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Biliary atresia (BA) is a destructive cholangiopathy of childhood in which Th1 immunity has been mechanistically linked to
the bile duct inflammation and obstruction that culminate in liver injury. Based on reports of decreased Th1 cytokines in
some patients and the development of BA in mice lacking CD4+ T cells, we hypothesized that Th1-independent
mechanisms can also activate effector cells and induce BA. Here, we tested this hypothesis using Stat1–/– mice, which
lack the ability to mount Th1 immune responses. Infection of Stat1–/– mice with rhesus rotavirus type A (RRV) on
postnatal day 1 induced a prominent Th2 response, duct epithelial injury and obstruction within 7 days, and atresia shortly
thereafter. A high degree of phosphorylation of the Th2 transcription factor Stat6 was observed; however, concurrent
inactivation of Stat1 and Stat6 in mice did not prevent BA after RRV infection. In contrast, depletion of macrophages or
combined loss of Il13 and Stat1 reduced tissue infiltration by lymphocytes and myeloid cells, maintained epithelial
integrity, and prevented duct obstruction. In concordance with our mouse model, humans at the time of BA diagnosis
exhibited differential hepatic expression of Th2 genes and serum Th2 cytokines. These findings demonstrate compatibility
between Th2 commitment and the pathogenesis of BA, and suggest that patient subgrouping in future clinical trials should
account for differences in Th2 status.
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Biliary	atresia	(BA)	is	a	destructive	cholangiopathy	of	childhood	in	which	Th1	immunity	has	been	mechanisti-
cally	linked	to	the	bile	duct	inflammation	and	obstruction	that	culminate	in	liver	injury.	Based	on	reports	of	
decreased	Th1	cytokines	in	some	patients	and	the	development	of	BA	in	mice	lacking	CD4+	T	cells,	we	hypoth-
esized	that	Th1-independent	mechanisms	can	also	activate	effector	cells	and	induce	BA.	Here,	we	tested	this	
hypothesis	using	Stat1–/–	mice,	which	lack	the	ability	to	mount	Th1	immune	responses.	Infection	of	Stat1–/–	
mice	with	rhesus	rotavirus	type	A	(RRV)	on	postnatal	day	1	induced	a	prominent	Th2	response,	duct	epithelial	
injury	and	obstruction	within	7	days,	and	atresia	shortly	thereafter.	A	high	degree	of	phosphorylation	of	the	
Th2	transcription	factor	Stat6	was	observed;	however,	concurrent	inactivation	of	Stat1	and	Stat6	in	mice	did	
not	prevent	BA	after	RRV	infection.	In	contrast,	depletion	of	macrophages	or	combined	loss	of	Il13	and	Stat1	
reduced	tissue	infiltration	by	lymphocytes	and	myeloid	cells,	maintained	epithelial	integrity,	and	prevented	
duct	obstruction.	In	concordance	with	our	mouse	model,	humans	at	the	time	of	BA	diagnosis	exhibited	dif-
ferential	hepatic	expression	of	Th2	genes	and	serum	Th2	cytokines.	These	findings	demonstrate	compatibility	
between	Th2	commitment	and	the	pathogenesis	of	BA,	and	suggest	that	patient	subgrouping	in	future	clinical	
trials	should	account	for	differences	in	Th2	status.

Introduction
Biliary atresia (BA) is a severe disease of early childhood with 
relative uniformity in clinical presentation, but heterogeneous 
liver pathology at diagnosis. For example, comprehensive his-
tological and liver gene expression studies identify groups of 
infants with either inflammation or prominent fibrosis despite 
similarities in ages and degree of cholestasis (1–6). Although not 
yet studied formally, this heterogeneity may account, at least 
in part, for the lack of response in clinical trials that assign all 
patients to the same treatment protocols (7). Therefore, there is 
an urgent need to identify novel mechanisms underlying differ-
ent stages of disease.

Among the diverse components of the molecular response in 
diseased livers of patients with BA, only Th1 signals have been 
linked to mechanisms of pathogenesis of hepatobiliary inju-
ry consistently. Livers are populated by CD4+, CD8+, and NK 
lymphocytes at diagnosis and overexpress proinflammatory 
cytokines (8–15). Support for their roles in pathogenesis of dis-
ease comes from mechanistic studies in a rotavirus-induced ani-
mal model of the disease. In this model, the administration of 
rhesus rotavirus type A (RRV) in the immediate postnatal period 
results in epithelial injury and obstruction of extrahepatic bile 
ducts within a week, producing a biliary phenotype akin to the 
disease in humans (16, 17). In this model, the expression of IFN-γ 
and the natural killer group 2d receptor (Nkg2d) and the pres-
ence of NK and CD8+ cells are required for biliary injury, with 
substantial improvement in the experimental phenotype induced 

by their loss or blockade (15, 18, 19). Altogether, the studies 
clearly point to a critical role for the Th1 response in pathogene-
sis of the bile duct injury and obstruction. However, how the Th1 
response regulates the progression of disease and the interplay 
between the different cell types is largely unknown.

Mechanistic studies in the mouse model also suggest that 
there is redundancy in the Th1 response, with the potential for 
alternative circuits to produce tissue pathology. For example, 
newborn mice develop BA after RRV infection despite the loss 
of IL-12 or CD4+ cells (19, 20). These results raise the possibil-
ity that other circuits may activate accessory pathways and pro-
duce duct injury, perhaps even in the absence of a Th1 response. 
Here, we directly address this possibility using the murine model 
and complementary assays in human tissues. For the studies, we 
hypothesized that Th1-independent mechanisms activate effec-
tor cells and induce BA. Loss of Th1 response was obtained by 
using mice carrying an inactivation of the gene encoding the sig-
nal transducer and activation of transcription-1 (Stat1–/– mice), 
which plays a critical role in IFN-γ signaling (21). We found that 
in response to RRV infection, neonatal Stat1–/– mice efficiently 
mounted a prominent IL-4– and IL-13–rich T lymphocyte (Th2) 
and myeloid cell response with M2 signature, with bile duct 
injury, obstruction, and formation of dilatation or cyst distally. 
The relevance of this Th2/M2 response became obvious when 
the depletion of macrophages or the superimposed inactivation 
of Il13 in Stat1–/– mice largely blocked epithelial injury and pre-
vented the BA phenotype. Analyses of these signals in livers and 
sera from infants at the time of diagnosis identified subgroups 
of patients with high or low expression of Th2 genes and of cir-
culating levels of IL-4, IL-13, and other Th2 cytokines.
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Results
Increased liver expression of Stat1 after RRV infection. Based on the 
regulatory role of Stat1 in mediating the cellular response of 
IFN-γ and Th1 differentiation (21), we first quantified the mRNA 
expression for the Stat1 gene in extrahepatic bile ducts of WT 
BALB/c neonatal mice at 3, 7, and 14 days after administration 
of RRV (1.5 × 106 fluorescence-forming units [ffu]) or saline 
intraperitoneally in the first 24 hours of birth. The administra-
tion of RRV resulted in the development of acholic stools by 7 
days, poor growth and mortality in more than 90% of mice by 14 
days of age; obstruction of extrahepatic bile ducts was demon-
strated by direct examination of sections of ducts embedded in 
paraffin and stained with H&E, as described previously (22, 23). 
Stat1 mRNA expression in bile ducts increased after RRV when 
compared with that in saline controls, with a peak at the time 
of duct obstruction (7 days; Figure 1A). In contrast, the mRNA 
expression for the Th2-related transcription factor Stat6 did not 
change after RRV (Figure 1B). These results suggested a potential 
role of Stat1 in the Th1 response to RRV in neonatal mice.

Th2 commitment in Stat1–/– livers after RRV challenge. To directly 
examine the role of Stat1 in the control of the neonatal Th1 
response, first we isolated CD4+CD25– lymphocytes from 
spleens of naive WT and Stat1–/– adult mice and subjected them 
to polarization experiments by incubation with anti-CD3 and 
anti-CD28 antibodies with or without Th1- or Th2-polarizing 
cytokines and antibodies for 3 days. The expression of IFN-γ was 
lower in Stat1–/– CD4+ T cells than in WT cells upon Th1 stimu-
lation (Figure 2, A and B). In contrast, Stat1–/– CD4+ T cells had 
higher baseline expression of IL-13 (Figure 2, C and D) and of 
both IL-13 and IL-4 above the levels in WT CD4+ T cells when 
cultured with Th2 inducers (Figure 2, C–F).

To determine whether CD4+ T cells undergo differentiation into 
Th1 or Th2 cells in vivo independently of Stat1, we transferred 
0.5–1 × 107 splenic CD4+ T cells from naive WT and Stat1–/– mice 
intraperitoneally into Rag2–/– BALB/c mice (which lack T and B 
cells) within 24 hours of birth, followed by RRV challenge 12 hours 
later. Flow cytometric analysis of hepatic T cells 10 days after RRV 
showed a suppression of IFN-γ production and an increase in IL-4 
and IL-13 by transplanted Stat1–/– CD4+ T cells when compared with 
transplanted WT cells (Figure 2, G and H). Consistent with this Th2 
response, flow cytometric analyses following RRV challenge to WT 
and Stat1–/– mice showed lower expression of IFN-γ by hepatic CD4+ 
T cells and higher expression of IL-13 at 7–10 days (the time of bile 
duct obstruction) and IL-4 at 10 days in Stat1–/– livers (Figure 3, A–F).  
The expression of IFN-γ by other hepatic mononuclear cells was 
also downregulated in Stat1–/– livers when compared with WT mice 
after RRV challenge (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI57728DS1). 
As additional evidence of decreased IFN-γ signaling, the mRNA 

expression for IFN-γ and the IFN-γ target genes Cxcl9, Cxcl10, Irf1, 
Ifnb, Socs1, Rantes, Fasl, Ccl3, and Ccl4 was suppressed in livers after 
RRV challenge (Supplemental Figure 2, A and B). These comple-
mentary data demonstrate that Stat1–/– CD4+ T lymphocytes have 
limited Th1 response in vitro and in vivo and undergo a prominent 
Th2 polarization in response to RRV.

Obstruction and cyst formation in Stat1–/– bile ducts after RRV challenge. 
Having demonstrated that Stat1–/– mice are unable to mount an 
effective Th1 response, we examined the development of biliary 
injury and obstruction after RRV challenge within 24 hours of 
birth. In saline-injected control mice, daily measurements of body 
weight showed that Stat1–/– mice were generally smaller than WT 
mice (Figure 4A), but appeared healthy and grew well into adult-
hood (data not shown). Upon RRV infection, Stat1–/– mice had 
poor growth (Figure 4A), developed jaundice and acholic stools 
between 4 and 7 days similarly to WT mice (Figure 4B), and died at 
a greater rate within 15 days (P < 0.001; Figure 4C).

To investigate the anatomic basis of cholestasis, we examined the 
general appearance of extrahepatic bile ducts of Stat1–/– mice 7–14 
days after saline or RRV injection. The gallbladder and extrahepat-
ic bile ducts of saline-injected Stat1–/– mice had normal appearance 
(Figure 4D). In contrast, RRV infection resulted in the formation 
of segments of extrahepatic bile ducts that had variable lengths 
of lumen obstruction in all mice, with the majority also display-
ing dilatation distal to the site of obstruction and extending to 
the site of insertion into the duodenal loop (Figure 4E). While the 
duct obstruction was similar to the findings typically seen in RRV-
infected WT mice (Figure 4F), the development of dilatation or 
cysts was substantially greater in Stat1–/– mice (Table 1). These data 
suggested that the development of bile duct obstruction after RRV 
was not prevented by the loss of Stat1 and raised the possibility 
that the type of inflammatory response may be responsible for the 
formation of cysts in bile ducts of Stat1–/– mice.

Hepatic and biliary infiltration by myeloid cells in Stat1–/– mice. 
Histological surveys of liver sections 3 days after RRV showed 
a mild infiltration of portal tracts with neutrophils in both 
Stat1–/– and WT mice (Figure 5A). The infiltration switched pri-
marily to lymphocytes by 7 and 10 days in WT livers; however, 
while the pattern of infiltration was similar between WT and 
Stat1–/– livers, the cellular content in Stat1–/– livers continued 
to consist primarily of neutrophils at these time points (Figure 
5A). In extrahepatic bile ducts, there was minimal submucosal 
inflammation by neutrophils and lymphocytes 3 days after RRV 
in both mouse lines, with the formation of inflammatory plugs 
at 7 days (Figure 5B). At 10 days after RRV, obstructed segments 
of bile ducts showed residual inflammation by lymphocytes in 
WT mice and neutrophils and macrophages in Stat1–/– mice (Fig-
ure 5B). A similar infiltration by these myeloid cells was also 
present in the submucosal compartments of the cystic forma-

Figure 1
Stat1 is induced in liver after RRV challenge. Hepatic Stat1 (A) and 
Stat6 (B) mRNA expression in BALB/c mice at 3, 7, and 14 days after 
saline (NS) or RRV challenge shows that Stat1 begins to increase at 3 
days and reaches a significant peak at 7 days. Data represent 3 repli-
cates and are normalized to internal Hprt control and then to the value 
from NS-treated mice at day 3; n = 3–4 livers per group and time point. 
**P < 0.01. Values are expressed as mean ± SEM.
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tions of bile ducts, despite the presence of an intact epithelial 
surface (Figure 5C). To more precisely quantify the population 
of inflammatory cells in response to RRV, we determined the 
percentage of CD3+ (for T lymphocytes), CD19+ (for B lympho-
cytes), and CD11b+ (for myeloid cells: neutrophils and macro-
phages) cells in hepatic mononuclear cells 3, 7, and 10 days after 
viral challenge. We found that Stat1 deficiency resulted in sup-
pression of T lymphocytes at 7 and 10 days (Figure 5D) and of B 
lymphocytes at 3 days (Figure 5E), with a significant increase in 
myeloid cells at 7 and 10 days (Figure 5F). These data suggested 
that a suppressed Th1 response did not prevent the obstruction 
phenotype and that myeloid cells may undergo activation and 
serve as an alternative source of inflammatory signals for duct 
injury, obstruction, and cyst formation.

Suppression of Th1 and impaired viral clearance in Stat1–/– mice. 
To investigate the consequences of Stat1 deficiency on T cell 
response and viral clearance, we quantified CD3+ subsets and 
found decreases in both hepatic CD4+ and CD8+ T cells, with 
a higher CD4+/CD8+ ratio (Figure 6, A–C). Consistent with a 
substantial decrease in CD8+ cells, Stat1–/– mice were unable to 
clear RRV from the liver, and RRV titers remained high until the 
time of death 10–14 days after viral inoculation (Figure 6D). 
This was associated with mRNA expression for the Th1-related 
genes Il1b, Il12p40, Tnfa, and Tbet 10 days after RRV that was 
similar to or lower than that in WT mice and higher expression 
for the Th2-related genes Il4, Il5, Il13, and Gata3 (Figure 6E and 
Supplemental Table 1). We also found no evidence of substan-
tial activation of Th17 at the time of epithelial injury or onset 

Figure 2
Naive CD4+ T cells deficient in Stat1 dif-
ferentiate into Th2 cells. Flow cytometry 
of naive CD4+CD25– T cells cultured with 
anti-CD3/CD28 antibodies with or without 
different combinations of cytokines and 
antibodies for 3 days (A–F). Stat1–/– CD4+ 
T cells lack IFN-γ production under Th1-
polarized conditions (A and B) and gen-
erate more IL-13 in Th0 and Th2 (C and 
D) and IL-4 under Th2 (E and F) condi-
tions. Numbers in plots indicate percent-
age of CD4+ T cells that are also positive 
for IFN-γ, IL-13, or IL-4; data in B, D, and 
F are from 3 experiments. In G and H, 
the adoptive transfer of CD4+ T cells to 
Rag2–/– recipients soon after birth was 
followed by RRV injection 12 hours later. 
Hepatic mononuclear cells were ana-
lyzed by flow cytometry for percentage of  
IFN-γ, IL-13, and IL-4 gated on CD4+  
T cells at 10 days after RRV challenge. 
Data are shown as representative dot plots 
(G) and average of 3 experiments (H).  
*P < 0.05; **P < 0.01. Values are 
expressed as mean ± SEM.
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of duct obstruction, as demonstrated by 3% or fewer of hepatic 
CD4+ cells staining with IL-17 and with 5%–15% of Treg cells 
populating WT and Stat1–/– livers (both reaching a significant 
rise in Stat1–/– mice only at 10 days), but a Th17/Treg cell ratio 
of less than 1 at all time points. Further, there was no differ-
ence in the hepatic Il17a mRNA expression between WT and 
Stat1–/– mice at 3–10 days after RRV (Supplemental Figure 3). 
Thus, the predominant expression of Th2-related genes in the 
presence of a lower number of CD4+ lymphocytes raised the 
possibility that other cell types may also undergo Th2 commit-
ment, especially in view of the infiltration of the hepatobiliary 
system by myeloid cells.

M2 activation of myeloid cells after RRV in Stat1–/– mice. Based on 
the infiltration of the liver and bile ducts by myeloid cells and on 
the ability of Th1- or Th2-primed CD4+ T lymphocytes to stimu-
late a related phenotype in macrophages (24–26), we quantified 
the infiltration of macrophages in the liver and the expression 
of genes related to M1 or M2 commitment after viral challenge. 
The number of CD11b+F4/80+ macrophages increased in liv-
ers of Stat1–/– mice at 7 and 10 days after RRV when compared 
with those in WT mice (Figure 7, A and B). To ascertain whether 
macrophages in Stat1–/– mice have markers of myeloid-derived 
suppressor cells (MDSCs), we determined expression of IL-4Rα 
(CD124) and F4/80 in CD11b+Gr-1hi hepatic mononuclear cells 

(27–29). We found an increased population in the 
liver of CD11b+/Gr-1hi cells expressing CD124 in 
Stat1–/– mice 10 days after RRV (Supplemental Figure 
4A), but only a small portion of these cells expressed 
F4/80 in Stat1–/– livers (Supplemental Figure 4B). 
These results suggest that macrophages in Stat1–/– 
mice don’t have an MDSC phenotype.

To explore whether the increased population of 
hepatic macrophages had evidence of alternative 
(M2) activation, we quantified the hepatic expression 
of selected genes and found lower mRNA expression 
for Inos (M1 gene) in Stat1–/– mice, while mRNA for 
Arg1, Fizz1, Ym1, and Mmp12 (M2 genes) increased 
several fold above that in WT mice 3–10 days after 
RRV (Figure 7C). To determine the contribution of 
alternatively activated macrophages to the biliary 
injury phenotype, we used clodronate-loaded lipo-
somes to decrease the population of hepatic macro-
phages in Stat1–/– mice (30, 31). The administration 
of clodronate-loaded liposomes shortly after birth 
and then daily after administration of RRV depleted 
50% of F4/80+ and 75% of Gr-1hi liver cells (Figure 7D) 
and suppressed the production of IL-13 by CD4+ cells 

(Figure 7E) in Stat1–/– mice 7 days after RRV challenge. The mor-
phological analysis of extrahepatic bile ducts at this time point 
showed that Stat1–/– mice receiving clodronate-loaded liposomes 
had improved phenotype, with 50% of the mice showing patent 
bile ducts, mild cholangitis, and intact epithelium (Figure 7F). In 
contrast, patent ducts were present in only 14% of Stat1–/– mice 
receiving saline-loaded liposomes as controls. Together, the 
decreased obstruction of bile ducts and the predominant Th2-
M2 profile at the time of bile duct obstruction formed the basis 
for a hypothesis that molecular components of the Th2 response 
directly regulate bile duct injury and obstruction in Stat1–/– mice.

Prevention of duct obstruction in Stat1–/– mice by the loss of IL-13. To 
test this hypothesis, we first determined whether the transcrip-
tion factor Stat6 is activated in Stat1–/– mice infected with RRV 
based on its properties as inducer of IL-4 and IL-13 (32). Analyz-
ing hepatic mononuclear cells and splenocytes by flow cytometry, 
we found phosphorylation of Stat6 in CD4+ cells from Stat1–/– 
mice increased above levels in WT mice 7 days after RRV chal-
lenge (Figure 8A). To determine whether Stat6 is critical to the 
development of duct obstruction, we superimposed the genetic 
inactivation of Stat6 into the Stat1–/– strain (Stat1–/–Stat6–/–) and 
subjected the mice to RRV challenge. Stat1–/–Stat6–/– mice devel-
oped jaundice, acholic stools, poor growth, and increased mor-
tality, with bile duct obstruction and cyst formation in a fashion 

Figure 3
RRV induces Th2 response in Stat1–/– neonatal mice. Flow 
cytometry analysis of IFN-γ, IL-13, and IL-4 expression by 
hepatic CD4+ T cells on days 3, 7, and 10 after RRV chal-
lenge (A–F). Stat1–/– CD4+ T cells failed to express IFN-γ 
(A and B), while they produced more IL-13 (C and D) 
and IL-4 (E and F) than WT CD4+ T cells. Numbers in dot 
plots indicate percentage of CD4+ cells that also express 
IFN-γ, IL-13, or IL-4. Data are shown as representative 
dot plots (A, C, and E) and average of 3 experiments (B, 
D, and F). *P < 0.05; ***P < 0.001. Values are expressed 
as mean ± SEM.
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similar to that of Stat1–/– mice (data not shown). These results 
showed that Stat6 was not required for the disease phenotype.

Based on the consistent increase in IL-13 at all stages of bile duct 
injury (Figures 2 and 3) and on its role as an important effector 
cytokine in Th2-related diseases, we quantified the hepatic mRNA 
expression for the receptors used by IL-13 after RRV challenge. We 
found that mRNA for the IL-4 receptor α (IL4Ra, shared by both IL-4  
and IL-13) did not increase after RRV in Stat1–/– livers, but levels of 
IL-13 receptors IL13ra1 and IL13ra2 increased 2- to 30-fold above 
levels in WT mice (Figure 8B). To determine whether IL-13 plays 
a role in biliary injury and obstruction, we generated Stat1–/– mice 
that also lacked IL-13 (Stat1–/–Il13–/– mice) and subjected Il13–/– and 
Stat1–/–Il13–/– mice to RRV challenge. Il13–/– mice developed jaun-
dice and biliary injury and obstruction similar to that in WT mice 
(data not shown). In contrast, 70% of Stat1–/–Il13–/– mice were alive 
11 days after RRV, a time when survival of Stat1–/– mice was 30%. 
Notably, examination of extrahepatic bile ducts showed mostly 
intact epithelial surface and patent lumen despite subepithelial 
inflammation (Figure 8C); dilatation and cyst formation in bile 
ducts was similar to that in Stat1–/– mice. The improvement in the 
obstruction of bile ducts in Stat1–/–Il13–/– mice was associated with 
a number of CD8+ T cells similar to those found in Stat1–/– mice 

(Figure 8D), a decrease in macrophages (CD11b+F4/80+ cells; Fig-
ure 8E), and no change in the expression of IFN-γ or IL-4 by CD4+ 
lymphocytes (Figure 8, F–H). Further, among M2 markers, there 
was lower mRNA expression for Fizz1 and Mmp12 (Supplemental 
Figure 5). These data suggested that the improvement in the biliary 
phenotype could be assigned to the targeted loss of IL-13.

Expression of Th2 genes in livers of infants with BA. Based on the 
unexpected development of duct obstruction in neonatal mice in 
a predominantly Th2 state and in the absence of Th1, we investi-
gated whether infants with BA show evidence of Th2 activation 
by examining the liver and serum at the time of diagnosis (<4 

Table 1
Incidence of cystic dilatation of extrahepatic bile ducts after RRV 
infection of newborn mice

Days after RRV WT mice (%) Stat1–/– mice (%)
Day 3 0/6 (0%) 2/7 (29%)
Day 7 1/23 (4%) 11/16 (69%)A

Day 10 5/24 (21%) 29/39 (74%)B

AP < 0.01. BP < 0.001 (Fisher’s exact test).

Figure 4
Severity of disease in Stat1–/– mice after RRV challenge. The symptoms and weights were monitored for 16 days after RRV or normal saline chal-
lenge (NS). (A) RRV challenge led to poorer growth in Stat1–/– (n = 32) than WT mice (n = 25); NS-treated Stat1–/– (n = 27) and WT mice (n = 9)  
served as controls. (B) Both Stat1–/– and WT mice developed acholic stools. (C) Stat1–/– mice died earlier than WT mice after RRV challenge. 
(D–F) Macroscopic appearance of the hepatic hilum: (A) normal in saline-injected Stat1–/– mice at day 14 (D), (B) obstruction and cystic dilatation 
in Stat1–/– mice 7 days after RRV infection (E), and (C) diffuse obstruction in WT mice, also 7 days after RRV infection (F). *P < 0.05; #P < 0.001. 
White dotted lines outline the gallbladder (*) and extrahepatic bile ducts; the blue color fills the segments of bile ducts that are patent; arrows 
point to cystic dilatation. Original magnification, ×70. Values are expressed as mean ± SEM.
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months of age). For the liver, we analyzed the mRNA expression 
for 23 genes linked to a Th2 response (Gene Ontology: www.
geneontology.org) in 45 infants with BA and in 7 normal con-
trols (liver transplantation–donor children at 2.5–3 years of age) 
reported by us previously (6, 15). Among these genes, the expres-
sion of CCR4, IL18, CD74, CD86, and AREG/AREGB increased in 
BA above those in controls (Figure 9A), with no increase in the 
expression of IL4, IL13, and STAT6 (not shown). Cluster analyses 
to align the subjects based on the levels of expression of the 23 
genes produced a phylogenetic tree with 1 node grouping 6 of 
7 controls and 2 other nodes that divided the BA cohort into 
2 subgroups (Figure 9B). The subgroups were based primarily 
on the coordinate expression of 4 of 5 genes increased in BA 
(IL18, CD74, CD86, and AREG/AREGB) and of a new set of genes 
whose expression did not differ between BA as a single cohort 

and controls, but was significantly different between the 2 nodes 
or subgroups of BA (IL4R, BCL3, BCL6, IL1RL1, and IL6; Figure 
9C). Consistent with this coordinated pattern of expression 
among subjects with BA, there was a high degree of correlation 
among these 9 genes in the BA cohort but not in controls (Sup-
plemental Tables 2 and 3). Collectively, these results pointed to a 
heterogeneous expression of Th2 genes, some of which are con-
sistently increased in BA above controls, while others, includ-
ing Th2 cell receptors IL-4Rα and IL-1RL1 (33, 34), potentially 
identify subgroups of patients in the BA cohort based on high 
or low levels of expression.

To further explore the possibility that a subgroup of patients with 
BA expresses Th2 markers, we determined the expression of Th1 
and Th2 cytokines and chemokines in the serum from 11 patients 
at the time of diagnosis and in 3 age-matched normal infants serv-

Figure 5
Myeloid cells infiltrate livers and bile ducts of Stat1–/– mice after RRV challenge. H&E staining of liver sections shows mild infiltration of portal 
tracts by neutrophils 3 days after RRV in WT and Stat1–/– mice (A). The degree of infiltration increases in both mouse lines at 7 and 10 days, 
primarily with lymphocytes in WT mice and persistent neutrophilic infiltration in Stat1–/– mice. (B) Similar staining of longitudinal sections of 
extrahepatic bile ducts shows mild submucosal inflammation at day 3, formation of an inflammatory plug obstructing the lumen at day 7, and the 
ongoing obstruction at day 10. Notably, inflammatory cells in WT bile ducts are predominantly lymphocytes at day 10, while they are primarily 
neutrophils in Stat1–/– ducts. (C) Section in the distal end of a Stat1–/– duct shows a cystic dilatation, which is lined by largely intact epithelium but 
also displays neutrophils and macrophages in the lumen and within the wall. Scale bars: 200 μm; original magnification, ×1000 (insets). (D–F) 
Mean ± SEM percentage of hepatic mononuclear cells that are stained for CD3, CD19, and CD11b by flow cytometry at days 3, 7, 10 after RRV 
challenge. *P < 0.05; ***P < 0.001. n = 4–10 mice in each group.



research article

4250	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 11   November 2011

ing as controls. These subjects were different from those in the liver 
gene expression cohort because sera were not available from them. 
The serum concentration of IL-6 increased in BA above that in con-
trols (P < 0.05), but IL-4, IL-13, IL-1α, and MCP-3 did not change 
between the groups (Figure 10A). Interestingly, scatter plots of 
these data identified 2 of 11 patients that consistently had elevated 
levels of expression of all 5 Th2 cytokines (Figure 10A) and variable 
levels of Th1 cytokines (Figure 10B and Supplemental Figure 6, A 
and B). Combined with the gene expression data presented above, 
the increased levels of IL-4, IL-13, IL-1α, IL-6, and MCP-3 in the 2 
patients support the existence of a subgroup of infants with BA 
with Th2 commitment at the time of diagnosis.

Discussion
The development of experimental BA when hepatic mononuclear 
cells are fully committed to a Th2 phenotype is unexpected in view 
of the substantial body of mechanistic evidence supporting the 
role of Th1 circuits in pathogenesis of disease (7, 35, 36). Using 
mice that are unable to mount a Th1 response by the genetic inac-
tivation of Stat1 (21), we found that perinatal infection with RRV 
induced epithelial injury and luminal obstruction of bile ducts. 
The tissue injury occurred in the presence of a prominent Th2 
commitment, with high expression of IL-4 and IL-13 by hepatic 
lymphocytes, infiltration of myeloid cells (neutrophils and macro-

phages), and increased expression of genes linked to an alternative 
M2 differentiation state by myeloid cells. These cells were impor-
tant for the obstructive phenotype, as supported by decreased 
duct injury and obstruction following partial depletion of macro-
phages. Direct evidence for a mechanistic role of Th2 in the biliary 
phenotype was provided by a decrease in biliary injury and lower 
incidence of bile duct obstruction when the genetic inactivation of 
the Il13 gene was superimposed into Stat1–/– mice. It is interesting 
that IL-13 production by CD4+ T cells also decreased after mac-
rophage suppression, suggesting that macrophages might induce 
and/or maintain Th2 signals in Stat1–/– mice. In humans, the 
mRNA and protein expression for IL-4 and IL-13 did not increase 
in a BA cohort when compared with that in normal controls, but 
the high or low levels of these and other Th2 cytokines and genes 
potentially identified subgroups in the BA cohort, which is in keep-
ing with previous reports of heterogeneity among infants at the 
time of diagnosis (1–7, 37–39). Collectively, these findings reveal a 
previously unrecognized compatibility between Th2 commitment 
and mechanisms of experimental BA, and identify a differential 
expression profile of Th2 molecules in a subset of patients at the 
time of diagnosis.

Effectors of the Th1 response have long been implicated in patho-
genesis of BA. In humans, tissue analyses show infiltration of acti-
vated CD4+, CD8+, and NK lymphocytes, activated macrophages, 

Figure 6
Stat1–/– mice have low CD8+ cells and high Th2 markers after RRV challenge. Flow cytometric analyses showing the percentage of hepatic 
CD4+ and CD8+ T cells and CD4/CD8 ratios in WT and Stat1–/– mice after RRV (A–C). (D) RRV titer shows clearance of RRV by WT mice and 
persistently high titers in Stat1–/– mice. (E) Graphs display hepatic mRNA expression for Th1 and Th2 genes in WT and Stat1–/– mice after RRV 
challenge. mRNA expression was first normalized to internal Hprt control and then normalized to the value from WT mice at day 3; n = 3–4 livers 
per group and time point. *P < 0.05; **P < 0.01; ***P < 0.001. Values are expressed as mean ± SEM.
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and increased expression of proinflammatory cytokines, such as 
IFN-γ, TNF-α, IL-2, osteopontin, and others (8–15). There is initial 
evidence that CD8+ lymphocytes undergo oligoclonal expansion, 
and circulating antibodies that recognize cholangiocyte epitopes 
have been isolated from sera of affected children (13, 40). Despite 
the general predominance of these Th1 markers, we report that 
analyses of the gene expression pattern at diagnosis also identify 
an increased expression of a set of Th2 genes above controls and 
a second set with a coordinate expression that potentially divided 
the cohort into subgroups with high and low expression. Analyz-
ing serum cytokines in a separate cohort of 11 infants with BA, we 
found that the concentrations of IL-4, IL-13, IL-1α, IL-6, and MCP-3  
did not differ from that in controls, but were elevated in 2 of 11 
patients at the time of diagnosis, suggesting that these patients 
may have undergone Th2 commitment and may display a different 
stage of disease progression. A limitation of this study, however, 
is the low number of serum samples analyzed, which will require 

validation in a larger patient cohort that is adequately powered for 
statistical analysis and that contains clinical and outcome data to 
investigate the relevance of cytokine levels as biomarkers of disease. 
This limitation notwithstanding, based on the detection of hepatic 
and serum Th2 markers at the time of diagnosis, it is possible that 
the pathogenesis of biliary injury may be linked to Th2 effectors 
in these patients. Alternatively, the activation of Th2 circuits may 
represent a progression of disease that began earlier in a typical Th1 
response and then transitioned to a Th2 state at the time of diagno-
sis. Although both possibilities are reasonable, we favor the latter 
in view of the concomitant increase in TNF-α and IL-12 (but not 
IFN-γ) in the same patients and of the recent report demonstrating 
different stages of disease at the time of diagnosis (6).

Experimentally, our data provide evidence that components of 
the Th2 response directly induce intra- and extrahepatic cholangi-
opathy, with cholangiocyte injury, breach of the epithelial continu-
ity, and the formation of an inflammatory plug similar to the phe-

Figure 7
RRV induces M2 activation in Stat1–/–  
mice. Flow cytometry analysis show 
that CD11b+F4/80+ macrophages 
increase in Stat1–/– livers 7 and 10 days 
after RRV challenge (A and B); the 
percentage of hepatic mononuclear 
cells are from 3 different experiments. 
(C) Graphs display the hepatic mRNA 
expression for M1 and M2 genes in WT 
and Stat1–/– mice after RRV challenge. 
mRNA expression was first normalized 
to internal Hprt control and then nor-
malized to the value from WT mice at 
day 3; n = 3–4 livers per group and time 
point. (D) Representative contour plots 
show a decrease in the percentage of 
F4/80+ and Gr-1+ cells in livers induced 
by daily administration of clodronate-
loaded liposomes in Stat1–/– mice 7 
days after RRV challenge (when com-
pared with control PBS-loaded lipo-
somes), which was associated with a 
decrease in the percentage of CD4+  
T cells expressing IL-13 (E; n = 3–4 per 
group, reproduced in 2 different experi-
ments). (F) Photomicrographs of H&E-
stained longitudinal sections of extra-
hepatic bile ducts with inflammatory 
epithelial injury and luminal obstruction 
in Stat1–/– mice receiving PBS-loaded 
liposomes (left photograph) and pat-
ent lumen with intact epithelium in 
mice receiving clodronate-loaded lipo-
somes (middle and right photographs).  
*P < 0.05; **P < 0.01; ***P < 0.001. Val-
ues are expressed as mean ± SEM.
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notype produced by a Th1 response in RRV-infected neonatal mice 
(18, 19, 23). CD4+ lymphocytes from Stat1–/– mice were unable to 
mount an effective Th1 response after stimulation in tissue culture, 
in vivo upon RRV infection, or even after adoptive transfer into 
Rag2–/– mice. Livers of Stat1–/– mice had low infiltration of CD4+ and 
CD8+ lymphocytes, but these cells overexpressed IL-4 and IL-13. 
More noticeable was the infiltration of portal tracts and extrahe-
patic bile ducts by myeloid cells (neutrophils and macrophage) and 
an increased expression of M2 genes (Arg1, Fizz1, Ym1, and Mmp12). 
Together, this response is consistent with a Th2-biased immune 
response and the alternative activation of macrophages in a fashion 
that has been linked to wound healing, chronic inflammation, and 
a profibrotic environment in other tissues (41–44).

The improvement in epithelial injury and the prevention of bile 
duct obstruction after removal of IL-13 from Stat1–/– mice suggest 
that IL-13 is a major Th2 factor driving the atresia phenotype in 
these mice. Despite the important role of IL-4 in Th2 circuits, its 

persistent increase despite the improved phenotype produced by the 
loss of IL-13 is consistent with a lack of key functions by IL-4 in the 
induction of epithelial damage (45–47). Further, in our model, the 
increase in IL-4 was not associated with a higher number of hepat-
ic B cells. Although our experimental strategy did not explore the 
potential mechanisms for this dissociation, our finding shows that 
the hepatobiliary response in Stat1–/– neonates differs from the typi-
cal B cell–rich processes that are operative in IL-4–induced allergy. As 
for IL-13, this cytokine has been shown to be important for hepatic 
fibrogenesis by means of TGF-β1 or other members of the M2 path-
way (48–50). A limitation of our work relates to the lack of insight 
into the basis of the cystic dilatation of extrahepatic bile ducts. Its 
location distal to the site of obstruction rules out a cystic formation 
due to increased intraluminal pressure. Its persistence despite the 
loss of IL-13 uncouples its pathogenesis from the overexpression of 
this cytokine. One possibility is a potential role for IL-4 and other 
Th2/M2-related factors in an incomplete repair of the injured bile 

Figure 8
Loss of IL-13 but not Stat6 decreases biliary obstruction in Stat1–/– mice. Flow cytometric analysis of phosphorylated Stat6 in hepatic and splenic 
CD4+ T cells shows Stat6 activation in CD4+ T cells in the absence of Stat1 (A). (B) Graphs show the hepatic mRNA expression for receptors 
shared by IL-4 and IL-13 at 7 days after RRV challenge. (C) Photomicrographs of longitudinal sections of extrahepatic bile ducts of Stat1–/– and 
Stat1–/–Il13–/– mice 7 days after RRV challenge. (D–H) Flow cytometric analyses of hepatic mononuclear cells 10 days after RRV challenge in 
WT, Stat1–/–, and Stat1–/–Il13–/– mice. Surface staining was used for D and E, while dual surface and intracellular stainings were used for F–H;  
n = 3–5 in each group. **P < 0.01; ***P < 0.001. Values are expressed as mean ± SEM.
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Figure 9
Hepatic mRNA expression for Th2-related genes at diagnosis. (A) Increased hepatic expression of CCR4, IL18, CD74, CD86, and AREG/
AREGB-1 in BA (n = 45) above that in normal controls (NC, n = 7) at the time of diagnosis. (B) Cluster analysis depicting the hepatic expression 
of Th2 genes for normal controls and BA. The phylogenetic tree groups 6 of 7 normal control subjects as 1 node, and the 2 remaining nodes 
divide the BA cohort into 2 subgroups based on the differential expression of 9 genes (blue arrows). Among these genes, the expression of IL4, 
BCL3, BCL6, IL1RL1, and IL6 are not increased in BA as a single cohort over NC, but the scatter plots in C show that their expression levels are 
different between the 2 BA subgroups identified by the phylogenetic nodes. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; AREG/AREGB-1  
and 2 are 2 probe sets related to Amphiregulin/Amphiregulin-B. Asterisk in B identifies a normal control subject aligned among BA patients 
largely due to the high expression of IL1RL1. Values are expressed as mean ± SEM.
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duct. The field will benefit from a formal inquiry of this possibil-
ity, as it may provide insight into mechanisms of wound repair of 
injured bile ducts or into pathogenesis of choledocal cyst, the most 
common cystic disease of the extrahepatic bile duct in children.

In conclusion, we show experimentally that Th2 commitment 
is compatible with the phenotype of BA in neonatal mice. With-
out much participation of IFN-γ or other Th1 molecules, neona-
tal exposure to rotavirus induced an IL-4– and IL-13–rich Th2 
response which produced epithelial injury and inflammatory 
obstruction of extrahepatic bile ducts. It also produced cystic dila-
tation of the ducts in most mice, which remains unexplained at 
this time. At the mechanistic level, we were able to link IL-13 to 
bile duct injury and obstruction. In humans, some Th2 genes were 
overexpressed in BA, while others increased only in a subgroup of 
patients. The combination of these findings with an increased con-
centration of Th2 cytokines in 2 of 11 patients with BA suggests 
a potential transition from Th1 to a profibrogenic Th2 pathway, 
in keeping with published reports that some patients already dis-
play hepatic fibrosis at diagnosis (1–5). These findings add a new 
dimension to our understanding of pathogenesis of disease and 
have implications for clinical trials. Do patients respond better 
to portoenterostomy or antiinflammatory agents if they display 
greater levels of Th1 versus Th2 cytokines? These types of ques-
tions should be taken into consideration when assigning subjects 
to clinical trial arms. Using the data reported here, one can provide 
a strong rationale for the need to follow changes in levels of Th1 
and Th2 markers as (secondary) end points in therapeutic trials.

Methods
Mouse model of BA. BALB/c mice were purchased from Charles River Labo-
ratories and Rag2–/– BALB/c mice from Taconic Laboratory. Stat1–/– mice 
on a BALB/c background were a gift from Joan E. Durbin (Center for Vac-
cines and Immunity, Research Institute at Nationwide Children’s Hospital, 
Ohio State University, Columbus, Ohio, USA), while Stat6–/– BALB/c mice 
were purchased from The Jackson Laboratory. Il13–/– BALB/c mice were 

generated in the laboratory of Andrew N.J. McKenzie (MRC Laboratory 
of Molecular Biology, Cambridge, United Kingdom; ref. 51) and were a 
gift from Marc E. Rothenberg (Cincinnati Children’s Hospital Medical 
Center). We generated Stat1–/–Il13–/– and Stat1–/–Stat6–/– double-knockout 
mice in our laboratory by successive matings and identified targeted genes 
by PCR using tail DNA according to protocols from the providers of the 
mouse strains. For infection with RRV, mice were injected with 1.5 × 106 
ffu of RRV or 0.9% NaCl (saline) solution intraperitoneally in the first 24 
hours; the experimental protocols for RRV-induced BA and RRV titer were 
as described previously (18, 52). All mice were bred under specific patho-
gen–free conditions, and the review board of Cincinnati Children’s Hospi-
tal Medical Center approved experimental protocols.

Cell isolation and flow cytometric analysis. Single-cell suspension was obtained 
from spleens by gently mincing the tissue in complete DMEM contain-
ing 10% FBS (Biowhittaker); then the cells were washed twice in complete 
DMEM, subjected to red cell lysis buffer, and used in flow cytometry or 
CD4+ T cell isolation for cell culture or adoptive transfer experiments. A 
similar protocol was applied to the liver, with additional steps of centrifu-
gation in 33% Percoll (Sigma-Aldrich) at 800 g at 20°C for 20 minutes. The 
single-cell suspension was washed twice with complete DMEM, immersed 
in red cell lysis buffer, and then stained for flow cytometric analysis.

For flow cytometry, cells were resuspended in PBS containing 1% BSA 
and 0.1% sodium azide, then incubated at 4°C for 30 minutes with com-
binations of the following antibodies (to mouse): FITC-conjugated anti-
CD4 (RM4-5), CD3 (17A2), PE-conjugated anti-CD124 (mIL4R-M1), and 
PerCP-conjugated anti-CD8a (53-6.7) (from BD Biosciences); and anti-
CD11b (M1/70), PE-conjugated anti-CD19 (eBio1D3), PE- or APC-conju-
gated anti-F4/80 (BM8), and FITC- or PerCP Cy5.5–conjugated anti–Gr-
1 (RB6-8C5) (from eBioscience), according to established protocols (53). 
For intracellular straining of cytokines, cells were stimulated with 5 ng/ml 
PMA, 750 ng/ml ionomycin (both from Sigma-Aldrich), in the presence of  
1 μl/ml GolgiPlug (BD Biosciences) for 4–5 hours. Cells were then harvested, 
washed, and stained with antibodies to surface markers, then washed and 
blocked with purified anti-FcRII/III (CD32/CD16; 2.4G2; BD Biosciences) 
for 15 minutes, followed by incubation with the BD Cytofix/Cytoperm Kit 

Figure 10
Serum levels of Th1 and Th2 cytokines/chemokines at diagnosis of BA. Scatter plots show the concentration of Th1 (A) and Th2 (B) cytokines/
chemokines for infants at the time of diagnosis of BA (n = 11; age <4 months) and age-matched normal infants (n = 3). The average concentra-
tions for both groups do not differ, except for IL-6 as noted by the asterisk (*P < 0.05). The red circles depict the same 2 infants with consistently 
elevated levels of Th2 cytokines. Values are expressed as mean ± SEM.
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(BD Pharmingen) for 30 minutes and anti-cytokine antibodies using PE-
conjugated anti–IL-4 (11B11; BioLegend) or anti–IL-13 antibody (eBio13A; 
eBioscience) and APC-conjugated anti–IFN-γ (XMG1.2; BD Biosciences) or 
anti–IL-17 antibody (TC11-18H10.1; Biolegend) at 4°C. A PE-conjugated 
anti-mouse/rat Foxp3 Staining Set (FJK-16s; eBioscience) was used for 
intracellular staining according to the manufacturer’s recommendations. 
For phosphorylated Stat6 staining, cells were stimulated with recombinant 
mouse IL-4 (10 ng/ml; 404-ML; R&D Systems) at 37°C for 15 minutes and 
then fixed with BD Phosflow Fix Buffer I at 37°C for 10 minutes, permeabi-
lized in BD Phosflow Perm Buffer III on ice for 30 minutes, and stained with 
PE-conjugated anti-Stat6 (pY641, clone J71-773.58.11; BD Biosciences). Iso-
type-matched negative controls were used for all flow cytometric analyses.

CD4+ T cell purification, polarization, and adoptive transfer experiment. 
CD4+CD25– or CD4+ T cells were isolated from spleens of 3- to 4-week-
old mice with magnetic beads (Miltenyi Biotec). Naive CD4+CD25– T cells 
were cultured with plate-bound anti-CD3 antibody (5 μg/ml, 145-2C11; 
BD Biosciences) and soluble anti-CD28 (2 μg/ml, 37.51; BD Biosciences) 
under the following conditions: no cytokine or antibody for Th0 condi-
tion; recombinant IL-12 (10 ng/ml; BioLegend) and purified anti–IL-4 
antibody (10 μg/ml, BVD4-1D11; BD Biosciences) for Th1; recombinant 
IL-4 (10 ng/ml, R&D Systems), anti–IL-12p40 (10 μg/ml, C17.8; eBiosci-
ence), and anti–IFN-γ antibody (10 μg/ml, XMG1.2; BD Biosciences) for 
Th2 condition. Cells were analyzed on day 3 for flow cytometry. For trans-
fer experiments, 0.5–1 × 107 CD4+ T cells were isolated from spleens of 6- to 
8-week-old mice with CD4+ T cell column (R&D Systems), resuspended in 
PBS, and injected intraperitoneally into Rag2–/– BALB/c mice in the first 24 
hours of life, followed with RRV challenge 12 hours later.

Real-time PCR analysis. RNA isolation, cDNA synthesis, and quantitative 
PCR amplification using the Brilliant II SYBR Green QPCR Master Mix 
Gene Expression Assay Kit and the Mx3005p system (Stratagene; Agilent 
Technologies) were performed as described previously (18, 52). All primers 
are listed in the Supplemental Table 1; mRNA expression of target genes 
was normalized to the endogenous reference Hprt gene.

Liposome depletion of macrophages. Newborn mice were injected with 10 μg 
of either clodronate-loaded or PBS-loaded liposomes (Encapsula NanoSci-
ences) intraperitoneally immediately after birth, followed by RRV adminis-
tration 24 hours later; liposomes were then administered daily beginning 
on day 2 after RRV challenge until the time of sacrifice at day 7.

Human liver RNA and serum cytokines. mRNA expression was extracted 
from a database created using 45 liver samples obtained at the time of 
diagnosis of BA (<4 months of age) published by us recently and from 
7 liver donor children ages 2 to 3.5 years, as described (6, 15). The con-
centration of cytokines was done in sera from 11 children with BA (also 
at diagnosis, <4 months of age) and 3 age-matched normal infants by 
Luminex Technology Platform (Millipore). The study protocol con-
formed to the ethical guidelines of the 1975 Declaration of Helsinki 
and was approved by the Institutional Review Board of Cincinnati Chil-
dren’s Hospital Medical Center, with informed consent obtained from 
patients’ parents/guardians.

Statistics. All in vitro experiments were performed in triplicate. The num-
bers of mice or tissues used in each experiment are presented in the text 
or figure legends. Values are expressed as mean ± SEM, and statistical sig-
nificance was determined by 2-tailed Student’s t test or by 1-way or 2-way 
ANOVA for comparison between 3 or more groups, with a significance set 
at P < 0.05. Survival curves were created using the Kaplan-Meier method 
utilizing GraphPad Software. Correlation coefficient matrices were gener-
ated using StatPlus (AnalystSoft).
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