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Background: A proposed etiology of biliary atresia (BA) 
entails a virus-induced, progressive immune-mediated injury 
of the biliary system. Intravenous Ig (IVIg) has demonstrated 
clinical benefit in several inflammatory diseases. The aim of this 
study was to determine the therapeutic effects of high-dose 
IgG treatment in the rhesus rotavirus (RRV)–induced mouse 
model of BA.
Methods: Newborn mice were infected with RRV, and jaun-
diced mice were given high-dose IgG or albumin control. 
Survival, histology, direct bilirubin, liver immune cell subsets, 
and cytokine production were analyzed.
Results: There was no difference in overall survival between 
RRV-infected groups, however high-dose IgG resulted in 
decreased bilirubin, bile duct inflammation, and increased 
extrahepatic bile duct patency. High-dose IgG decreased 
vascular cell adhesion molecule-1, resulting in limited migra-
tion of immune cells to portal tracts. High-dose IgG signifi-
cantly decreased CD4+ T cell production of interleukin (IL)-2, 
interferon (IFN)-γ, and tumor necrosis factor (TNF)-α and CD8+ 
T cell production of IFN-γ, as well as increased levels of regula-
tory T cells.
Conclusion: High-dose IgG therapy in murine BA dramati-
cally decreased Th1 cell-mediated inflammation and biliary 
obstruction. This study lends support for consideration of IVIg 
clinical trials in infants with BA, to diminish the progressive 
intrahepatic bile duct injury.

Biliary atresia (BA) is a progressive, inflammatory disease 
of the bile ducts resulting in neonatal cholestasis and char-

acterized by fibrosis and obliteration of the extrahepatic and 
intrahepatic bile ducts (1). Despite surgical intervention with 
the Kasai portoenterostomy, the intrahepatic bile duct injury 
progresses, leading to biliary cirrhosis in the majority of chil-
dren. The 10-y survival with the native liver ranges from ~20–
50% (2), and BA remains the leading indication for pediatric 
liver transplantation (3). The etiology of BA is unclear and 

multiple theories include developmental defects, virus infec-
tions, and immune dysregulation (4). A leading hypothesis 
is that a perinatal cholangiopathic virus infection initiates a 
chronic inflammatory response targeting bile duct epithelia, 
resulting in bile duct injury and fibrosis (5,6).

An established mouse model of BA has been instrumental in 
elucidating the mechanisms of this aberrant immune response. 
Newborn mice infected with rhesus rotavirus (RRV) develop 
progressive inflammation and obstruction of the extrahepatic 
bile duct that recapitulates the early inflammatory damage 
seen in BA patients (7,8). The inflammatory response is char-
acterized by a Th1 cytokine milieu (9) with a subset of T cells 
showing autoreactivity to bile duct epithelial proteins (10,11). 
In addition, increased levels of α-enolase autoantibodies, com-
mon in other autoimmune hepatic and biliary diseases (12), 
have been detected in BA (13). The autoimmune responses 
may persist due to recently described deficits in regulatory 
T cells (Tregs) in both mouse and human BA (14–16).

We sought to determine if the inflammatory bile duct injury 
in the BA mice could be mitigated with high-dose polyclonal 
IgG treatment. In humans, intravenous Ig (IVIg) has been used 
to treat primary immunodeficiencies, and clinical benefit has 
been demonstrated in several autoimmune and inflammatory 
diseases (17–19). In mouse models of human disease such as 
immune thrombocytopenia (20), myasthenia gravis (21), viral 
myocarditis, (22) and experimental multiple sclerosis (23), 
human polyclonal IgG has been shown to have therapeutic ben-
efit. Numerous mechanisms for the anti-inflammatory action of 
IVIg have been proposed, including interfering with the cyto-
kine network, neutralizing autoantibodies, modulating the effec-
tor functions of T and B cells, and enhancing Tregs (17,20,24). 
These mechanisms are not solitary and likely act synergistically.

The objectives of this study were to determine if high-dose 
IgG therapy in the mouse model of BA diminishes bile duct 
injury and to determine the possible mechanisms by which 
high-dose IgG modulates the hepatic immune response. 
Evaluating the potential therapeutic benefit of IgG is of clinical 
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importance, given the paucity of therapeutic options currently 
available for patients with BA.

RESULTS
High-Dose IgG Did Not Affect Overall Survival or Stunting of 
Growth in RRV-Infected Mice
RRV-infected mice were observed for jaundice and acholic 
stools in the first week of life. In week 1, ~15% of mice died 
prior to day 7, 70% became jaundice, and 15% were healthy. All 
jaundiced mice were treated with intraperitoneal injections of 
high-dose IgG (RRV-IgG, n = 56), albumin control (RRV-alb, 
n = 47), or neither (BA-RRV, n = 50) on day 7 of life and every 
2–3 d thereafter for six doses. Treatment administration was 
initiated on day 7 of life in mice that were deemed sick (jaun-
diced), as this was most clinically relevant to the human disease. 
There was no significant difference in overall survival and all 
mice expired by day of life 21 (Kaplan–Meier analysis, P > 
0.05) (Figure 1a). In similar fashion, the RRV-infected mice 
had diminished growth in weight, that did not improve in the 
IgG-treated mice (Figure 1b). To determine if viral clearance 
was affected by high-dose IgG therapy, infectious virus plaque 
assays were performed. A similar pattern of viral clearance was 
observed between RRV-alb and RRV-IgG groups, suggesting 
that the degree of virus infectivity did not play a role in survival 
outcomes (Supplementary Figure S1 online).

High-Dose IgG Therapy Ameliorated Bile Duct Injury and 
Obstruction
Serum direct bilirubin levels were used as a marker of bile 
duct injury and obstruction (Figure 2a). Whereas Hank’s bal-
anced salt solution (BSS) control mice had virtually undetect-
able levels of direct bilirubin at day of life 14, BA-RRV and 
RRV-albumin groups had markedly elevated levels of direct 
bilirubin, indicating significant bile duct injury (mg/dl: BSS 
0.19 ± 0.1; BA-RRV 11.02 ± 0.9; RRV-alb 9.78 ± 1.0; P < 0.0001). 
In contrast, RRV-IgG mice had significantly lower levels of 
serum direct bilirubin (4.75 ± 0.73 mg/dl) compared to both 
BA-RRV and RRV-alb groups (P = 0.0002).

Liver and extrahepatic bile duct histology was examined at 
14 d of life to visualize the extent of bile duct inflammation and 
obstruction (Figure 2b). Portal tracts from BA-RRV and RRV-
alb groups showed considerable portal tract inflammatory 
infiltration surrounding the intrahepatic bile ducts compared 
to minimal periductal immune cells in the BSS control or 
RRV-IgG groups. The extrahepatic bile duct histology showed 
a similar profile, with the BA-RRV and RRV-albumin groups 
demonstrating marked inflammation and luminal obstruc-
tion, compared to minimal inflammation and lack of bile duct 
occlusion in 100% of BSS and 70% of RRV-IgG mice.

High-Dose IgG Therapy Decreased T Cell and Macrophage Portal 
Tract Infiltration by Means of VCAM-1 Inhibition
To better quantify differences in the immunophenotype of liver 
immune cells in each group, flow cytometry was utilized. Liver 
immune cells were identified based on CD45 (hematopoietic) 
cell surface expression. At 10 d of life, the total liver immune cell 

profile (CD4+ T cells, CD8+ T cells, CD11b+ macrophages) in all 
RRV-infected groups was similar, and all immune cell subsets were 
increased compared to the BSS control group (Figure 3a,b). The 
most significant increases were found in the macrophage popula-
tion (%CD11b+: BSS 23.20 ± 1.94%, BA-RRV 43.38 ± 3.77%, P = 
0.0029; absolute number CD11b+: BSS 1.74 ± 0.11 × 106 cells/liver, 
BA-RRV 4.04 ± 0.22 × 106, P = 0.0015). There were no significant 
differences in surface markers for B cells and NK cells among any 
of the groups (data not shown). These data suggested that the 
IgG therapy did not change the overall relative abundance of the 
immune cell subsets within the entire liver.

In order to address the question of localization of the inflam-
matory cells within the liver, fluorescent immunohistochem-
istry was employed. Clusters of CD4+ and CD8+ T cells and 
CD11b+ macrophages were expanded within the portal tracts of 
BA-RRV and RRV-alb mice but not in BSS controls or RRV-IgG 

Figure 1.  Survival. Newborn mice received BSS or RRV. On day 7 of life, 
RRV-infected, jaundiced mice received albumin (RRV-alb, (gray triangles) 
n = 47) or IgG (RRV-IgG, (downward black triangles) n = 56). Additional 
control groups included RRV-infected mice (BA-RRV, n = 50) (mirrored 
RRV-alb and not shown), BSS-injected mice (BSS, (diamond symbol), 
n = 66) and BSS-injected mice that received IgG (BSS-IgG, (dashed line) 
n = 17). (a) Survival. Upward black triangles along the x-axis denote tim-
ing of albumin or IgG injections. There was no significant difference in 
survival in the RRV-infected groups (Kaplan–Meier; log rank test, P > 0.05). 
(b) Weight. Total body weight was measured every 2–3 d in BSS, RRV-alb, 
and RRV-IgG groups. The RRV-infected mice had delayed growth com-
pared to BSS, beginning at approximately day 10 of life. BSS, balanced salt 
solution; RRV, rhesus rotavirus.
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mice. (Figure 3c) The lack of inflammation in the portal tracts 
correlated with the markedly diminished periductal inflamma-
tion identified by hematoxylin and eosin histology (Figure 2b).

In order to investigate the mechanism associated with the 
lack of portal tract inflammation in the RRV-IgG mice, che-
mokine and adhesion molecules essential for trafficking 
of immune cells to sites of injury were analyzed in the liver. 
There was no significant decrease in chemokine levels of 
expression in RRV-IgG mice compared to other RRV groups 
(Supplementary Figure S2a online). Adhesion molecule 
analysis revealed significantly increased levels of vascular cell 
adhesion molecule 1 (VCAM-1) after RRV infection. VCAM-1 
expression was significantly decreased in RRV-IgG mice com-
pared to BA-RRV (P = 0.02) and RRV-albumin groups (P = 
0.001) (Figure 4a). Importantly, immunohistochemistry 
studies of VCAM-1 protein expression within the liver dem-
onstrated substantially diminished VCAM-1 within the por-
tal tracts of RRV-infected mice that received high-dose IgG 

therapy (Figure 4b). VCAM-1 is known to be expressed on 
endothelium and promotes the adhesion of lymphocytes and 
monocytes, mediating both cell migration and activation 
(25). High-dose IgG therapy diminished VCAM-1 expression 
within portal tracts of RRV-infected mice, thereby inhibiting 
infiltration of activated immune cells.

High-Dose IgG Therapy Resulted in Significantly Decreased 
Production of Inflammatory Cytokines From CD4+ T Cells
High-dose IgG is known to inhibit proinflammatory Th1 
cytokine production (26,27). Therefore, we next addressed 
the question of potential changes in effector cell cytokine 
production in RRV-IgG mice. Intracellular cytokine pro-
duction from liver immune cells of 10-d-old mice included 
analysis of interleukin (IL)-2, IL-17, interferon (IFN)-γ, and 
tumor necrosis factor (TNF)-α after phorbol 12-myristate 
13-acetate (PMA)/ionomycin stimulation (Figures 5 and 
6). Compared to BSS controls, BA-RRV mice had marked 

Figure 2.  Biliary obstruction. (a) Serum direct bilirubin. Shown is the mean ± SEM of serum direct bilirubin levels obtained at 14 d of life, demonstrating 
significant bilirubin reduction in RRV-IgG mice (*P < 0.001;**P < 0.0001). (b) Liver and extrahepatic bile duct histology. Shown is hematoxylin and eosin 
histology from intrahepatic (portal tract ×400) and extrahepatic bile ducts (×200) (arrows indicate bile ducts). Note diminished portal periductal inflam-
mation and lack of extrahepatic biliary obstruction in the RRV-IgG group. BSS, balanced salt solution; RRV, rhesus rotavirus.
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increases in CD4+ T cells producing IL-2 (BSS 0.25 ± 0.003%; 
BA-RRV 2.95 ± 0.52%, P = 0.002), TNF-α (BSS 0.20 ± 0.05%; 
BA-RRV 29.30 ± 5.18%, P < 0.0001), and IFN-γ (BSS 
0.17 ± 0.05%; BA-RRV: 20.93 ± 3.38%, P < 0.0001) and 
in CD8+ T cells producing IFN-γ (BSS 0.25 ± 0.002%; 
BA-RRV 30.16 ± 4.99%, P = 0.0003). TNF-α production by 
CD11b+ macrophages was also significantly increased in 
BA-RRV mice compared to BSS (BSS 0.39 ± 0.06%; BA-RRV 
5.59 ± 1.05%, P = 0.002). Immune cells from RRV-alb mice 
generated similar proinflammatory cytokine levels as the 
BA-RRV mice. In stark contrast, RRV-IgG mice had sig-
nificantly reduced CD4+ T cell production of IL-2 (RRV-alb 

4.21 ± 1.00%; RRV-IgG 1.27 ± 0.23%, P = 0.0036), IFN-γ  
(RRV-alb 31.65 ± 1.69%; RRV-IgG 15.33 ± 1.75%, P = 0.0015) 
and TNF-α (RRV-alb 27.10 ± 3.13%; RRV-IgG 9.26 ± 0.62%, 
P = 0.007) and in CD8+ T cells producing IFN-γ (RRV-alb 
31.15 ± 6.51%; RRV-IgG 14.73 ± 2.44%, P = 0.029). There was 
no effect of high-dose IgG on CD4+ T cell IL-17 production 
(RRV-alb 0.2 ± 0.13%; RRV-IgG 0.3 ± 0.16%, P > 0.05).

High-Dose IgG Therapy Was Associated With Liver Treg 
Expansion
We next sought to determine whether the mechanism by 
which IgG reduced bile duct inflammation and cytokine 

Figure 3.  RRV-IgG mice have similar immune cell profile yet diminished bile duct–targeted inflammation. Fluorescence-activated cell sorting (FACS) analy-
sis of total liver immune cells from 10-d-old mice. Quantification of each immune cell type is expressed as the (a) percent or the (b) absolute numbers of 
CD45+ cells that were also positive for the specific immune cell subset markers (shown as mean ± SEM). The total liver immune cell profile in all RRV-infected 
groups was similar and all cell lines were increased compared to the BSS control group (*P < 0.005). (c) Fluorescent immunohistochemistry (×200) of portal 
tract immune cells. Liver tissue was stained with AlexaFlor555 anti-TROMA (red) to identify bile duct epithelia, and double stained with either fluorescein 
isothiocyanate (FITC) anti-CD4, -CD8, or -CD11b (green) and nuclear counterstain with Hoescht (blue). Inflammatory cell infiltrates are present in the portal 
tracts of BA-RRV and RRV-alb mice but were attenuated in RRV-IgG mice. BA, biliary atresia; BSS, balanced salt solution; RRV, rhesus rotavirus.
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production involved changes in Tregs. Tregs are defined 
based on coexpression of CD25+FoxP3+ within the CD4+ 
T cell subset and are potent inhibitors of T cell-mediated 
inflammation. A significant reduction in the percent of 
CD25+FoxP3+ Tregs within the CD4+ T cell subset was 
observed in 10-d-old BA-RRV mice compared to BSS control 
mice (BSS 9.38 ± 0.49%; BA-RRV 5.75 ± 0.52%, P = 0.0003). 
Importantly, the RRV-IgG mice had significantly increased 
CD4+CD25+FoxP3+ Tregs compared to the RRV-albumin 
group (RRV-alb 7.51 ± 0.03%; RRV-IgG 10.25 ± 0.75%, P 
= 0.0035) and were comparable to the BSS control mice. 
(Figure 7a,b) Thus, IgG therapy was associated with a signifi-
cant expansion of Tregs in RRV-infected BA mice, restoring 
Treg numbers back to that of BSS controls.

DISCUSSION
Novel therapeutic approaches targeted to suppress the inflam-
matory response are warranted to delay or avoid the need for 
liver transplantation in BA. To this end, this study demon-
strated the proof of principle that high-dose IgG could reduce 
intrahepatic and extrahepatic bile duct inflammation and 
injury in the RRV-induced mouse model of BA. This effect 
is associated with concomitant expansion of liver Tregs and 
attenuation of VCAM-1 expression, portal tract inflammation, 
and CD4+ Th1 cytokine production (Figure 8).

Figure 4.  Vascular cell adhesion molecule 1 (VCAM-1) is downregulated following high dose IgG treatment. (a) VCAM-1 mRNA expression. Total RNA 
was isolated from whole livers and VCAM-1 mRNA expression was ascertained in relation to the housekeeping gene actin. RRV-alb mice had significantly 
increased VCAM-1 expression compared to the BSS controls and high-dose IgG treatment led to a significant reduction in VCAM-1 expression (*P < 0.05, 
**P < 0.005). (b) VCAM protein expression. Liver tissue was stained with AlexaFlor555 anti-TROMA (bile ducts (red)), fluorescein isothiocyanate (FITC)  
anti-VCAM (green), and nuclear Hoescht (blue). Shown is representative portal tract (×200) VCAM-1 expression. VCAM-1 expression is present in the por-
tal tracts of RRV-alb mice but was not observed in BSS or RRV-IgG mice. BSS, balanced salt solution; RRV, rhesus rotavirus.
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Figure 5.  Marked attenuation of CD4+ Th1 cytokine production with 
high-dose IgG therapy. Summary of intracellular cytokine production. 
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IgG treatment was associated with significantly reduced inflammatory 
cytokine production by CD4+ T cells (*P < 0.05, **P < 0.005, †P < 0.0005, 
‡P < 0.0001). BA, biliary atresia; BSS, balanced salt solution; RRV, rhesus 
rotavirus.
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One limitation to this study is that despite inhibition of 
inflammation and biliary obstruction, survival was not sig-
nificantly improved with high-dose IgG. The lack of increased 
survival in the RRV-IgG mice was not due to persistent virus 
infection, as the RRV-IgG mice cleared virus as effectively as 
other RRV-infected controls. It is likely that RRV-infected mice 
were already too ill at the time of initial IgG treatment to have 
any mortality benefit from high-dose IgG therapy. This study as 
well as previous reports have shown that RRV-infected BA mice 
weigh less than BSS controls, reflecting decreased oral intake, 
malabsorption, and probable neglect by the mother (9,10). 
This deficit in growth was not reversed by IgG therapy and 
most likely contributed to mortality. Another possibility is that 
the RRV-IgG mice had the equivalent of serum sickness, from 
the combination of circulating human IgG and anti-RRV anti-
bodies. However, the control group of BSS mice that received 
IgG had 100% survival, confirming that administration of 

human IgG (without infection) was not harmful. Human IgG 
was employed instead of mouse IgG, because human IgG has 
been previously shown to have high affinity for the neona-
tal Fc receptor in mice (28,29). Furthermore, the majority of 
previous studies examining the effect of IgG in mouse mod-
els of human disease have employed human IgG preparations 
(20–23). Despite the finding that high-dose IgG did not change 
survival, the marked inhibition of bile duct inflammation and 
obstruction suggests that IgG therapy could have a potential 
benefit in BA infants who undergo the Kasai procedure.

One mechanism by which high-dose IgG may reduce portal 
tract inflammation is through inhibition of VCAM-1. Through 
its interaction with the very-late activation 4 ligand expressed 
on monocytes and T and B lymphocytes, VCAM-1 promotes 
adhesion and transendothelial migration of inflammatory cells 
into injured tissue (30). Increased VCAM-1 expression in sev-
eral inflammatory liver processes has been reported, particularly 

Figure 6.  Representative fluorescence-activated cell sorting (FACS) analysis dot plot of cytokine production. Shown is an example of intracellular 
cytokine staining from CD4+ and CD8+ T cells following phorbol 12-myristate 13-acetate (PMA)/ionmycin stimulation. Quadrant marker placement was 
established based on the negative cell population. Leukocyte populations were identified for study by triple gating (details on gating in Supplementary 
Figure S3 online). BA, biliary atresia; BSS, balanced salt solution; RRV, rhesus rotavirus.
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in those characterized by periportal inflammation (31,32). 
Kobayashi et al. (33). previously identified increased expression 
of VCAM-1 on bile ducts, endothelial cells, and hepatocytes 
from human patients with severe BA compared to healthy con-
trols and patients with less severe BA. In the mouse model of BA, 
high-dose IgG inhibited VCAM-1 expression, thereby reducing 
trafficking of lymphocytes and monocytes into the portal tracts. 
VCAM-1 expression by endothelial cells is stimulated by inflam-
matory cytokines, namely TNF-α, and inhibition of VCAM-1 
by high-dose IgG may be related to its concurrent inhibitory 
effects on inflammatory cytokine production (30,34).

This study demonstrated an overproduction of the proin-
flammatory cytokines IL-2, IFN-γ, and TNF-α by hepatic CD4+ 

T cells and IFN-γ by CD8+ T cells from RRV-infected mice that 
was dampened by high-dose IgG therapy. IFN-γ-producing 
T cells have been implicated in the pathology of several inflam-
matory autoimmune diseases (35). In the mouse model of BA, 
Shivakumar et al. (10) demonstrated the essential role of IFN-γ 
in bile duct injury, as IFN-γ knockout mice infected with RRV 
had resolution of biliary obstruction and improved survival. In 
the current study, high-dose IgG therapy was associated with 
significant reduction in IFN-γ and protection from biliary 
injury. This is in accordance with previous studies on inflam-
matory and autoimmune diseases that have shown that high-
dose IgG therapy reduces levels of IFN-γ, TNF-α, and other 
inflammatory cytokines (22,36). IFN-γ has many downstream 
effects, including activation of macrophages with subsequent 
release of cytotoxic molecules. This study showed that the 
diminished levels of IFN-γ in the RRV-IgG group correlated 
with decreased portal tract macrophage infiltrates and TNF-α-
producing macrophages, suggesting a synergistic mechanism 
of protection from bile duct injury. It has been hypothesized 
that the reduction of cytokine production by IgG therapy may 
be due to antibodies contained in polyclonal IgG that inacti-
vate these cytokines (37,38), by direct antibody neutralization 
of antigens (39) or through the enhancement of the inhibitory 
action of Tregs (40).

Tregs are important in suppressing the T cell-mediated 
immune response to pathogens, inhibiting overly aggressive 
immune activation and preventing activation of autoreactive 
T cells. Other studies have shown that the beneficial effects 
of high-dose IgG were linked to expansion of Treg popula-
tions. In murine experimental autoimmune encephalomyeli-
tis, a model of multiple sclerosis, Ephrem et al. (40) observed 
that prophylactic dosing of high-dose IgG therapy prevented 
experimental autoimmune encephalomyelitis in mice and 
was associated with increased Treg numbers and suppres-
sive capacity. The expansion of liver Tregs identified in our 
study offers a unifying mechanism as to how high-dose IgG 

Figure 7.  High-dose IgG is associated with liver Treg expansion. (a) Summary of fluorescence-activated cell sorting (FACS) analysis of liver Tregs. Percoll 
gradient-purified liver immune cells were stained with CD4, CD25, and FoxP3 to identify Tregs (*P < 0.005, **P < 0.0005). (b) Representative dot plots. 
Shown are representative dot plots of CD4+FoxP3+ Tregs gated on liver CD4+ cells. Left panel—RRV-alb: 7.4% Tregs, right panel—RRV-IgG: 10.5% Tregs. BA, 
biliary atresia; BSS, balanced salt solution; RRV, rhesus rotavirus; Tregs, regulatory T cells.
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reduced proinflammatory cytokine production by CD4+ and 
CD8+ effector T cells and diminished biliary tract injury. The 
potential importance of Tregs in the pathogenesis of BA has 
recently been described. Our group reported that circulating 
Tregs were significantly lower in infants with BA at the time of 
diagnosis compared to age-matched controls (15). Likewise, in 
BA mouse studies, Treg deficits have been reported as well as 
protection from BA with Treg supplementation (14,16). Given 
these findings, developing therapies that stimulate Tregs might 
have significant impact on the outcomes of human BA.

In conclusion, we have demonstrated that administration of 
high-dose IgG attenuated bile duct inflammation and injury in 
the mouse model of BA. Our observations should encourage 
the development of clinical trials of high-dose IVIg as an adju-
vant therapy to Kasai portoenterostomy in infants with BA. In 
combination with surgery, IVIg might have the potential to 
change the trajectory of the disease and delay or obviate the 
need for liver transplantation.

METHODS
RRV-Induced Mouse Model of BA and IgG Treatment
Timed-pregnant female BALB/c mice were purchased from rotavi-
rus-free colonies of Jackson Laboratory (Bar Harbor, ME). Mice were 
injected intraperitoneally at 12–18 h of life with either 1.5 × 106 pfu/ml  
of RRV or BSS as control. RRV-infected, jaundiced mice received 
an intraperitoneal injection of either 2 g/kg polyclonal, human IgG 
(Gammagard, Baxter, Westlake Village, CA), human albumin (Sigma 
Aldrich, St Louis, MO), or no treatment every 2–3 d × 6 doses, start-
ing on day 7 of life. On days 10–14, serum, liver, and extrahepatic bile 
ducts were harvested. All animals were handled in accordance with the 
National Institutes of Health “Guide for Care and Use of Laboratory 
Animals” (publication #86-25 1985) through the University of 
Colorado Denver Office of Laboratory Animal Medicine.

Viral Plaque Assay
Liver tissue was homogenized in sterile MEM (1:1 weight/volume) and 
plated on a monolayer of MA-104 cells as previously described (9).

Serum Bilirubin Assay
Blood was collected from the renal artery, pooled (2–4 mice/pool), 
and serum direct bilirubin was measured with direct bilirubin assay 
(Diagnostic Chemicals, Oxford, CT).

Histopathology
Formalin-fixed, paraffin-embedded liver and extrahepatic bile duct 
sections (n = 6 each group) were stained with hematoxylin and eosin 
and visualized with the Olympus BX41 Laboratory Microscope 
(Olympus America, Scientific Equipment Group, Center Valley, PA).

Indirect Immunofluorescence
Snap frozen liver tissue (n = 6 each group) was stained using Tyramide 
System Amplification Direct Kit (PerkinElmer, Waltham, MA) 
according to manufacturer’s instructions. Slides were incubated with 
anti-TROMA III (CK19 on bile duct epithelium) and either antibod-
ies to CD4 (GK1.5), CD8a (5H10), CD11b (M1/70), VCAM-1 (429), 
anti-rat IgG2a (eBM2a), or anti-rat IgG2b (eB149/10H5) (eBiosci-
ences, San Diego, CA) and counterstained with Hoechst nuclear stain 
(Sigma, St Louis, MO). Fluorescent signal was photographed with the 
Zeiss Axio Imager.A1 (Carl Zeiss, Thornwood, NY) and layers were 
overlaid using Adobe Photoshop CS2 (Adobe Systems, San Jose, CA).

Flow Cytometry of Hepatic Immune Cells
Two to four livers were pooled for isolation of liver immune cells and 
≥ 3 pools were analyzed for each experiment. Single cell suspension 
of livers were stained with anti-CD45, anti-CD3 and anti-CD4, CD8, 
CD11b, NKG2D, B220, or isotype controls (eBiosciences). For liver 
Treg analysis, immune cells were isolated by Percoll gradient and 

stained using the Mouse Regulatory T cell Staining Kit per manufac-
turer’s instructions (eBiosciences). Expression of cell surface mark-
ers was determined with the FACSCalibur flow cytometer using 
CELLQuest software (Becton-Dickinson, San Jose, CA) for analysis. 
Leukocyte populations were identified by gating on CD45+ cells.

Intracellular Cytokine Analysis by Flow Cytometry
Hepatic immune cells were stimulated with phorbol 12-myristate 
13-acetate (PMA) and ionomycin in GolgiPlug (BD Pharmingen, San 
Diego, CA), incubated with anti-CD45.2 (cells of hematopoietic ori-
gin) and either anti-CD4, CD8a, or CD11b (eBiosciences). Cells were 
permeabilized and incubated with either anti-IL-2, IFN-γ, TNF-α, 
IL-17, or isotype control (eBiosciences).

Isolation of Liver RNA and qRT-PCR
Liver tissue was homogenized in TRIZOL buffer (Invitrogen, 
Carlsbad, CA) and RNA isolated according to manufacturer’s proto-
col. RT-PCR was performed using TaqMan primers (Invitrogen) and 
qScript 1-Step Fast qRT-PCR Kit (Quanta Biosciences, Gaithersburg, 
MD) on an iCycler thermal cycler (BioRad, Hercules, CA).

Statistical Analysis
All results were based on ≥3 separate experiments of pooled liver 
samples (2–4 samples/pool) and shown as mean ± SEM. Differences 
between groups were analyzed with the one-way ANOVA and 
adjusted using the Šidák correction (Prism, GraphPad Software, 
La Jolla, CA). Differences in means were considered significant for 
P values < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at 
http://www.nature.com/pr
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