
Gene Expression Signature for Biliary Atresia
and a Role for Interleukin-8 in Pathogenesis

of Experimental Disease
Kazuhiko Bessho,1* Reena Mourya,1* Pranavkumar Shivakumar,1 Stephanie Walters,1 John C. Magee,2

Marepalli Rao,3 Anil G. Jegga,4 and Jorge A. Bezerra1

Biliary atresia (BA) is a progressive fibroinflammatory obstruction of extrahepatic bile
ducts that presents as neonatal cholestasis. Due to the overlap in clinical, biochemical,
and histological features with other causes of cholestasis, the diagnosis requires an intra-
operative cholangiogram. Thus, we determined whether diseased livers express a gene
expression signature unique to BA. Applying stringent statistical analysis to a genome-
wide liver expression platform of 64 infants with BA at the time of diagnosis, 14 age-
appropriate subjects with intrahepatic cholestasis as diseased controls and seven normal
controls, we identified 15 genes uniquely expressed in BA with an accuracy of 92.3%.
Among these genes, IL8 and LAMC2 were sufficient to classify subjects with BA dis-
tinctly from diseased controls with an area under the curve of 0.934 (95% confidence
interval [CI]: 0.84-1.03), sensitivity of 96.9%, and specificity of 85.7% using their com-
bined first principal component. Direct measurement of interleukin (IL)8 protein in the
serum, however, was not different between the two groups. To investigate whether the
liver-restricted increase in IL8 was relevant to disease pathogenesis, we inactivated the
signaling of IL8 homologs by genetic targeting of the Cxcr2 receptor in a murine model
of experimental BA. Disruption of Cxcr2 shortened the duration of cholestasis,
decreased the incidence of bile duct obstruction, and improved survival above wild-type
neonatal mice. Conclusion: The hepatic expression of IL8 and LAMC2 has high sensitiv-
ity for BA at diagnosis and may serve as a biomarker of disease, with an important role
for the IL8 signaling in experimental BA. (HEPATOLOGY 2014;60:211-223)

B
iliary atresia (BA) results from a segmental or
complete obstruction of extrahepatic bile ducts
with devastating clinical consequences to the

child. Despite advances in understanding the multifac-
torial nature of pathogenesis of disease, there is no
hepatic or serologic biomarker that distinguishes the
disease from other causes of neonatal cholestasis. Ana-
lyzing a large number of biopsies from neonates with
cholestasis, pathologists reported that the presence of
ductular proliferation, bile plugs, and other histological
features have a predictive value of 90.7% to identify

biliary obstruction, but with a variability of 79-98%
among individual pathologists.1 As a consequence, the
diagnosis requires intraoperative cholangiogram to
evaluate duct obstruction.

Notwithstanding the histological limitations, studies
of liver biopsies have provided important clues regard-
ing the role of the innate and adaptive immune sys-
tems in the pathogenesis of disease,2-4 as well as
staging of the liver pathology at diagnosis.5 Therefore,
we investigated the hepatic transcriptome in search for
the molecular differentiation between BA and other
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causes of neonatal cholestasis, and to identify bio-
markers of disease. Here we report that a survey of a
genome-wide expression platform identified 15 genes
whose expression levels were elevated in BA, among
which the genes encoding interleukin-8 (IL8) and lam-
inin gamma-2 (LAMC2) were sufficient to identify the
disease with an accuracy of 94.9%. Interestingly, while
serum concentrations of IL8 did not support its use as
a biomarker with similar accuracy, complementary
studies in a mouse model of disease demonstrated that
circuits involving IL8 homologs play a mechanistic
role in the pathogenesis of bile duct injury and pheno-
typic expression of experimental BA.

Patients and Methods

Patients. Liver biopsies, serum samples, and clini-
cal data were obtained from infants with cholestasis
enrolled in a prospective study (ClinicalTrials.gov
Identifier: NCT00061828) of the NIDDK-funded
Childhood Liver Disease Research and Education Net-
work (www.childrennetwork.org) or from infants eval-
uated at Cincinnati Children’s Hospital Medical
Center. Information on tissues, diagnosis, and ages for
subjects with BA, intrahepatic cholestasis (as diseased
controls and named non-BA), and normal controls
(NC) is provided in the Supporting Patients and
Methods. The study protocols were approved by the
Human Research Review Boards of all participating
institutions.

Microarray Analyses. Genome-wide expression
datasets of human liver samples were generated for
individual subjects using pools of biotinylated cRNAs
synthesized from frozen liver samples and the Gene-
Chip Human Gene 1.0 ST Array (Affymetrix, Santa
Clara, CA), as described previously.2,5-7 Detailed infor-
mation on handling of biopsy samples, assay protocols,
signal curation, and data analysis is deposited in the
Gene Expression Omnibus (GEO: GSE46995).

Mouse Model of Experimental BA. Newborn
BALB/c mice with or without the genetic inactivation
of Cxcr2 (C.129S2[B6]-Cxcr2tm1Mwm/J, Cxcr22/2 mice)
were injected with 1.5 3 106 fluorescent-forming units
of rhesus rotavirus (RRV) or 0.9% NaCl (saline) to
induce experimental BA, and phenotyped according to

protocols published by us previously.6,8 Genome-wide
expression datasets for extrahepatic bile ducts were gen-
erated as described above (data deposited in GEO:
GSE46995). Details for the mouse model and protocols
for assays of polymerase chain reaction (PCR) and cyto-
kine levels are provided in the Supporting Patients and
Methods.

Statistical Analyses. Conventional statistical proce-
dures were applied for the gene array experiments using
GeneSpring GX11.5 platform, beginning with a selec-
tion of genes whose expression differed by �2-fold
among the groups of BA, non-BA, and NC according
to Welch one-way analysis of variance (ANOVA) with a
significance of 0.05 and Benjamini-Hochberg multiple
testing correction (false discovery rate [FDR] 0.05) with
Tukey’s Honestly Significant difference test. Selected
genes were subjected to functional analyses using
ToppFun application in the ToppGene Suite (http://
toppgene.cchmc.org/) with a right-tailed Fisher’s exact
test (FDR 0.05),9 and the ToppNet application of the
ToppGene Suite, which allows building a protein inter-
action network with selected neighborhood distance
(level one in this case, i.e., immediate interactants),9

using only interactions from the Human Protein Refer-
ence Database (HPRD; http://www.hprd.org, HPRD
Release 9).10 The final group of genes was subjected to
random forest analysis and principal component analysis
using the R package to evaluate the predictive ability of
the genes to differentiate BA samples from diseased
controls. Receiver operating characteristic (ROC) analy-
sis was performed using Prism 5.0c (GraphPad Soft-
ware, San Diego, CA).

PCR data and serum concentrations of human IL8
were analyzed with Student t test and Kruskal-Wallis
test with Dunn’s multiple comparison test; P< 0.05
was regarded as significant.

Results

Gene Expression Signature for BA at Diagnosis.
From a total of 33,297 probe sets covering 21,014
genes for each of the three conditions (BA, non-BA,
and NC), we identified 574 probe sets differentially
expressed by at least 2-fold between BA and NC, 32
between BA and non-BA, and 544 between the two
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control groups (non-BA and NC; Supporting Table 1).
To identify genes uniquely expressed in livers from
subjects with BA, we searched for genes that were dif-
ferentially expressed both in BA versus NC and BA
versus non-BA, and identified 24 probe sets shared by
both groups (Fig. 1A, top Venn diagram). A condi-
tional cluster analysis of this gene list formed an
expression profile highly enriched for BA (Fig. 1B),
with each gene uniformly showing higher levels of
expression in BA above the levels seen in NC and
non-BA (Supporting Fig. 1). Next, we removed 9
from the 24 probe sets because they were also differen-
tially expressed in the comparison between the two
control groups (non-BA versus NC; Fig. 1A, bottom
Venn diagram), identifying a final list of 15 probe sets
corresponding to 15 unique genes linked exclusively to
differential expression in BA (Table 1; Supporting Fig.
2). Thus, the unique gene overexpression in BA and
the enriched bundling of subjects in each group sug-
gested that the signature might be able to distinguish
BA from the other two groups.

Hepatic Expression of IL8 and LAMC2 as
Biomarkers of BA. To examine whether this signa-
ture of 15 genes differentiates patients in the BA from
non-BA groups, we applied random forest analyses to
determine the relative contribution of individual genes
to the accuracy of differentiation.11 In this analysis, we
excluded the NC group because clinical examination

alone (or combined with standard laboratory tests) is
enough for practitioners to differentiate normal asymp-
tomatic infants from symptomatic infants at risk for
BA. Random forest analysis using all 15 genes showed
an accuracy of 92.3% (Fig. 2A; Supporting Table 2).
Surprisingly, a progressive withdrawal of genes that
appeared to minimally influence accuracy revealed that
IL8 and LAMC2 alone were sufficient to distinguish
BA from non-BA with an increased accuracy of 94.9%
(Fig. 2B; Supporting Table 2), with an area under the
curve (AUC) of 0.917 (95% confidence interval [CI]:
0.81-1.02), sensitivity of 95.3%, and specificity of
85.7% using an optimal cutoff for IL8; the AUC
using an optimal cutoff for LAMC2 was 0.935 (95%
CI: 0.86-1.01), with a sensitivity of 93.8% and speci-
ficity of 85.7%. Combining the two genes to generate
their first principal component, ROC-AUC was 0.934
(95% CI: 0.84-1.03), with an even greater sensitivity
of 96.9% and specificity of 85.7% (Fig. 2C). This
implied that although the initial list of 15 genes differ-
entiated BA from non-BA, this could also be accom-
plished with the combined expression levels of only
IL8 and LAMC2 while maintaining high sensitivity
and specificity.

Similar Levels of Serum IL8 in Subjects in the
BA and Non-BA Groups. The high hepatic expres-
sion of IL8 and LAMC2 raised the possibility that
their serum concentration could serve as a noninvasive

Fig. 1. Molecular signature of BA. (A) Venn diagram showing the initial selection of 24 probe sets based on the shared overexpression in BA
over both NC and non-BA as diseased controls. From these probe sets, nine were excluded based on their increased expression in comparative
analysis between the two control groups (NC and non-BA). (B) Hierarchical clustering of the 24 probe sets. Each column represents signal inten-
sities in each subject, and the expression level is depicted by color variation from red (high expression) to blue (low expression); yellow indicates
expression level of the median of seven normal controls.
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biomarker of disease. Here we focused on IL8 levels
because antibodies were not available to determine the
immunostaining or concentration of LAMC2. Immu-
nostaining of liver sections showed that the portal
tracts of livers from BA subjects contained several non-
parenchymal mononuclear cells expressing IL8, which
were infrequent in non-BA livers, and not detected in
NC livers (Supporting Fig. 3). In the serum, we quan-
tified IL8 in 81 serum samples obtained at the time of
diagnosis of BA, in comparison with 66 samples from
subjects with other causes of neonatal intrahepatic cho-
lestasis who were younger than 6 months of age (serv-
ing as non-BA), and five healthy infants at 2-4 months
of age (serving as NC); these subjects differed from
the previous subjects analyzed for liver gene expression.
Serum IL8 levels were significantly higher in subjects
in the BA (204.8 6 17.9 pg/mL) and non-BA
(163.2 6 19.5 pg/mL) groups when compared to nor-
mal controls (24.9 6 9.5 pg/mL; Fig. 2D), but were
not different between BA and non-BA. Using ROC to
distinguish BA from non-BA, the AUC was 0.59
(95% CI: 0.50-0.69; Fig. 2E). The lack of translation
of high hepatic IL8 mRNA expression into high levels
of IL8 concentration suggested the existence of a post-
transcriptional regulation and/or a liver-restricted acti-
vation of IL8 signaling (not reflected systemically).
This raised the possibility that expression of IL8 and/
or other genes in the molecular signature could play a
role in pathogenesis of liver disease.

Biological Relatedness of the Genes THBS1,
SERPINE1, CCL2, ITGA2, and IL8. To explore
whether the genes forming the molecular signature for

BA are mechanistically linked to pathogenic mecha-
nisms of the disease, we examined their relatedness
through shared biological properties. Functional
enrichment analysis using a right-tailed Fisher’s exact
test with FDR correction (0.05) showed that the 15
genes were linked to 75 biological processes, which
could be combined into regeneration or wound heal-
ing, inflammation, cell movement, and other processes
(Fig. 3A; Supporting Table 3). Subjecting the 15 genes
to 2-way clustering analysis, we found that THBS1,
SERPINE1, CCL2, ITGA2, and IL8 segregated as a
group, implying some degree of shared biological relat-
edness (shown in Fig. 3A as common red areas). We
explored this further by searching for potential subnet-
works based on curated protein-protein interactions
among the encoded gene products. This resulted in a
network consisting of 114 proteins (12 of 15 seed pro-
teins and 102 direct interactants; 3 of 15 seed proteins
did not have any known protein interactions) and 283
direct interactions (Fig. 3B; Supporting Table 4). The
largest cluster in this interactome containing 77 pro-
teins with the highest levels of connection to THBS1,
SERPINE1, VCAN, and ITGA2, primarily encom-
passed biological processes that regulate tissue develop-
ment/morphology and extracellular matrix remodeling
(Supporting Table 5). The second cluster contained 21
proteins with CCL2 and IL8, both related to immu-
nity (Supporting Table 6). These analyses supported a
functional relationship among THBS1, SERPINE1,
CCL2, ITGA2, and IL8, and pointed to a potential
role of this group of genes in the pathogenesis of bile
duct injury.

Table 1. List of Genes Specifically Regulated in the Biliary Atresia Samples Over Both Diseased Control (non-BA)
and Normal Control (NC)

Gene Symbol Gene Description

Fold Change

BA to NC BA to Non-BA

EMP1 epithelial membrane protein 1 5.28 2.66

HAS2 hyaluronan synthase 2 4.85 2.94

VCAN versican 4.36 2.50

IL8 interleukin 8 3.81 2.29

CCL20 chemokine (C-C motif) ligand 20 3.66 2.37

VTCN1 V-set domain containing T cell activation inhibitor 1 3.51 2.12

ITGA2 integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 3.21 2.15

SERPINE1 serpin peptidase inhibitor, clade E (nexin, plasminogen activator

inhibitor type 1), member 1

2.88 2.56

THBS1 thrombospondin 1 2.86 2.00

CCL2 chemokine (C-C motif) ligand 2 2.61 2.59

TM4SF1 transmembrane 4 L six family member 1 2.60 3.27

LAMC2 laminin, gamma 2 2.55 2.03

AREG|AREGB amphiregulin | amphiregulin B 2.53 2.42

SLC2A3 solute carrier family 2 (facilitated glucose transporter), member 3 2.22 2.23

AREG|AREGB amphiregulin | amphiregulin B 2.09 2.00

All of the genes were upregulated in biliary atresia samples compared to controls.
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Regulation of the 15 Genes in Extrahepatic Bile
Ducts From RRV-Induced Mouse Model of BA. To
circumvent obvious experimental challenges in per-
forming mechanistic experiments in humans, we used
the experimental model of RRV-induced BA to investi-
gate the role of these genes in pathogenesis of duct
injury. First we examined whether extrahepatic bile
ducts from newborn mice have a similar regulation of
expression for Thbs1, Serpine1, Ccl2, and Itga2, and
for Cxcl1, Cxcl2, and Cxcl5 (representing the murine

orthologs of human IL8) after RRV injection. The
expression of Thbs1, Serpine1, and Ccl2, but not Itga2,
increased 2 to 7-fold above saline-injected controls at
the times of epithelial injury (3 days) and duct
obstruction (7 days), and decreased to near baseline
levels at the time of atresia (14 days; Fig. 4A). Both
Cxcl1 and Cxcl5 had a similar pattern, with no consist-
ent changes in Cxcl2 (Fig. 4A). The pattern was largely
reproduced for Ccl2, Cxcl1, 2, and 5 when mRNA was
expressed in the liver, but there was no change in the

Fig. 2. Levels of discriminatory power of hepatic genes and serum IL8 to differentiate BA from diseased controls. Random forest analysis with
expression levels of all 15 probe sets (A) shows the relative impact of individual genes on the accuracy when differentiating BA from diseased con-
trols. (B) The accuracy improves for IL8 and LAMC2 as a subgroup. (C) Subjecting IL8 and LAMC2 as individual values or combined as a first princi-
pal component (FPC) to ROC curves identifies livers of subjects with BA at the specified values. Considering IL8 and LAMC2 combined as FPC
(green line in C), the AUC is 0.934, sensitivity is 96.9%, and specificity is 85.7%. (D) Scatterplots show the serum concentration of IL8 for infants
at the time of diagnosis of BA (BA; N 5 81) compared to diseased control (non-BA; N 5 66) and normal control (NC; N 5 5). The average concen-
trations for BA and non-BA are not different. Values are expressed as mean 6 SEM; *P< 0.05, **P< 0.01. (E) ROC curves of serum IL8 to differ-
entiate samples from BA and diseased controls has sensitivity of 63.0% and specificity of 53.0%, with the ideal cutoff value as 117.8 pg/mL.
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other genes (Fig. 4B). Thus, the increased expression
profile of four of five genes and related genes was
reproduced in extrahepatic bile ducts, the main site of
RRV-induced injury in experimental BA, as described
previously.6 Among these genes, we hypothesized that
signaling linked to Cxcl1, 2, and 5 plays a regulatory
role in determining the phenotype of experimental
BA. The decision to focus on this signaling pathway
was based on the increased levels of all three murine
orthologs of IL8, on their functional relatedness to the
biological activity of myeloid cells previously linked to
mechanisms of duct obstruction in experimental atre-
sia,12,13 and on previous reports of increased hepatic
IL8 mRNA expression in smaller groups of children
with BA.2,14

Inactivation of Cxcr2 Suppresses the Phenotype of
Experimental Atresia. To directly determine whether
cellular signaling triggered by Cxcl1, 2, and 5 plays a
mechanistic role in the pathogenesis of bile duct
injury, we subjected Balb/c mice carrying the inactiva-
tion of Cxcr2 (Cxcr22/2 mice) to RRV challenge.
Cxcr2 is one of the two receptors shared by Cxcl1, 2,
and 5 and was selected because the quantification of
mRNA expression in extrahepatic bile ducts for Cxcr2,
but not its functional homolog Cxcr1, increased after
RRV injection by 2 to 4-fold above saline controls
(Fig. 5A). In wild-type (WT) mice, RRV infection
induced the onset of jaundice and alcoholic stools

within 5-6 days and 100% mortality by 15 days (Fig.
5B,C), similar to findings reported previously.8 RRV
infection of Cxcr22/2 mice also produced the timely
development of jaundice and alcoholic stools, but these
symptoms were transient and cleared in the majority
of the mice, and survival improved substantially from
0% to 48% well beyond 21 days of age (Fig. 5B,C).

To investigate the tissue basis for improved symp-
toms and survival, we examined hematoxylin/eosin-
stained histological sections of extrahepatic bile ducts
from WT and Cxcr22/2 mice. WT bile ducts had
mild inflammation and mild epithelial injury 3 days
after RRV infection, which progressed to complete loss
of epithelium at day 7 and obstruction at day 14 (Fig.
5D). In contrast, Cxcr22/2 bile ducts had largely nor-
mal histology, except for transient cholangitis at day 7
(Fig. 5D). A similar pattern of injury was present in
the liver, with qualitatively greater expansion of portal
space with inflammation and necrotic area in the
parenchyma in WT mice when compared to milder
portal inflammation and no necrosis in Cxcr22/2 mice
(Fig. 5E).

Decreased Activation of Natural Killer (NK) and
Dendritic Cells in Cxcr22/2 Livers. To explore the
potential cellular and molecular mechanisms promot-
ing the improved phenotype in Cxcr22/2 mice, we
quantified the number and activation status of hepatic
immune cells by FACS. There were no differences in

Fig. 3. Functional analyses of the 15 genes highly enriched for BA. (A) Functional enrichment analysis of the 15 genes depicted as a two-way
condition tree for individual genes and biological processes (from Gene Ontology), classified into four functional categories. The red area in the
heatmap indicates the closely related biological processes that are shared by the subgroup of genes shown in the horizontal axis. (B) Protein-
protein interaction network of the 15 genes and their accessory proteins, with red nodes indicating original seed proteins and green nodes indi-
cating accessory proteins that are known to directly bind to one of the original 15 proteins. The size of the nodes is proportional to the number
of edges connected to the node. A detailed description of (A,B) is included in Supporting Figs. 4 and 5, and Supporting Tables 3 and 4.
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the population of the liver by neutrophils, macro-
phages, CD41, or CD81 T cells between WT and
Cxcr22/2 mice at any timepoint after RRV challenge,
but NK and dendritic cells decreased in number
(Fig. 6A-C) and had lower expression of the activation
markers Nkg2d and Rae1 (Fig. 6D,E) 14 days after
RRV. Examining the impact of Cxcr2 inactivation on

the expression of cytokines/chemokines, we found
decreases in mRNA expression in extrahepatic bile
ducts for its ligand Cxcl1 (but not for Cxcl2 and 5)
and for Ifng, Tnf-alpha, and IL10 at different times
after RRV infection when compared to RRV-infected
WT mice (Fig. 7A); in the liver, the levels of expres-
sion were suppressed only for Cxcl1, 2, and 5 and for

Fig. 4. Expression levels of murine orthologs of functionally enriched genes in experimental BA. mRNA expression for Thbs1, Serpine1, Ccl2,
Itga2, and three murine orthologs of IL8 (Cxcl1, Cxcl2, Cxcl5) in extrahepatic bile ducts (A) and liver (B) at 3, 7, and 14 days after injection of
RRV or saline in the first day of life. N 5 4 samples per group and per timepoint; *P< 0.05, **P< 0.01, ***P< 0.001 between the two
groups at each timepoint. mRNA expression is normalized to internal Hprt control; values are expressed as mean 6 SEM.
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Fig. 5. Overexpression of Cxcr2 in WT mice after RRV infection and suppression of hepatobiliary injury in Cxcr22/2 mice. (A) Expression levels
of Cxcr1 and Cxcr2 in extrahepatic bile ducts from WT mice at different timepoints after normal saline or RRV injection. N 5 4 samples per group;
**P< 0.01, ***P< 0.001 between the two groups at each timepoint. Development of symptoms (B), and survival (C) of WT and Cxcr22/2 neona-
tal mice after RRV injection. N 5 21 and 56 samples for (B) and 21 and 40 samples for (C) in each group, respectively. H&E staining of longitudi-
nal sections of murine extrahepatic bile ducts (D) and livers (E) at different timepoints after RRV challenge. Asterisk: bile duct lumen; PV: portal
vein; arrow: infiltration of immune cells; arrowhead: necrotic area in the parenchyma. Scale bars 5 50 lm (D) and 100 lm (E).
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IL10 (Fig. 7B). Interestingly, the hepatic expression of
its functional homolog Cxcr1 increased in Cxcr22/2

mice at all timepoints in both tissues (Fig. 7A,B). This
gene expression pattern is consistent with our previous
report that greater magnitudes of changes are present
when the measures of mRNA expression is done in
extrahepatic bile ducts, the primary site of tissue injury
in experimental BA.6

Discussion

Analyzing the hepatic transcriptome, we identified a
gene expression signature that identifies infants with
BA as a unique group. The signature contains a

relatively short number of 15 genes that are overex-
pressed individually and collectively when compared to
infants with other causes of neonatal cholestasis and
nondiseased control livers. Among the genes, IL8 and
LAMC2 alone identified patients with BA at a sensitiv-
ity of 96.9% and specificity of 85.7%. The highly
enriched hepatic expression pattern for IL8 was not
reflected in the serum, as evidenced by the lack of sig-
nificant increases in the concentrations of IL8 in BA
compared to diseased controls. Exploring the role of
the gene expression signature in pathogenesis of dis-
ease, we found a substantial overlap in biological func-
tions for THBS1, SERPINE1, CCL2, ITGA2, and IL8,
which collectively support the activation of processes
regulating tissue development/morphology (organogen-
esis), extracellular matrix remodeling (wound healing),
and inflammation, processes previously linked to
pathogenesis of BA.5,15 Based on the reproducibility of
this signature in extrahepatic bile ducts from neonatal
mice subjected to RRV infection, we directly investi-
gated the mechanistic role of IL8-signaling in pathoge-
nesis of bile duct injury. Disruption of the Cxcr2 gene,
encoding one of the receptors of the IL8 murine
orthologs Cxcl1, 2, and 5, suppressed the disease phe-
notype, with a decrease in epithelial injury, prevention
of duct obstruction, and increased long-term survival.
Altogether, these findings identify a molecular signa-
ture that is specific and seemingly restricted to the dis-
eased liver of BA, not reflected systemically, and
relevant to pathogenesis of biliary injury in an experi-
mental model of the disease.

Tissue analysis of infants with BA has been invaluable
in the search for pathogenic mechanisms of disease. An
earlier survey of liver gene expression profile identified a
coordinated over- and underexpression of lymphocyte-
enriched genes at diagnosis.2 Although this study was
limited in scope (expression of about half of the human
genes) and in size of cohort (14 livers with BA), the
relevance of its findings was supported by the preven-
tion of the phenotypic expression of experimental BA
in mice carrying the targeted inactivation of the gene
encoding the lymphocyte-dependent cytokine inter-
feron-gamma.8 Our current study overcomes these limi-
tations by the inclusion of a much larger cohort and
analyzes the expression of the entire human genome.
Not surprisingly, there is reproducibility of gene expres-
sion results between the two studies, as supported by
the differential expression of IL8, SPP1, MMP7, CFTR,
DDR1, but it is notable that the application of stringent
statistical approaches narrowed the final profile to 15
genes that were uniformly overexpressed in BA when
compared to age-matched diseased controls.

Fig. 6. Population of neonatal livers by inflammatory cells after RRV
challenge. Flow cytometry-based quantification of hepatic plasmacytoid
dendritic cells (CD11c1B2201PDCA11), myeloid dendritic cells
(CD11c1CD11b1), natural killer cells (CD49b1), neutrophils
(CD11b1Gr11), macrophages (CD11b1F4/801), CD41 (CD31CD41),
and CD81 T cells (CD31CD81) at 3 (A), 7 (B), and 14 (C) days after
RRV challenge. Values are expressed as total number of cells per liver. (D)
Shows the percentage of NK cells expressing the NKg2d receptor and (E)
of mDC expressing its ligand Rae-1 at 14 days after RRV challenge. Data
are shown as an average of four different experiments. *P< 0.05,
**P< 0.01; values are expressed as mean 6 SEM.
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One potential limitation of the study is that the use
of livers from children at 22-42 months of age as nor-
mal controls may not adequately display unique fea-
tures of the immune function that may be typical of
young infants, although data from an infant at 75
days of age showed a similar pattern of expression for
the gene signature. One particular benefit from the
inclusion of the normal controls was that it allowed
for the exclusion of genes that increased in response to
cholestasis or liver injury (by comparing non-BA and
NC livers). One example to support this approach is
the findings of increased SPP1 in BA, but also in dis-
eased controls over nondiseased controls, which led to
the elimination of SPP1 in our final list. Interestingly,
SPP1 was previously reported to be overexpressed in
patients with BA,2,16-18 but its inactivation did not

influence the development of the phenotype in experi-
mental BA,19 suggesting that SPP1 may be involved in
a generalized physiological response of the liver to a
cholestatic injury, but not necessarily linked to patho-
genesis of BA.

The identification of a molecular signature of BA has
potential implications for the development of bio-
markers of disease. In the liver, the 15 genes formed a
signature with high sensitivity and specificity. Surpris-
ingly, an analysis of the relative contribution of individ-
ual genes to identify the disease revealed that the
combination of IL8 and LAMC2 already provides a sen-
sitivity of 96.9% and specificity of 85.7%. This level of
sensitivity is similar to or slightly exceeds the
levels reported in studies assessing the accuracy of histo-
pathological examination of liver biopsies to diagnose

Fig. 7. Hepatic expression of cytokines, chemokines, and their receptors in WT and Cxcr22/2 mice. Graphs display mRNA expression for
genes encoding individual cytokines in extrahepatic bile ducts (A) and livers (B) of WT and Cxcr22/2 mice at 3, 7, and 14 days after RRV infec-
tion. N 5 4-8 livers per group and timepoint. *P< 0.05; **P< 0.01, ***P< 0.001 between the two groups at each timepoint. mRNA expres-
sion is normalized to internal Hprt control. Values are expressed as mean 6 SEM.
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BA.20-23 Based on the degree of variability among path-
ologists to accurately identify histological features in the
liver that are diagnostic of extrahepatic obstruction,20

the availability of an operator-independent test, such as
a molecular profiling reported here, may aid in the
selection of those infants most likely to benefit from an
exploratory laparotomy and hepatoportoenterostomy.
Future investigations of this possibility could include
studies that add the expression of IL8 and LAMC2 to
histopathological scoring by pathologists to determine
whether they would reach 100% sensitivity and specific-
ity for BA if used together. If such outcome were dem-
onstrated, their use in clinical practice would improve
patient care by reliably identifying those infants that do
not need to undergo exploratory laparotomy, thus
avoiding morbidity and health care costs.

The availability of biomarkers of disease may
improve patient care by incorporating objectivity to
diagnostic and treatment algorithms, and are particu-
larly valuable if it prevents operative procedures. Based
on this premise and on the high hepatic expression of
IL8, we quantified serum IL8 concentrations but found
them to have lower sensitivity and specificity. In agree-
ment with previous reports,24-26 serum IL8 was higher
in subjects with BA when compared to age-matched
healthy controls; however, the direct comparison
between BA and diseased controls did not differ in our
study, which is similar to a previous study24 and con-
flicts with another study that reported higher levels in
subjects with BA.26 The apparent conflict among the
previous studies probably results from small cohort sizes
or to a lack in uniformity in the timing of sample col-
lection. Our study design attempted to control for these
variables by matching all subjects by age and by the
inclusion of a substantial cohort size. It is interesting
that the hepatic expression of IL8 (at the mRNA and
protein levels) was much higher in BA, but the levels of
circulating IL8 were similar between BA and diseased
controls. While our studies do not directly address the
cellular basis for these findings, the high serum levels
and low hepatic expression of IL8 in diseased controls
suggest that the circulating levels reflect a site of origin
outside the liver, perhaps in circulating mononuclear
cells that may be activated in response to the cholestatic
liver of non-BA diseases. This biological scenario is
consistent with a previous report of high serum IL8 in
adult patients with several liver disorders and at differ-
ent stages of disease (including cirrhosis), suggesting
that IL8 expression is linked to cholestatic conditions,
cirrhosis, and circulating mononuclear cells.27

We used the RRV model of biliary injury in new-
born mice to directly explore whether IL8 signaling is

relevant to mechanisms of disease. In this experimental
model, the constitutional disruption of signaling by
IL8 orthologs in Cxcr22/2 mice resulted in transient
cholestasis and improved survival. Cxcr2 and its func-
tional counterpart Cxcr1 mediate antimicrobial host
defense by rendering cells responsive to chemotaxis-
and activation-inducing signals of their ligands Cxcl1,
2, and 5.28 Some of the Cxcr1- and Cxcr2-bearing
cells, namely NK cells, macrophages, and dendritic
cells, have been shown to play regulatory roles in the
phenotypic expression of RRV-induced bile duct
injury.13,29-32 Consistent with these roles, NK and
dendritic cells had decreased number and activation
markers in Cxcr22/2 mice injected with RRV. Interest-
ingly, the hepatic population of neutrophils and mac-
rophages, cells known to have high expression of
Cxcr2, did not differ between Cxcr22/2 and WT mice.
This is unexpected based on previous reports that
Cxcr2 expression is required for the infiltration of neu-
trophils and macrophages in peripheral tissues in
response to an injury.33-35 Based on the inability of
myeloid cells from Cxcr22/2 mice to leave the bone
marrow,32 it is possible that the high number of these
cells in the livers of Cxcr22/2 mice may reflect the
well-described role of the newborn liver in extramedul-
lary hematopoiesis. Another possibility is an increase
in the expression of its functional counterpart Cxcr1,
which may occur as a compensatory response to RRV
in mice that are unable to express the Cxcr2 gene, thus
creating an alternate receptor for the Cxcl1, 2, 5
ligands, as supported by an increased Cxcr1 expression
in livers of Cxcr22/2 mice above the levels seen in
RRV-injected WT mice. The inability of this receptor
to completely abolish jaundice and mortality suggests
that, to be effective, therapeutic strategies targeting IL8
signaling must be broad enough to prevent the com-
pensatory activation of related pathways. The experi-
mental data in Cxcr22/2 mice are aligned with the
previous report that its ligand, Cxcl2, is released upon
infection of macrophages and serves as chemoattractant
to neutrophils.12 This early signaling between macro-
phages and neutrophils is probably one of the impor-
tant initiating events, perhaps simultaneously to the
activation of dendritic cells and NK lymphocytes fol-
lowing RRV infection, later to be followed by the
release of proinflammatory cytokines and obstruction
of the duct lumen to produce the phenotype of experi-
mental BA (reviewed 15).

In summary, we report an expression signature of
15 genes at the time of presentation of neonatal cho-
lestasis that is highly enriched for BA. Among these
genes, IL8 and LAMC2 are uniformly overexpressed
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and produce an abbreviated signature with high sensi-
tivity and specificity when compared to the levels in
the livers of infants with other causes of neonatal cho-
lestasis. At the mechanistic level, the disruption of IL8
signaling in newborn mice suppressed, but did not
abolish, the disease phenotype in experimental BA.
Despite these findings, the serum concentration of IL8
does not have discriminatory power and cannot be
used as a minimally invasive biomarker of disease.
This notwithstanding, future studies to validate the
expression profile in the liver and to explore whether
its addition to liver histopathology raises sensitivity
and specificity to 100% have the potential to improve
diagnostic algorithms and the care of infants with BA.
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