of BA.(25,27,48) 
We found a similar result in the TR(VP2,VP4) model 
where an increased number of CD8+, CD4+, and 
NK cells occurred, paralleling the resemblance to 
human BA.

A detailed knowledge of human disease with 
appropriate animal models is required for preclin-
ical studies. In this study, we used microarray data 
available from patients with BA and compared 
them to RNA expression data obtained from our 
mouse models of fibrosis to examine and compare 
the multiple pathophysiological processes involved 
in the different settings. Previously, it was shown 
that regulation of tissue development and morphol-
ogy (organogenesis), extracellular matrix remodel-
ing (wound healing), and inflammation processes 
are linked to pathogenesis of BA, which is evi-
denced from an increased gene expression pattern 
in humans and in our mouse model. The first set of 
up-regulated genes, CCL2, IL6, and IL8 (CXCL1 
and CXCL2 in mouse), are related to immunity; the 
second set of genes, SERPINE1, THBS1, VCAN, 
ITGA2, AREG, LAMC2, and MMP-7, regulate tis-
sue development and morphology and extracellular 
matrix remodeling.

In summary, we demonstrate that the TR(VP2,VP4) 
model of murine fibrosis can be used to study the 
mechanistic basis of and may give insight into human 
BA. This model is different from the CCl4 and bile duct 
ligation models and is relevant to human disease in that 
it is histologically and molecularly similar to human 
BA. Transcriptome analysis corroborated the pattern 
of gene expression in this mouse model and human 
BA. Currently, we are investigating the mechanism of 
fibrosis using defined gene knockout mouse models. 
Identifying the mechanistic basis of disease may facil-
itate the development of therapeutic targets in humans.
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