
Low doses of CMV induce autoimmune-mediated and
inflammatory responses in bile duct epithelia of
regulatory T cell-depleted neonatal mice
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Recent studies have indicated that perinatal infection with cytomegalovirus (CMV) may promote bile duct damage in
biliary atresia (BA) and that the decreased regulatory T cell (Treg) percentage associated with BA may further amplify the
bile duct damage. Although a majority of BA patients have had previous CMV infections and lower percentages of Tregs,
it is unknown whether an initial exposure to a low dose of CMV could induce exaggerated and progressive biliary injury.
A Treg-depleted neonatal mouse was infected with low-dose CMV (LD-CMV) as a model to study BA patients. LD-CMV
infection in Treg-depleted mice induced extensive inflammation in both the intrahepatic and extrahepatic bile ducts,
accompanied with injury to and atresia of intrahepatic bile ducts and partial obstruction of the extrahepatic bile ducts.
Serum total and direct bilirubin amounts were also elevated. Evidence for the involvement of cellular and humoral
autoimmune responses in LD-CMV-infection of Treg-depleted mice was also obtained through detection of increased
percentages of CD3 and CD8 mononuclear cells and serum autoantibodies reactive to bile duct epithelial proteins, one of
which was identified as a-enolase. Depletion of Tregs that can lead to the decreased inhibition of aberrantly activated
hepatic T-lymphocytes and generation of autoantibodies may lead to further injury. Increased hepatic expression of
Th1-related genes (TNF-a), IFN-g-activated genes (STAT-1) and Th1 cytokines (TNF-a, lymphotactin, IL-12p40 and
MIP � 1g) were also identified. In conclusion, autoimmune-mediated and inflammatory responses induced by LD-CMV
infection in Treg-depleted mice results in increased intrahepatic and extrahepatic bile duct injury and contributed to
disease progression.
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Biliary atresia (BA) is a disease that is characterized by intra-
hepatic bile duct (IHBD) and extrahepatic bile duct (EHBD)
inflammation, which leads to fibrosis and eventual bile duct
obstruction.1–4 Because of the progressive nature of this disease,
up to 80% of BA patients eventually require liver transplanta-
tion.5–7 Furthermore, for reasons that are not clear, the disease
continues to progress even after adequate bile flow is restored
through a surgical Kasai portoenterostomy intervention.

The etiology and pathogenesis of BA are largely unknown.
The coordinated activation of proinflammatory genes and

the oligoclonal expansion of T cells in liver tissues of BA
patients suggest that BA is an autoimmune-mediated dis-
ease.8,9 A leading theory regarding the pathogenesis of BA is
that the bile duct damage is initiated by a viral infection. The
viral infection induces an abnormal autoimmune response,
which targets the bile duct and the autoimmune responses
continue to persist even after the virus is cleared.9–14

Cytomegalovirus (CMV), a double-stranded DNA virus
from the Herpesviridae family, is known to infect and injure
bile duct epithelia. CMV inclusion bodies and/or CMV
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antigens have been found within the bile duct epithelia of BA
patients.15–17 Recently, it was reported that 56% of BA
patients had significantly higher liver T-cell numbers in
response to CMV and that a positive correlation exists
between plasma anti-CMV IgM and CMV-specific T cells in
the liver of BA patients.17–21 Regulatory T cells (Tregs) are
defined by expression of the surface markers CD4 and CD25
and the transcription factor Foxp3.22 Tregs represent a small
percentage of CD4þ T cells and are indispensable for the
maintenance of peripheral tolerance and the prevention of
autoimmune diseases.23 Research has shown that patients
with BA have a significantly lower frequency of peripheral
blood Tregs compared with controls. Lower number of Tregs
can promote inflammation and autoreactivity, potentially
leading to further injury to the bile duct.24–26

It has been observed that in BA patients there is often no
obvious sign of viral infection even though the disease con-
tinues to progress. Therefore we propose that infection of
Treg-deficient individuals with a low dose of CMV, which is
asymptomatic and unperceivable in normal infants, may
induce a series of immune responses directed towards the bile
ducts. These immune responses may potentially have a sig-
nificant role in the pathogenesis and progression of BA.

To test this hypothesis, Treg-depleted neonatal mouse was
infected with low-dose CMV (LD-CMV) to simulate BA
patient. The aim of this study was to determine whether
perinatal hepatobiliary exposure to low doses of CMV could
trigger autoimmune-mediated and inflammatory responses,
leading to bile duct injury in Treg-deficient neonatal mice.
We found that LD-CMV infection in Treg-depleted mice led
to extensive inflammation of intrahepatic bile duct and
EHBDs, resulting in injury and atresia of intrahepatic bile
ducts and partial obstruction of EHBDs. Total and direct
bilirubin amounts were elevated in the blood. Furthermore,
evidence for involvement of cellular and humoral auto-
immune pathways was demonstrated by the activation of
hepatic T-lymphocytes and the presence of serum auto-
antibodies that were reactive to bile duct epithelia. Hepatic
expression of Th1-related genes (TNF-a) and IFN-g-activated
genes (STAT-1), as well as Th1 cytokines (TNF-a, lympho-
tactin, IL-12p40 and MIP � 1g) were identified in this mouse
model. This predominant hepatic expression of Th1-related
genes and cytokines raised the possibility that the Th1 re-
sponse resulted in the inflammatory and autoimmune-
mediated injury to the bile duct in this mouse model.

MATERIALS AND METHODS
Ethics Statement
Animal experiments were carried out in strict accordance
with the regulations in the Guidance Suggestions for the Care
and Use of Laboratory Animals issued by the Ministry of
Science and Technology of the People’s Republic of China.
The protocol was approved by the institutional Animal Care
and Use Committee of the Xinhua Hospital Research Foun-
dation (Permit Number: 2012-015).

Animal Models
The HCMV-AD169 strain (kindly provided by Institute
Pasteur of Shanghai, Chinese Academy of Sciences) was
maintained in MRC-5 cells (ATCC), which was a variant
strain and has been reported to be able to infect mice, rats
and rabbit.27–29 Timed-pregnant female BALB/c mice were
purchased from the National Rodent Laboratory Animal
Resources, Shanghai. At 24 h of birth, a low-dose concen-
tration of CMV (LD-CMV, 5� 104 PFU) or a high-dose
concentration of CMV (HD-CMV, 1� 106 PFU) in 15 ml of
saline or 15 ml 0.9% NaCl (saline control) was administered
to Balb/c mice via intraperitoneal injection. All neonatal mice
were maternally raised under specific pathogen-free condi-
tions and were maintained on a 12-h dark–light cycle. CMV-
injected and saline-injected mice litters were housed in
separate cages to prevent dissemination of the virus. Pups
were also injected 5mg of purified antibody every 3 days i.p.
beginning on day 1 of life for 10 days, with a total of 20 mg of
purified anti-CD25 antibody (clone PC-61, rat IgG1; Biole-
gend, San Diego, CA, USA) or 20 mg isotype-matched IgG
antibody. Mice were euthanized at different time points fol-
lowing CMV or saline injections, and the organs and blood
were collected for analysis. Whole livers and spleens were
isolated from separate groups of mice and were either snap
frozen in liquid nitrogen or used for isolation of mono-
nuclear cells.

Histopathology and Immunohistochemical Analysis
Neonatal mouse livers were harvested using a dissecting
microscope. Tissues were snap frozen in liquid nitrogen,
sectioned and stained with hematoxylin/eosin (H&E) for
microscopic analysis. For immunohistochemistry, cryostat
sections were initially fixed with cold acetone. Endogenous
peroxidases were removed by incubation with 0.3% H2O2 for
15min at room temperature (RT), and blocking was perfor-
med using 5% goat serum for 1 h at RT. Slides were incubated
with an anti-CMV PP65 antibody (Boyan, Zhengjiang,
China) diluted at 1:50 or anti-a-SMA antibody (Sigma-Aldrich,
MO, USA) diluted at 1:400 in 5% bovine serum albumin
overnight in a wet chamber. The slides were then rinsed in
phosphate-buffered saline (PBS) and incubated with horse-
radish peroxidase-conjugated goat anti-rabbit or mouse IgG
antibody (Cell Signaling, Danvers, MA, USA) (diluted at
1:200) for 1 h at RT. Antibody binding was visualized using a
liquid DAB Substrate Chromogen System (Dako, Glostrup,
Denmark). The slides were rinsed in PBS and counterstained
with hematoxylin. For immunofluorescence, anti-cytokeratin
7 antibody (KRT7, Proteintech) or anti-caspase 3 antibody
(Cell Signaling) was used to identify bile duct epitheliae and
apoptosis, respectively. Slides were treated overnight, in a wet
chamber with rabbit anti-cytokeratin 7 IgG primary antibody
diluted at 1:200 or rabbit anti-caspase 3 IgG primary anti-
body diluted at 1:50 in PBS. Slides were then rinsed in PBS
and incubated with goat anti-rabbit IgG secondary antibody
(KPL, Gaithersburg, MD, USA) for 1 h at RT. For the serum
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autoantibody studies, pooled sera from the treatment groups
(dilution 1:20; n¼ 3 each) was added to murine intrahepatic
biliary epithelial cells (MIC-CELL-0076, PriCells, Wuhan,
China) or to liver sections, collected from normal mice,
followed by goat anti-mouse IgG secondary antibody (KPL).
Slides or cells were counterstained with DAPI and visualized
using the Nikon Eclipse Ti Inverted microscope. Digital
photographs were obtained with a Nikon Digital Camera
DXM 1200C, and identical exposure times were used for all
samples.

Real-Time PCR
Total RNA was extracted from tissues with Trizol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s proto-
col. cDNA was synthesized using a High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA). SYBR-Green Universal Master Mix kit (Applied
Biosystems) were used to analyze the relative mRNA amounts
of different proteins. All reactions were repeated three times,
and GAPDH was used to normalize the target genes. The
following PCR primers were used: GAPDH, forward, 50-TGG
TTTGACAATGAATACGGCTAC-30, reverse, 50-GGTGGGT
GGTCCAAGGTTTC-30; Caspase-1, forward, 50-CCTGGTCT
TGTGACTTGGAGG-30, reverse, 50-CTATCAGCAGTGGGCA
TCTGTAG-30; TNF-a, forward, 50-AAGGGAGAGTGGTCAG
TTGCC-30, reverse, 50-CCCAGGGAAGAGTCTGGAAAGG-30;
STAT-1, forward, 50-CGAGTATTTGGGGCAAGGTGAG-30,
reverse, 50-GAAACATTCCTCCATCAAGAAGGC-30; IL-13,
forward, 50-CCCTGGATTCCCTGACCAAC-30, reverse, 50-CCA
GGGATGGTCTCTCCTCA-30; Gata-3, forward, 50-GCTACGG
TGCAG AGGTATCC-30, reverse, 50-GCGGATAGGTGGTAAT
GGGG-30; IL-4, forward, 50-CCACGGATGCGACAAAAATC-30,
reverse, 50-TGTTCTTCGTTGCTGTGAGGAC-30; and IL-17a,
forward, 50-TCATCCCTCAAAGCTCAGCG-30, reverse, 50-TT
CATTGCGGTGGAGAGTCC-30.

Mouse Inflammation Array
A mouse inflammation array kit was purchased from Ray-
Biotech (Atlanta, GA, USA). Briefly, the membranes were
blocked with a blocking buffer. Then 1ml of diluted liver
lysate from mice in the LD-CMVþCD25 or Salineþ IgG
groups was added, and the membranes were incubated over-
night at 4 1C. The membranes were washed and then incubated
with 1ml of primary biotin-conjugated antibody for 2 h at RT.
The membranes were washed again and subsequently incu-
bated with 2ml of horseradish peroxidase-conjugated strepta-
vidin at RT for 2 h. The signal was detected directly from the
membrane using a chemiluminescence imaging system.

Mononuclear Cell (MNC) Isolation and Flow Cytometric
Analysis
MNCs were isolated from the freshly harvested spleens and
livers, passaged through a 40-mm cell strainer, centrifuged
and subjected to red cell lysis (BD Biosciences, San Diego,
CA, USA). Cell staining for flow cytometry was conducted

according to the manufacturer’s instructions. Briefly, cells
were surface stained by incubation with fluorochrome-con-
jugated mAbs for 10min, in the dark, at 4 1C. The following
antibodies were used: APC-CD3, PE-CD8, FITC-CD4 and
PE-CD25 (Miltenyi Biotech, Auburn, CA, USA). Intracellular
staining with APC-Foxp3 (eBiosciences, San Diego, CA, USA)
was performed following surface staining and treatment with
fixation/permeabilization buffer (eBioscience) according to
the manufacturer’s instructions. Background fluorescence
was evaluated by staining the cells at optimal concentrations
with isotype control antibodies. Cells were then analyzed
using a FACSAriaII (BD Biosciences), with excitation at 488
and 633 nm. Data were analyzed using FlowJo (Tree Star,
Stanford, USA).

Western Blotting Analysis
Western blotting analysis was performed using standard
procedures. Protein sources for the western blotting analyses
included murine intrahepatic biliary epithelial cells (MIC-
CELL-0076, PriCells, Wuhan, China; 2mg/ml) and purified
rabbit muscle enolase (Sigma-Aldrich; high isoform homology
with a-enolase).30,31 Proteins were loaded onto a NuPAGE
10% Bis-Tris gel (Invitrogen) and run at 80mV for 3 h. A
full-range Rainbow recombinant molecular weight marker
was placed in an adjacent lane. The proteins were transferred
onto a 0.2-mm nitrocellulose membrane using a dry blotting
system (iBLOT system, Invitrogen), and the membranes were
blocked in PBS with 5% nonfat milk at RT for 60min. Pooled
sera from different treatment groups were diluted (1:100) in
the milk blocking solution and incubated with the protein-
containing membrane overnight at 4 1C. The membranes
were washed three times with PBS and 0.1% Tween-20 and
then incubated with goat-anti-mouse IgG-peroxidase (Cell
Signaling). After final washes with PBS and 0.1% Tween-20,
the signals were detected using ECL chemiluminescence reagents
(Pierce, Rockford, IL, USA). Western blotting analysis was
repeated three times in separate experiments.

Statistical Analysis
All data are expressed as mean±s.d. Data are evaluated by
T-test or one-way ANOVA for multiple comparisons using
the SPSS19 software program. P-values of o0.05 are con-
sidered statistically significant.

RESULTS
LD-CMV Inoculated Neonatal Mice Experienced Growth
Retardation after Tregs Depletion
Newborn BALB/c pups were inoculated intraperitoneally
with 5� 104 PFU of CMV (LD-CMV), or 1� 106 PFU of
CMV (HD-CMV) as positive control, on day 1 of age.
Based on previous findings in both BA patients and
animal models,19,25 Tregs were depleted by injecting neonatal
mouse with 20 mg/mice anti-CD25 antibody or 20 mg/mice
isotype-matched IgG antibody (injection schedule is shown
in Figure 1a). Anti-CD25 antibody injection significantly
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reduced the frequency of CD25þFoxp3þTregs in both
CD4þ T-cell subset and lymphocyte cell subsets in the spleen
at 12 days post-CMV or saline injection (Figures 2a and b).
Treg-depleted mice when inoculated with LD-CMVexhibited
decreased growth rate compared with other groups without
visible jaundice and acholic stools (Figure 1b). Mice infected
with HD-CMV and injected with isotype-matched IgG
antibody (HD-CMVþ IgG) also showed severe growth
retardation after virus inoculation (Figure 1b). The following
studies were conducted to identify the effects of LD-CMV
infection in Treg-depleted mice on bile ducts in this murine
model.

LD-CMV Infection Promotes Inflammation at
Intrahepatic Bile Ducts in Treg-Depleted Mice
WT Balb/c mice were infected with LD-CMVor HD-CMVor
saline control on day 1 of life, and the hepatobiliary system
was examined at 12 days postinfection (dpi). Liver sections
were stained with H&E. Figure 3 shows that LD-CMV
infection induced extensive inflammation at intrahepatic bile
ducts (Figure 3a3–5), and injury and atresia of intrahepatic
bile ducts (Figure 3a6) in Tregs-depleted neonatal mice,
without damaging the hepatocytes or blood vessels. HD-
CMV infection caused inflammatory cell infiltration and fatty
degeneration of hepatocytes and injury to biliary epithelium
(Figure 3a2). In contrast, there were only few inflammatory
cells in the region of the portal tract in the control (saline-
injected) mice (Figure 3a1) and in the LD-CMV-infected and
isotype-matched IgG antibody-injected (LD-CMVþ IgG)

mice (data not shown). Anti-cytokeratin 7 or anti-caspase 3
antibody was applied to the liver sections in order to further
identify the effect of LD-CMV infection in Treg-depleted
mice on the intrahepatic bile ducts and to determine whether
apoptosis was induced in LD-CMV-infected and anti-CD25
antibody-treated (LD-CMVþCD25) mice. The bile duct
epithelia in control mice were intact; however, mice in the
LD-CMVþCD25 group had intrahepatic bile duct injuries
and atresia (Figure 3b). The expression of active caspase-3
was increased in the livers of mice in the LD-CMVþCD25
group compared with the mice in the control group
(Figure 3c).

LD-CMV Exposure Induced Inflammation at the EHBDs
Resulting in Partial Luminal Narrowing and Obstruction
in Treg-Depleted Mice
Next, we explored whether the inflammatory responses also
impacted EHBDs in mice from the LD-CMVþCD25 group.
EHBDs were microdissected at 12 dpi and stained with
H&E. LD-CMV infection in Treg-depleted mice caused
inflammatory cells to invade the EHBDs leading to denude-
ment of the epithelial lining, inflammation of subepithelial
and intraluminal region and formation of lymphoid follicles
(Figure 4a). The EHBD epithelia in control mice appeared
normal and contained few inflammatory cells (Figure 4a).
Photomicrographs of successive H&E-stained sections of
EHBDs showed partial obstruction due to inflammatory cell
infiltration in the intraluminal space and epithelial hyper-
plasia with luminal narrowing in mice from the LD-

Figure 1 Effect of LD-CMV and HD-CMV infection on body weight gain in Treg-depleted neonatal mice. (a) Newborn BALB/c pups were inoculated

intraperitoneally with 5� 104 PFU of CMV (LD-CMV) or 1� 106 PFU of CMV (HD-CMV) on day 1 of life. Pups were also treated with a total of 20 mg
CD25 antibody or 20 mg isotype-matched IgG antibody within 2 weeks. (b) Average body weight gain from different groups. The body weight of

LD-CMVþCD25 mice was significantly lower than that of other groups at 12 days post-CMV injection (*Po0.05, ANOVA). HD-CMVþ IgG and

HD-CMVþCD25 mice also showed severe growth retardation after virus inoculation, with body weight that were significantly lower than that of the

Salineþ IgG and SalineþCD25 mice at 12 days post-CMV or saline injection (*Po0.05, ANOVA). N¼ 14 for the LD-CMVþCD25 group; N¼ 8 for the

HD-CMVþ IgG and HD-CMVþ CD25 groups; N¼ 10 for other groups.
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CMVþCD25 group (Figure 4b). Consistent with bile duct
injury, serum total bilirubin and direct bilirubin amounts
were increased in mice from the LD-CMVþCD25 group,
compared with the saline and LD-CMVþ IgG groups
(Figure 4c).

Antibody-Mediated Depletion of Tregs in Neonatal Mice
Increased the Percentage of CD3 and CD8 Lymphocytes
in the Liver Following LD-CMV Exposure
Because Treg depletion can promote inflammation and au-
toreactivity, the current study evaluated the adaptive immune
response by examining T-lymphocyte activation. Hepatic
MNCs were isolated at 12 dpi, and the frequencies of CD3
and CD8 lymphocytes were analyzed by flow cytometry. We
found that injection of anti-CD25 antibody reduced the
frequency of Treg numbers in the spleens; however, the
numbers of both CD8 and CD3 lymphocytes in mice from
the LD-CMVþCD25 group were significantly increased at

12 dpi, compared with the mice from the saline and LD-
CMVþ IgG groups (Figures 5a and b). Notably, the popu-
lation of CD3 and CD8 lymphocytes in Treg-depleted mice
after LD-CMV infection was similar to that in the HD-CMV
infected groups.

Autoantibodies to Intrahepatic Biliary Epithelial
Proteins are Present in the Serum of Mice from the
LD-CMVþCD25 Group
The presence of humoral autoimmunity in mice from the
LD-CMVþCD25 group was also investigated. Autoantibodies
exist in many autoimmune diseases and may function
primarily as markers of the autoimmune response. Sera
from mice in the LD-CMVþCD25 or saline-injected and
isotype-matched IgG antibody-treated (Salineþ IgG) groups
were incubated with murine intrahepatic biliary epithelial
cells or liver sections from normal mice and analyzed by
immunofluorescence or western immunoblot. Application of

Figure 2 Flow cytometric quantification of CD4þ CD25þ Foxp3þTregs in MNCs from the spleens of 2-week-old neonatal mice. (a) Left column: boxed

dot plots depict size-gated total lymphocytes (top row) and CD4þ lymphocytes (bottom row); right column: depicts CD4þ lymphocytes expressing

CD25 and the Treg transcription factor Foxp3. (b) The percentage of CD4þ lymphocytes co-expressing Foxp3þ and CD25þ in CD4þ T cells and

lymphocytes. Values are expressed as mean±s.d. with ***Po0.001 in unpaired T-test.
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intrahepatic biliary epithelial cells as a source of cholangio-
cytes was validated by studying cytokeratin-19 expression
(Figure 6c). Autoantibodies were measured in 2-week-old
mice owing to the fact that 2-week-old mice are capable of
generating substantial amounts of IgG and maternally
acquired IgG is less predominant.30 Sera from mice in the
LD-CMVþCD25 group reacted with the liver section
proteins from normal mice (Figure 6a) and intrahepatic
biliary epithelial cells (Figure 6b); this was not observed with
sera from mice in the Salineþ IgG (Figures 6a and b) or
LD-CMVþ IgG group (data not shown). The specificity of
the autoimmune immunoglobulins in the sera from mice in
the Salineþ IgG and LD-CMVþCD25 groups was analyzed
by western blotting. Studies revealed that sera from both
groups contained nonspecific antibodies that were reactive to
intrahepatic biliary epithelial proteins of approximately 30,
40 and 170KD. Importantly, sera from the LD-CMVþCD25
group, but not from the Salineþ IgG group, contained spe-
cific antibodies that were reactive to multiple intrahepatic

biliary epithelial proteins and were strongly reactive to pro-
teins of approximately 45, 58 and 65KD (boxed bands)
(Figure 6d). These 45, 58 and 65KD proteins in the intra-
hepatic biliary epithelia represented those autoantigens
bound by serum antibodies. Because it has been reported that
a-enolase is expressed in the bile duct epithelia and genera-
tion of anti-enolase antibody has been identified within both
the rotavirus-infected BA mice model and in human BA
patients,30 the sera was incubated with purified enolase and
visualized via chemiluminescence. Sera from mice in the
LD-CMVþCD25 group reacted strongly with a-enolase. To
determine whether the serum of the BA mice reacts with
other tubular epithelium, tissue sections of the intestine
of normal mice were incubated with sera from the
LD-CMVþCD25 group, followed by goat anti-mouse IgG
secondary antibody, and then counterstained with DAPI. We
found that sera from mice in the LD-CMVþCD25 group did
not react with the intestinal proteins from normal mice (data
not shown).

Figure 3 (a) LD-CMV infection induced inflammation at intrahepatic bile ducts in Treg-depleted mice. Liver sections from different groups were stained

with H&E. a3–a5 show extensive inflammation at intrahepatic bile ducts. The black arrow indicates injury and atresia of intrahepatic bile ducts in a6.

a1–a5, magnification: � 200; a6, magnification: � 400. (b and c) Livers were incubated with anti-CK7 (green) or anti-active caspase-3 (red) antibodies.

Intrahepatic bile ducts (green) in mice from the LD-CMVþCD25 group appeared to have injuries and atresia (b); active caspase-3–stained cells (red)

were detected in LD-CMVþCD25 mice (c). Magnification: � 400.
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Hepatic Expression of Th1-Related Genes and Th1
Cytokines
Hepatic mRNA amounts for caspase-1, TNF-a and the IFN-g-
activated genes STAT-1, IL-17A, IL-4, IL-13 and GATA-3 were
quantified using real-time PCR. Caspase-1, Th1-related genes
TNF-a and STAT-1 were increased in mice from the LD-
CMVþCD25 group compared with the mice in the control
groups (Figure 7a). The amounts of Th2-related genes, IL4,
IL13 and Gata-3 mRNA did not differ significantly between

different treatment groups (data not shown). IL-17a was not
detectable in the livers from mice in the LD-CMVþCD25 or
control group. Neither LD-CMV infection nor transient de-
pletion of Tregs alone induced elevated mRNA amounts in the
liver. However, LD-CMV infection of Treg-depleted mice ac-
tivated the Th1-related inflammatory pathway in the liver. A
mouse inflammation array was used to further identify the
upregulated inflammatory factors in mice from the LD-
CMVþCD25 group. Monocyte chemoattractant protein-1

Figure 4 LD-CMV infection induced inflammation in extrahepatic bile ducts resulting in luminal narrowing and partial obstruction in Treg-depleted

mice. (a) H&E staining showed both subepithelial and intraluminal inflammation, invasion of inflammatory cells into the EHBD, along with denudement

of the epithelial lining, and lymphoid follicular formation in LD-CMVþCD25 mice. Magnification: � 200. (b) Successive longitudinal sections of

extrahepatic bile ducts in mice from the LD-CMVþCD25 group showed partial obstruction by infiltration of inflammatory cells into the intraluminal

space (arrows). Cross-sectional views of extrahepatic bile ducts revealed epithelial hyperplasia with luminal narrowing (arrows) in mice from the

LD-CMVþCD25 group. Magnification: � 200. (c) The serum concentrations of total bilirubin and direct bilirubin at 12 dpi were determined from ELISA

assays. Symbols denote plasma total bilirubin and direct bilirubin concentrations per mouse, horizontal bars indicate mean±s.d. Because of the

difficulty in obtaining blood sample from pups, not all the subjects were available for ELISA assays. Data were evaluated by one-way ANOVA (*Po0.05

versus Salineþ IgG, SalineþCD25 and LD-CMVþ IgG groups).
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and macrophage colony-stimulating factor were increased in
mice from the LD-CMVþCD25 group when compared with
the mice in the Salineþ IgG group. Th1-related cytokines,
TNF-a, lymphotactin, interleukin-12p40 and macrophage
inflammatory protein � 1g were elevated the most in mice
from the LD-CMVþCD25 group (Figures 7b and c). This
was consistent with the elevated hepatic Th1-related gene
mRNA amounts identified earlier in this study. There were no
significant differences in the cytokines of Th2 or Th17 path-
ways in the microarray analysis between the mice from the
LD-CMVþCD25 group and other groups.

Immunohistochemical Analysis for a-SMA and CMV
Antigens in Livers
To identify the fibrotic changes in the livers of LD-CMVþ
CD25 mice, we evaluated a-SMA, a marker protein of hepatic
fibrosis, for liver samples harvested at 12 dpi. Although
LD-CMV infection in Treg-depleted mice induced extensive
inflammation at bile ducts, a-SMA was not detected in liver
samples of LD-CMVþCD25 mice (Figure 8a). We conclude
that our mouse model is still in the stage of liver inflam-
mation, and it takes a longer time to transfer to the stage of
liver fibrosis.

Figure 5 Hepatic MNCs were isolated at 12 dpi and the frequencies of CD3 and CD8 lymphocytes (gated on lymphocytes) were enumerated by flow

cytometry. (a) Representative flow cytometry plot of CD3þ MNC expressing CD8. (b) The percentage of CD3þ T cells and CD8þ T cells in lymphocytes

after CMV or saline injection. Symbols represent the percentage of CD3þ T cells in MNC per mouse, the horizontal bars indicate mean±s.d. Values of

CD8þ T cells in lymphocytes are displayed as mean±s.d. Due to the limited amount of fresh liver samples from pups, not all the subjects were

available for flow cytometry. Data were evaluated by one-way ANOVA (*Po0.05 versus Salineþ IgG, SalineþCD25 and LD-CMVþ IgG groups).
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To determine whether CMV antigens were detected in the
liver tissues or biliary tree of LD-CMV infected mice, im-
munohistochemical analysis for liver samples harvested at
12 dpi using a rabbit anti-CMV PP65 IgG antibody was
performed. We found that CMV PP65 was detected in both
hepatocytes and biliary epithelia (Figure 8b) of LD-CMVþ
CD25 mice. The distribution of viral protein suggested that

CMV had tropism for the hepatobiliary system and initiated
bile duct damages.

DISCUSSION
It has been proposed that BA is the result of a ‘multihit’
pathological process, in which a viral insult to the biliary
epithelium leads to altered antigens on the surface of the bile

Figure 6 Serum antibodies reactive to bile duct epithelial proteins are evident in 2-week-old LD-CMV-infected Treg-depleted mice. (a) Liver sections

from normal mice were incubated with sera from mice in Salineþ IgG or LD-CMVþCD25 mice, followed by goat anti-mouse IgG secondary antibody

(Red) and then counterstained with DAPI (blue). (b) Normal murine intrahepatic biliary epithelial cells were also incubated with sera from mice in the

Salineþ IgG or LD-CMVþCD25 group, followed by goat anti-mouse IgG secondary antibody (Red) and then counterstained with DAPI (blue) to detect

cellular nuclei. Sera from mice in the LD-CMVþCD25 group had detectable IgG immune antibodies that targeted intrahepatic biliary epithelial cells.

Magnification: � 200. (c) Normal murine intrahepatic biliary epithelial cells were incubated with anti-cytokeratin 19 antibodies (green) and were used

to confirm bile duct epithelial nature. Magnification: � 200. (d) Intrahepatic biliary epithelial cell homogenates were separated by gel electrophoresis,

blotted onto nitrocellulose paper and incubated with sera from mice in the Salineþ IgG or LD-CMVþCD25 group. Sera from the LD-CMVþCD25

group contained specific antibodies reactive to multiple intrahepatic biliary epithelial proteins and were strongly reactive to proteins of approximately

45, 58 and 65 KD (boxed bands). Purified enolase was also incubated with sera from different groups, and sera from mice in the LD-CMVþCD25 group

showed strong reactivity to a-enolase (48 KD).
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duct epithelia. This stimulates autoimmune response against
the bile ducts, resulting in biliary injury and cirrhosis.32 For
many years, CMV has been indicated as a possible etiological
agent in BA. A study from Sweden showed that CMV DNA
was present in 50% of BA cases.33 Mack et al19,30 found that
56% of BA patients had significant increases in liver T-cell
numbers in response to CMV.19 Both of these findings
indicate that nearly half of BA patients had previous CMV
infection. Furthermore, BA shares features with several
autoimmune diseases, such as being triggered by a viral
infection and the presence of serum autoantibodies and
aberrant MHC expression in the bile duct epithelium.2

Evidence for humoral autoimmunity in BA also exists.
Vasiliauskas et al34 reported that 10 of the 11 patients with
BA were positive for serum IgG and IgM antineutrophil

cytoplasmic antibodies.2 Mack et al identified serum
autoantibodies reactive to multiple proteins, including
a-enolase, present in the bile duct epithelia of BA patients,
but not in samples from control patients.30 Consequently, it
has been proposed that tissue injury in patients with BA may
represent an autoimmune-mediated process. One potential
mechanism to explain the abnormal autoimmune response is
loss of functional Tregs, which could result in an exaggerated
inflammatory and autoimmune-mediated response following
a recent virus infection. Recent studies have identified lower
numbers of Tregs in BA patients compared with controls.19

This is similar to the situation in many autoimmune diseases
and suggests that impaired ability to inhibit inflammation and
autoreactive immune responses following a perinatal CMV
infection might allow bile duct injury to progress further.

Figure 7 Increased hepatic expression for Th1 genes and Th1 cytokines in mice from the LD-CMVþCD25 group. (a) mRNA expression for caspases-1,

TNF-a and IFN-g-activated genes STAT-1 in the livers harvested from mice at 12 dpi after CMV or saline injection. Relative mRNA amounts were

determined by real-time PCR and are expressed after normalization to GAPDH. Values of caspase-1, STAT-1 and TNF-a expression are displayed as

mean±s.d. (*Po0.05 versus Salineþ IgG, SalineþCD25 and LD-CMVþ IgG groups). (b) Mouse inflammation array was used to determine the

differences in inflammatory pathways between mice in the LD-CMVþCD25 and Salineþ IgG groups. Autoradiographs of the arrays were scanned to

determine the density of the protein in the array. (c) Values from scans were adjusted based on the intensity of control spots on the filter corners, and

significance was determined if the intensity increased above 1.5-fold from baseline. Representative array from three experimental repeats.
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In the current study, a Treg-depleted mouse was infected
with LD-CMV as a model to study human BA and to de-
termine whether decreased Treg percentages and/or LD-CMV
infection could induce immune responses to result in further
bile duct injury. The generation of bile duct-specific cellular
and humoral autoimmune responses was demonstrated in
this model. This was consistent with the detection of auto-
antibodies in BA and further supports the virally induced,
autoimmune-mediated theory regarding the pathogenesis
and progression of BA. Specifically, evidence for humoral
autoimmunity was obtained by demonstrating the presence
of serum autoantibodies reactive to intrahepatic bile duct
epithelia. Western immunoblot analysis identified the pre-
sence of sera autoantibodies against 45, 58 and 65KD intra-
hepatic biliary epithelial proteins. Identification of these
specific proteins in these three bands is still under investi-
gation and is not addressed in this study, though anti-a-
enolase autoantibodies in mice from the LD-CMVþCD25
group were detected. a-Enolase is an enzyme involved in
glycolysis and is ubiquitously expressed in a variety of cells,
including biliary epithelial cells and hepatocytes. Anti-a-
enolase antibody is not only detected in human BA but also
in many autoimmune diseases, thus our finding of anti-
enolase antibody in this animal model suggests that this
antibody is a potential biomarker of the humoral auto-
immune response.30,35 This implies that anti-enolase auto-
antibodies produced following LD-CMV infection may have
a role in biliary injury. Cellular autoimmunity was deter-

mined by observing the status of T-lymphocyte activation.
The frequencies of CD8 and CD3 lymphocytes were increased
after LD-CMV infection in Treg-depleted mice, suggesting
that a strong cellular immunity was induced in this murine
BA model. To determine whether T-cells react specifically
with bile duct epithelium and not with residual CMV
antigens that may be present in the bile ducts of the infected
mice, adoptive transfer experiments of CD4 or CD8 cells
from the LD-CMV anti-CD25 mice into SCID mice need to
be conducted in future studies. Upregulated Th1-related
genes (TNF-a), IFN-g-activated genes (STAT-1) and Th1
cytokines (TNF-a, lymphotactin, IL-12p40 and MIP � 1g)
were observed in the murine BA model. TNF-a is a pleio-
tropic cytokine that modulates cell hyperplasia or apoptosis
in different cells lineages. IFN-g and TNF-a have been
reported to cause the activation of caspases and to decrease
the viability of cholangiocytes in a BA animal study.3 It
has also been demonstrated that Th1 cells can maintain
and/or amplify an ongoing Th1 response via the release of
chemokines, such as MIP � 1g, lymphotactin and IL-12p40.36

MIP-1g can recruit CD8þ cytotoxic T cells to inflamed or
infected tissues, and overexpression of IL-12p40 has been
reported in Th1-mediated autoimmune and chronic inflam-
matory diseases.37 Therefore the predominant hepatic expres-
sion for Th1-related genes and cytokines raised the possibility
that the Th1 response resulted in the inflammatory and
autoimmune-mediated bile duct injury of mice from the
LD-CMVþCD25 group.

Figure 8 Immunohistochemical analysis for a-SMA and CMV PP65 in liver samples. (a) Immunohistochemical analysis for a-SMA was performed. a-SMA

was not detected in liver samples of LD-CMVþCD25 mice. Magnification: � 400. (b) Immunohistochemical analysis for liver samples harvested at

12 dpi using a rabbit anti-CMV PP65 IgG antibody was performed. CMV PP65 was detected in both hepatocytes (black arrowhead) and biliary epithelia

(black arrow) of LD-CMVþCD25 mice. Magnification: � 400.
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One of the highlights in this study compared with the
high-dose (RRV) mouse model, which is a very known ani-
mal model of BA, is the use of low-dose virus, as no obvious
signs of viral infection are usually detected in BA patients and
neonatal BA patients with obvious signs of viral infections
(high dose) undergo treatment. The use of low-dose virus
can better simulate the experience of BA patients.
Importantly, based on studies showing that, even after suc-
cessful removal of obstructed EHBDs via portoenterostomy
and the restoration of adequate bile flow, 80% of patients
with BA will ultimately require liver transplantation owing
to the progressive nature of this disease,1,5 we propose that
CMV-induced autoimmune-mediated and inflammatory
response may account for the progressive biliary injury,
cirrhosis and eventual requirement for liver transplanta-
tion observed in BA patients. Although LD-CMV infection
generated immune activation and specific bile duct injury
in Treg-depleted neonatal mice, accompanied with injury to
and atresia of intrahepatic bile ducts and partial obstruc-
tion of the EHBDs, they did not induce the complete
atresia phenotype of duct obstruction. It is tempting to
speculate that the development of the atresia phenotype
requires the synergy of other effector cells to obstruct the
duct lumen.

In summary, our findings provide evidence that the
decreased inhibition of aberrantly activated hepatic T-lym-
phocytes and autoantibodies, owing to a lack of Tregs, leads
to exaggerated and progressive intrahepatic and EHBD in-
jury. Importantly, as both previous CMV infection and Treg
deficiency exist in the majority of BA patients, we suggest
that future research should be focused on the role of Tregs
and autoimmunity in human BA patients and possible in-
terventional strategies.
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